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Abstract  

Cities are one of humanity’s crowning achievements. However, as cities and regions grow, they 

become more interconnected and complex while adapting to an ever-changing social, political, and 

natural environment. More recently, cities have to deal with increasing uncertainty which is brought 

about by radical changes such as social, economic and political instability, climate change, 

environmental degradation and global health crises. Under such circumstances, urban planners and 

designers have realised that the current planning and design approaches are often inadequate to deal 

with the rapidly changing and increasingly complex environments (Hes and Du Plessis, 2015).  

In response to these challenges, resilience thinking has been proposed as an alternative paradigm to 

challenge the current business and usual approach (Walker and Salt, 2006). Resilience thinking 

embraces uncertainty and encourages planning with and for change. Because of these qualities, urban 

resilience is also increasingly considered as one of the most critical factors in achieving the goals of 

sustainable urbanism (Salat, 2011; UN Habitat, 2016a). Consequently, the rate at which urban 

resilience concepts have been included in many plans, strategies and assessments has been steadily 

growing (Zhang and Li, 2018). However, despite the growing acceptance of urban resilience in the 

urban discourse (Coaffee and Lee, 2016), the spatial aspects of urban resilience have been neglected. 

More specifically, there is still very little understanding of how the physical form of cities affects their 

overall capacity to adapt to change, and therefore, their potential resilience (Feliciotti, 2018; Garcia 

and Vale, 2017; Romice et al., 2020).  

In response to this gap in knowledge, this study investigates the relationship between the urban form 

and the manifestation of resilience in cities through addressing four research objectives. First, this 

study explored how urban form impacts and contributes to the potential adaptive capacity of cities. 

Second, it sought to develop and test a methodological protocol that can describe and assess the 

potential spatial adaptive capacity of any location within a city. Third, through the application of the 

protocol on case studies, this study set out to extract a range of typologies that reflect the 

morphological traits most likely to improve a city’s spatial adaptive capacity. Fourth, using the created 

typologies, this study proposed a range of urban design principles to promote urban forms that can 

contribute to more spatially resilient urban settlements.  

To address these research objectives, six directives for spatial resilience, which contribute to the 

formation of spatial-morphological resilience, were derived from a review of urban resilience and 

urban design literature. Additionally, the conceptual relationships between the directives were 

explored using a conceptual framework. To operationalise the framework, a spatial resilience 

assessment protocol was proposed. This protocol included two subprotocols that incorporated new 

and existing methods and metrics used to assess, at multiple scales, the extent to which each spatial 
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resilience directive is present for any location within a study area; to evaluate the relative spatial 

adaptive potential of a location; and to extract the morphological typologies that are most likely to 

improve the potential spatial adaptive capacity of a study area.  

Through the application of the proposed spatial resilience assessment protocol in two case studies, 

Manhattan (New York City) and Hong Kong, this study not only identified which locations within each 

case study had a higher spatial adaptive potential but was also able to extract the morphological 

qualities of the best performing areas though the creation of the spatial adaptive urban types for each 

case study. Through the application of the protocol, this study produced over 100 maps per case study 

as both a quantitative assessment of the quality of the adaptive potential of an area, but also as a 

means of visually exploring the physical manifestation of the concept of spatial resilience through the 

morphology of the city. The results from both case studies suggest that variation in the size, shape 

and configuration of the constituent elements of urban form can greatly impact the potential adaptive 

capacity of a location. In addition to geometric and configurational characteristics, the relative 

position of a location (plot or building) within the broader urban context also plays a role in the 

multiscale adaptive potential of the locations within a city. The finding of this study were summarised 

in a set of spatial resilience urban design principles that can be used to guide the development and 

transformation of urban settlements to be more spatially resilient.  

Keywords: urban resilience, spatial-morphological resilience, urban design, urban morphology 
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1 

Chapter 1  

Introducing the Study  

Cities can be considered one of mankind’s greatest achievements. They are undeniably complex 

(Allen, 2005; Batty, 2007; Batty and Marshall, 2012; Bertolini, 2010) and are able to adapt to changing 

circumstances (Davoudi et al., 2012; Dovey, 2012; Lang, 2012), while those cities that do not adapt 

are doomed to fail or collapse. In the current global context, the need for cities to become more 

adaptable is becoming an essential urban characteristic, as urban areas are faced with ever-increasing 

challenges. These challenges include, but are not limited to, extreme weather, civil unrest, terrorist 

attacks and economic instability (Davoudi et al., 2012; Peres, 2016). Moreover, with the transition into 

the new Anthropocene 0F

1 era, the effects of anthropogenic climate change, as well as with the natural 

disasters and social turmoil that accompanies it, will require cities that can not only withstand such 

events but can also adapt and transform at the same time to continue to exist. However, for many, 

the method to combat these challenges is to approach them in the same way that we have always 

done, through increased control, further intensification, and even more efficiency (Walker and Salt, 

2006). 

As a counter to this business as usual approach, resilience thinking offers and alternative way of 

understanding the world and approaches the future and uncertainty in a unique way (Walker and Salt, 

2006). Resilience thinking helps to explain why “greater efficiency by itself cannot resolve our resource 

issues, and it offers a constructive alternative that creates options rather than limits them” (Walker 

and Salt, 2006: xiv). As resilience thinking provides an alternative perspective for the future, it is also 

being touted as one of the means to aid in achieving the long-term goals of sustainable development 

(Peres et al., 2016; UN Habitat, 2016a). A more recent trend within the urban resilience debate has 

begun to question the impact and contributions of urban form and urban design towards enhancing 

the resilience of our cities. This study attempted to deepen this understanding by exploring the 

relationship between the urban resilience and urban design debates through an engagement with our 

spatial understanding of cities. More specifically, this study sought to investigate the morphological 

properties of cities that might facilitate the formation of spatially more resilient urban settlements.  

The remainder of this chapter is divided into four sections. Section 1.1 describes the background and 

rational for undertaking this study as well as highlighting the specific gaps in our knowledge. In 

response to the identified research gaps, Section 1.2 provides the details of the specific aims and 

 

1  The Anthropocene is a geological era that is characterised as a time where human activity, for the first time, is having a 

profound influence on the earth’s climate (Bardsley and Wiseman, 2016; Crutzen, 2006; Steffen et al., 2011). 
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objectives that this study sought to achieve. Section 1.3 then outlines the scope of this study and is 

followed by Section 1.4, which provides and outline of the structure of the theses.  

1.1 Background and rationale 

The rapid growth and increasing urbanisation of cities and regions around the world means that urban 

areas are becoming increasingly important in today’s globalised world. According to the UN-Habitat 

(2016b), the current global urban area is expected to triple by 2030, with cities containing about 60% 

of the population (United Nations Department of Economic and Social Affairs [UN-DESA], 2018). 

Furthermore, as shown in Figure 1.1, the rate of global urbanisation is expected to increase to nearly 

70% (68.4%) by 2050 (UN-DESA, 2018).  

 

Figure 1.1: Percentage of the population residing in urban areas 

Graphic by author, data sourced from World Urbanization Prospects: The 2018 Revision (UN-DESA, 2018) 

With increased urbanisation comes new challenges. As cities and regions grow they also become more 

complex (Skrimizea et al., 2018) and begin to incorporate new, potentially disruptive technologies, 

such as Artificial Intelligence (AI) and the Internet of Things (IoT) (Ayoub and Payne, 2016; Capdevila 

and Zarlenga, 2015) into the management of the city, further increasing the complexity. Increasing 

complexity brings a reduction in our ability to predict the future using traditional means (Batty, 2007; 

Cilliers, 1998). The lack of predictability of the future also translates into uncertainty. This uncertainty 

is further heightened with the growing awareness that our urban areas are becoming more susceptible 

to a plethora of vulnerabilities, that are further aggravated by the increased urbanisation (Coaffee and 

Lee, 2016; Lall and Deichmann, 2009). These vulnerabilities include, but are not limited to, factors such 

as global climate change, economic fluctuations, socio-political instability, global pandemics and 
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limited resources (Eraydin and Taşan-Kok, 2013a; Sharifi and Yamagata, 2018a). Furthermore, many 

of these challenges are often referred to as wicked problems, that have no clearly defined problem or 

criteria for solution (Rittel and Webber, 1973). Knowing that the future is going to be like nothing the 

earth has seen before, the need to reconsider our approaches to city building is more pressing than 

ever before (Nel, Du Plessis, et al., 2018).  

Yet, knowing that the future is indeed uncertain, it is perhaps a little odd that city building has, and 

continues to be, largely reliant on theories and methods developed from the previous century 

(Coaffee and Lee, 2016). This incongruency is especially true when considering the performance of 

cities since the industrial revolution, and more specifically the past 80−100 years. However, many 

urban professionals and scholars have begun to critique previous, modernist methods of city building 

(Batty, 2007, 2013; De Roo et al., 2012; De Roo and Silva, 2010; Jacobs, 1961; Portugali, 2010; Salat, 

2011) that have largely relied on engineering and technology to solve any problems encountered by 

making cities more efficient machines (Coaffee and Lee, 2016; Walker and Salt, 2006). While efficiency 

is important (specifically for the goals of sustainability), it also leads to rigidity and vulnerability 

(Walker and Salt, 2006), something that is detrimental in a world that is heading for ever more 

uncertainty (Coaffee and Lee, 2016). 

This efficiency-focused approach to city building can perhaps be best seen in the form and structure 

of our cites, which have prioritised the enhancement and optimisation of transport systems 

(specifically private motor vehicles) over other functions of the city (Marshall, 2005; Salat, 2011). 

Scholars have argued that urban forms created in the past century are unable to manage the 

increasing complexity, uncertainty and changing needs of the twenty-first century city (Feliciotti et al., 

2016; Roggema, 2012; Salat, 2011; UN-Habitat, 2013). These growing concerns have necessitated, 

now more than ever, that cities become more adaptive and responsive to the numerous challenges, 

while at the same time striving to attain the moving goals of sustainability (Nel, Du Plessis, et al., 2018; 

Peres et al., 2016). While the concept of sustainable development and planning has been around for 

many years and its principles are generally accepted and understood (Burns and Weaver, 2008; Du 

Plessis, 2009; Peter and Swilling, 2014; Zhang and Li, 2018), the emerging notion of planning for 

change is a newer concept that begins to challenge the current paradigm of urban planning and design 

(Feliciotti et al., 2016; Romice et al., 2020). The increasing realisation that we cannot deal with the 

future in the same way that we have in the past, due to the increasing complex nature of the global 

challenges, has led urban practitioners, academics and influential organisations to seek alternative 

approaches to city planning and to thinking about the future, uncertainty and change (Skrimizea et al., 

2018). 

 



 

4 

1.1.1 Why urban resilience? 

For some, the concept of urban resilience offers a possible solution and alternative paradigm to 

actively engage with some of the challenges discussed above. Additionally, and more importantly, 

resilience also imbeds the notions of change and uncertainty into the core of its theoretical approach 

(Ahern, 2011; Coaffee and Lee, 2016; Davoudi et al., 2012; Eraydin and Taşan-Kok, 2013b; Meerow et 

al., 2016; O’Connell et al., 2016; Yamagata and Maruyama, 2016). Resilience can be considered as an 

emergent property of a complex adaptive system (Gunderson and Holling, 2001; Ilmola, 2016), with 

cities as a specific form of socio-economic complex adaptive systems (Batty and Marshall, 2012; 

Portugali, 2010). While discussed in more detail in Chapter 2, urban resilience 1F can broadly be defined 

here as the ability of a city to not just withstand and recover from disturbances, but to also learn from, 

adapt to and transform to changing circumstances, while maintaining, for the most part, the same 

functions, structure and identity (Carpenter et al., 2001; Davis, 2018; Pearson et al., 2014; Peres, 2016). 

While this is still a very broad definition of urban resilience, it does provide an overview of what 

resilience seeks to accomplish, namely, to maintain the functioning of the city before, during and after 

any disturbance, while still having the flexibility to adapt in response to changing circumstances. It is 

for this reason that urban resilience is progressively being used to frame academic and political 

debate, specifically as a key organising principle (Sharifi and Yamagata, 2018a).  

Further reasons for the uptake of urban resilience into current urban debates can be attributed to the 

fact that resilience thinking provides a framework that seeks to reduce the risks cities and regions face 

by ensuring that there is suitable capacity, preparations and resources available to help to “mitigate, 

prepare for, respond to and recover from a range of shocks and stresses” (Coaffee and Lee, 2016: 3). 

Resilience can offer all this this, because “[a]t the heart of resilience thinking is a very simple notion—

things change—and to ignore or resist this change is to increase our vulnerability and forego emerging 

opportunities. In so doing, we limit our options” (Walker and Salt, 2012: 9–10 [own emphasis]). Simply 

put, urban resilience recognises uncertainty as well as complexity of cities and regions (Albers and 

Deppisch, 2013) and leverages the notions of change and adaption (Pizzo, 2015). By having an 

improved ability to change and adapt, urban areas are better able to deal with unforeseen 

circumstances, by either being able to resist, adapt to or completely transform, where and when 

needed (Coaffee and Lee, 2016; Desouza and Flanery, 2013; Peres, 2016).  

Davoudi et al. (2012: 239) have noted that the rise of the discourse into urban resilience has unsettled 

traditional planning methods and approaches by stating that the 

concepts and metaphors that resilience thinking brings to planning exert significant power. In 

this sense, there is a potential for it to reframe planning in ways that break open sterile 

analyses and rigidly conservative interventions, so that we can see them afresh.  
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The potential of resilience to provide an alternative paradigm for future city building has not been 

overlooked, as in the past fifteen years urban resilience research has gained a great deal of 

momentum. Resilience is in the process of surpassing the current rate of research into urban 

sustainability, as demonstrated by Zhang and Li (2018). Furthermore, the fact that urban resilience is 

being readily adopted outside of academia, further supports the general consensus that resilience 

thinking is not only an important approach to thinking about change but it is also a useful and practical 

concept.  

The uptake of resilience thinking into practice can be clearly seen by the fact that resilience is now 

incorporated into the strategies of many key organisations. Such examples include, but are not limited 

to, the United Nations New Urban Agenda from the Habitat III conference (UN Habitat, 2016a), the 

City Resilience Program of the World Bank (2017), Local Governments for Sustainability’s (ICLEI) 

Resilient City Agenda (ICLEI, n.d.), and URBACT Network’s Resilient Europe network (URBACT, 2015). 

While much funding has been provided by governments, private organisations, such as the Rockefeller 

Foundation’s 100 Resilient Cities programme2 (Rockefeller Foundation, 2016), have also begun playing 

a very prominent role within the resilience debate. Furthermore, the national government of South 

Africa (2013and local governments such as the Hong Kong Special Administrative Region (SAR) (Sim 

and Dongming, 2017), New York City, USA (NYC, 2018) and the City of Tshwane, formally Pretoria, 

South Africa (City of Tshwane, 2013) have also begun to take notice of urban resilience and have 

started incorporating the concept into policy documents or developing entire strategies devoted to 

improving the resilience of their cities. From the discussion above, it would seem that resilience as a 

concept is here and is actively being used. 

1.1.2 Urban spatial resilience 

With the acceptance of concepts related to urban resilience into urban planning and design comes the 

question: How to make cities more resilient? Asked differently: How do we intervene within an urban 

system to make it more resilient? Marcus and Colding (2014: 4) noted that any intervention by an 

urban system “is never conducted directly to the natural and social processes that constitute urban 

systems but via particular media such as ‘discourse’, ‘institutions’, and ‘spatial form’”. While discourse 

and institutions are crucial in building urban resilience, they have already been widely researched 

within the resilience field (Adger, 2000; Aguirre et al., 2005; Berkes et al., 2008; Carthey et al., 2001; 

De Stefano et al., 2012; Hills, 2000; Maguire and Hagan, 2007; Marshall, 2010; Marshall and Marshall, 

2007; Obrist et al., 2010; Pelling, 2003; Rosenthal and Kouzmin, 1996). 

However, questions related to the role of urban form and design in building resilience are still not well 

understood (Baron and Donath, 2016; Garcia and Vale, 2017; Marcus and Colding, 2014; Sharifi, 2018), 

 

2  Rockefeller Foundation stopped funding its 100 Resilient Cities programme in June 2019 (Bliss, 2019). 
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regardless of the fact that many authors have argued that spatial planning and urban design play an 

important role in creating resilient urban settlements (Albers and Deppisch, 2013; Davis, 2018; 

Desouza and Flanery, 2013; Landman, 2019; Meerow et al., 2016; Newton and Doherty, 2014; Romice 

et al., 2020; Sharifi and Yamagata, 2018a; Suárez et al., 2016). Yet, despite the strong argument for 

investigating the spatial manifestation of urban resilience, very little literature thus far has presented 

concrete conceptual frameworks, methodologies or indicators for design to spatially engage in 

resilience (Garcia and Vale, 2017). Additionally, little of the existing literature actively interrogates and 

spatially analyses the role of urban form in building urban resilience, and which urban forms are more 

likely to facilitate or hinder urban resilience. The authors that have begun to explore the spatial 

relationship between urban form and resilience have typically done so from a specific resilience or 

disaster risk reduction perspective (Allan et al., 2013; Benger et al., 2016; Sharifi et al., 2021; Stangl, 

2018) or have only scratched the surface of understanding the relationship between the size, shape, 

distribution and configuration of urban elements and the ability of an area to adapt to change (Colding 

et al., 2021; Davis and Uffer, 2013; Feliciotti, 2018; Gharai et al., 2018; Marcus et al., 2020; Marcus 

and Colding, 2014; Nel and Landman, 2015; Romice et al., 2020; Salat, 2017; Sharifi, 2018; Sharifi and 

Yamagata, 2018a).  

The lack of research into urban form or spatial-morphological resilience can likely be attributed to the 

fact that, as mentioned previously, resilience is inherently an emergent property of a complex 

adaptive system (Gunderson and Holling, 2001; Ilmola, 2016; Johnson, 2002; Page, 2011). Thus, 

resilience, or the ability to adapt to change, is the result of the non-linear interactions of the different 

elements of a system, including with its environment, that result in higher-level behaviour (Barnes and 

Nel, 2017). The consequences of approaching resilience as an emergent property of a complex system 

means that, in principle, resilience cannot be directly observed, measured or created. Rather, 

resilience can only be inferred (for measurement purposes) or facilitated (to enable or create) 

indirectly through a series of surrogates (Carpenter et al., 2005), proxies (Feliciotti et al., 2016) or 

directives (Du Plessis et al., 2019). It is for the same reason that resilience cannot be constructed or 

created; instead, resilience can only be facilitated by creating the preconditions for its formation 

(Carpenter et al., 2005; Stumpp, 2013).  

If resilience truly cannot be created or designed, what then is the role of urban form or spatial planners 

and urban designers that use the spatial characteristics of cities to achieve their goals? In answer to 

this question, Romice et al. (2020) suggested that urban form and the design thereof should not be 

seen as providing the final form of a city. Instead, spatial planners and urban designers should create 

the spatial and functional frameworks that help to create the preconditions within a place that allows 

for “independent activities to emerge after designers have left” (Romice et al., 2020: viii), while also 

creating a space that is able to adapt to change with minimal external spatial interventions.  
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By framing the formation of resilience within a complex systems’ understanding, this study took the 

position that the best place to start to build the spatial frameworks that create the preconditions for 

urban resilience to emerge, is to leverage the key characteristics and properties of complex adaptive 

urban systems that are associated with enabling the formation of resilience within cities. Moreover, 

as cities can be understood as spatial complex systems, by studying the spatial patterns of 

development, it is possible to understand the underlying principles and characteristics of the city 

(Batty and Marshall, 2012; Hillier, 2012). Therefore, by investigating the spatial manifestation of these 

system characteristics, it is possible to identify potential places where it is possible to intervene so as 

to create the spatial preconditions for resilience (Peres et al., 2016: 8). Alternatively, by learning from 

the places where the preconditions for resilience are already in place, it is possible to take the spatial 

qualities of such places and translate them into a new context when designing new urban areas. Yet, 

the broader questions still remain, such as: What should the spatial functional frameworks for 

resilience look like? What urban forms help to create the preconditions for resilience to emerge 

through the interactions of the constituent parts? This study did not claim to answer these questions. 

Instead, it aimed to take some tentative steps towards creating a theoretical and methodological 

understanding of the relationship between urban form and the spatial manifestation of urban 

resilience.  

However, before the relationship between urban form and resilience can be explored, it is essential 

to first understand what elements make up the constituent parts of urban form and how they function 

and interact. For this purpose, the field of urban morphology provides a useful point of departure, as 

the field already has well developed methods and theories to study how urban form impacts on the 

functioning of the city (Salat, 2011). Broadly, urban morphology studies the physical elements that 

make up the urban landscape, such as buildings, blocks and streets so as to develop an understanding 

of the formation and evolution of cities as well as social and economic forces that shape them 

(Moudon, 1997). Given that the general approach of urban morphology is to understand the process 

of change in the urban form of cities, this field of study provides a good starting point for the 

investigation of the spatial manifestation of resilience (Feliciotti, 2018). Furthermore, as more recent 

approaches to urban morphology can be framed within the larger complexity theory of city debates 

(Batty, 2013; Hillier, 2012), it provides a good intersection point between several fields of study.  

Through the discussion above, certain assumptions and gaps in our understanding related to resilience 

and our spatial understanding were presented. The discussion highlighted that resilience is an 

emergent property of a complex system and that the spatial manifestation of urban resilience is still 

not well understood. The discussion also begun to allude to the fact that in order to engage with our 

spatial understanding of urban resilience, requires that several fields of study be considered. 

Consequently, the fledgling field of urban spatial-morphological resilience might be considered to be 

at the intersection between several fields of study, namely complexity science (specifically complexity 
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theories of cities), urban resilience, urban design, urban morphology and urban geography. For this 

reason, this study engaged with and drew from these fields as and where needed. The following 

section presents the specific aims of this study with the objective of addressing some of the gaps in 

our knowledge.  

1.2 Aim of the investigation 

Urban resilience is a fast-growing field of study; however, as the discussion above has highlighted, 

there are large gaps within our current understanding of resilience. With specific reference to general 

urban resilience and urban spatial resilience, this study sought to contribute to our knowledge by 

explicitly focusing the investigation on the role of urban form in the formation and manifestation 

spatial resilience in cities.  

To this end, the study did not seek to answer all possible questions related to general urban spatial 

resilience, which was an impossible task from the beginning. The aim of this study was rather to 

address a few key research objectives and related research questions. These research objectives were 

intended to further the dialogue on urban resilience, while also aiming at addressing a few of the 

shortcomings of our understanding in spatial resilience. More precisely, the research objectives of this 

study were used to guide the development of clear research questions, which in turn were used to 

inform the methodology used, and thereby allowing for the planned outcomes to be achieved. To this 

end, this study had the following four research objectives that set out the main aims of the study and 

were used as guides for the specific research questions.  

The first research objective (RO1) was to explore the relationship between urban form and the 

potential adaptive capacity of cities. The first research objective had two related research questions 

that are expressed as: 

RQ1: Which characteristics of urban complex adaptive systems contribute to and direct 

the formation of general urban resilience? 

RQ2: Which of the identified system characteristics manifest spatial-morphologically 

within cities and can be used as spatial resilience directives to guide the development of 

spatially adaptive urban settlements? 

Next, building on the first research objective and owing to the fact that there were currently only a 

limited number of methods available to measure spatial resilience (Garcia and Vale, 2017), the second 

objective of this study was to develop and test a methodological protocol, with metrics, for describing 

the potential spatial adaptive capacity of locations within a city. In response to the second research 

objective, three research questions were asked: 

RQ3: How do the spatial-morphological resilience directives manifest in the urban form of 

cities and how are they described and measured? 
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RQ4: What is the type and nature of the relationships [spatial and statistical] between the 

resilience directives? 

RQ5: How can a measure be created and tested that performs as a proxy indicator of the 

potential spatial adaptive capacity of a city? 

The third research objective began to take the study towards more practical aspects by seeking to 

identify a set of urban morphological typologies that are likely to contribute towards greater adaptive 

capacity of a city. From the third research objective, two additional research questions were asked.  

RQ6: How can a set of morphological typologies be created from the spatial resilience 

directives? 

RQ7: Which of the morphological typologies embody the spatial characteristics associated 

with improved spatial adaptive capacity and are therefore most likely to improve the 

spatial resilience of cities? 

The final research objective addressed the lack of clear principles for building spatially resilient 

settlements (Ahern, 2013; Feliciotti, 2018; Pickett et al., 2013). By drawing from the findings from the 

case studies, the fourth research objective of this study was to propose a range of urban design 

principles to help promote more resilient urban forms. The fourth research objective therefore 

informed the final research question of this study, which can be stated as: 

RQ8: What urban design principles can be derived from the spatial resilience typologies 

to promote spatially resilient urban settlements? 

In summary, the focus of this study was to engage with the debate on spatial resilience by principally 

questioning which urban characteristics, variables and methods are needed and available to 

practically engage with our spatial understanding of urban resilience. Additionally, this study aimed at 

exploring the potential processes and applications that allowed for identification of the types of urban 

forms that were most likely to create the spatial preconditions that would facilitate the formation of 

spatially adaptive urban settlements.  

Furthermore, by achieving the outcomes and objectives of the study stated above, this thesis took 

steps towards making urban resilience practical for spatial planners and urban designers by making 

three small but significant contributions to the body of knowledge. First, through the development of 

the proposed conceptual framework (Chapter 3) that contributed to the theoretical understanding of 

the relationship between urban form and spatial resilience. The second contribution was through the 

operationalisation and testing (Chapter 6 and 7) of the conceptual framework through the proposed 

spatial resilience assessment protocol (Chapter 5). The third contribution made by this study was 

through the confirmation that certain urban forms are associated with the presence of higher levels 
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spatial adaptive potential within cities. This finding was then synthesised into a set of spatial resilience 

urban design principles (Chapter 8).  

While this study was among the first to explore the spatial applications of urban resilience and thereby 

further our understanding of the spatial manifestation of urban resilience, it still requires that careful 

limits be placed on what the study set out to achieve. The section to follow outlines the scope of the 

study in more detail.  

1.3 Scope of the study  

The goal of this study was not to (a) compare the case studies with each other; and (b) to make an 

assessment of the resilience of a specific city or a location within a city. Instead, this study aimed to 

identify the areas where, based on the theory of the formation of spatial-morphological resilience, the 

spatial preconditions for the formation of resilience were present. Subsequently, the primary focus of 

this study was on the outcomes of the complex interactions within the city that are reflected on the 

medium that leaves the longest mark on the city, namely the urban form (Sharifi, 2019a). As a 

consequence of the limited scope of this study, other considerations that were indeed vital for the 

resilience of cities, such as social, economic, environmental, governance, management and policy 

driven factors (Meerow and Newell, 2019; Ribeiro and Pena Jardim Gonçalves, 2019), were not activity 

engaged and were therefore excluded from the scope of this study. Furthermore, given the nature of 

urban morphological studies, the primarily focus of this study was the role of the morphological units 

that make up the city’s urban fabric, namely buildings, plots, blocks, and streets (Moudon, 1994) in 

the formation of urban resilience. However, additional spatial considerations, such as land use, public 

facilities and transport were also considered, as they are often strongly tied to the urban form of a 

city (Sevtsuk, 2010; Van Nes, 2021).  

Ideally, to understand how a city has changed and adapted over time, would normally require a 

detailed historical assessment of the city. However, the lack of easily accessible and detailed fine-grain 

historical data for both study areas (Manhattan and Hong Kong) meant that such an investigation was 

not possible. As a result, the analysis performed within this study made use of the data most available 

so as to provide a snapshot of the current situation.  

In addition to the exclusive focus on urban morphology, the study situated itself within the 

evolutionary resilience or a social-ecological-resilience paradigm (Davoudi et al., 2012; Folke, 2006). 

Specifically, this study approached resilience within the broader general resilience debate (discussed 

in Chapter 2), or what can be considered as the ability of a city to respond to and adapt to unexpected 

and changing circumstances, as opposed to a response that is targeted to a specific or known threat 

(Elmqvist et al., 2014; Peres, 2016; Walker and Salt, 2006). As such, aspects related to specific 
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resilience, such as fires, flooding, tsunamis, pandemics, and climate change were excluded from the 

scope of this study.  

Finally, during the time that this study was conducted, several external factors further limited the 

scope and scale of the study. These factors include time and budgetary constraints, which limited the 

study to only two case study areas. Additionally, the 2019 protests in Hong Kong as well as the 

coronavirus disease (COVID-19) global pandemic, also served as large disruptions to this study and 

played a part in the scope of this study.  

1.4 Thesis structure and outline of the method 

This thesis is divided into nine chapters. This first chapter introduced the study by outlining the 

background and rationale for the research. Furthermore, this chapter highlighted some of the 

knowledge gaps within the broader field of urban resilience. Here, specific reference was made to our 

limited understanding of the relationship between urban form and urban resilience. In response to 

the knowledge gap, a set of four research objectives and eight research questions were introduced to 

guide this study with the aim of furthering our knowledge of spatial-morphological resilience. To keep 

the study manageable, the specific scope of the study was also outlined.  

The next two chapters provide the theoretical basis and conceptual framing for the rest of the study. 

Chapter 2 is centred on unpacking the concepts of resilience, from its background in ecology to its 

application in urban systems. This chapter also discusses the approaches to urban resilience, the 

relationship of urban resilience with sustainable development and the system characteristics that 

build general resilience. This chapter also provides a review of current resilience assessment 

frameworks. Chapter 3 introduces the field of urban morphology by providing a summary of the 

different approaches to urban morphology. Thereafter the concept of spatial-morphological resilience 

is presented. This then leads into a detailed discussion on the relationship between urban resilience 

and urban form that results in the creation of the conceptual framework that aims to not only provide 

a conceptual frame of how the spatial preconditions for spatial resilience may be created through 

spatial resilience directives, but also explores how the directives relate to each other. 

After presenting the theoretical arguments, the next two chapters cover aspects related to the 

method. Chapter 4 provides the overarching method used to conduct this study and describes how 

the hybrid research designs of a methodological study research design and a case study research 

design have been used to respond to each of the research objectives. This was achieved through the 

formulation of a methodological protocol using a methodological study research design, and the 

testing of the proposed protocol through the replication approach to a multiple case study research 

design. This chapter also describes how, as part of the method to improve generalisability and 

robustness of the protocol, two specific case studies, Manhattan (NYC, USA) and Hong Kong SAR 
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(China), were selected to test the protocol on. These two areas were selected to represent the new 

and emerging complex types of urban form, namely vertical and volumetric urbanism (Bruyns et al., 

2021; Shelton et al., 2010). The methodology chapter then concludes by providing the details of the 

practical aspects of the study. Here the details of how the concepts of scale and multiple assessment 

scales are approached through access-based measures, are described. Additionally, the details of the 

data are discussed in terms of the data types, preparation of the data, weakness of the data and the 

tools used to analyse the data.  

Chapter 5 introduces the proposed spatial resilience assessment protocol that includes two 

subprotocols. The first of the subprotocols is the spatial resilience assessment subprotocol, which 

outlines the process used to assess and create each of the six resilience directives as well the potential 

spatial adaptive capacity for an area. This subprotocol also provides the detail on how the 

relationships between the directives are explored. The second subprotocol is the spatial adaptive 

urban typology subprotocol, which provides the detailed process used to identify the urban typologies 

within a study area, as well as how the typologies can be assessed to identify the urban forms that, 

based on the assessment, have more of the spatial preconditions needed for the formation of spatial 

resilience. The final part of this subprotocol links back to urban design by outlining the metrics used 

to describe the geometric characteristics of the morphological units (buildings, plots, blocks and 

streets) within each of the identified typologies.  

The next two chapters discuss the practical part of this thesis, where the proposed protocol is applied 

to the two case study areas. Chapter 6 presents the findings from the Manhattan case study. Here the 

proposed protocol is applied and the results of each of 15 metrics used to assess the spatial resilience 

directives, the resulting spatial directives and the spatial adaptive potential metric for all assessment 

scales, are presented. Additionally, the geometric characteristics of the morphological units of the 

four best performing urban typologies, called spatial adaptive urban types, are also identified and 

discussed. Chapter 7 presents the results of the application of the protocol to the Hong Kong case 

study. In the case of the Hong Kong case study, five spatial adaptive urban types were identified and 

the geometric characteristics of their morphological units described.  

Chapter 8 reflects back on the protocol and case studies by providing an evaluation of the proposed 

protocol before discussing the findings of each case study separately. Thereafter, the findings from 

both case studies are reflected on and synthesised into a generalised description of the potential 

morphological properties that may be used to create the spatial preconditions for the formation of 

spatial-morphological resilience. This chapter concludes with a discussion of the potential implications 

of the findings for resilience and urban design which is then summarised into a set of urban spatial 

resilience design principles.  
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Finally, this study concludes with Chapter 9. This chapter fist discusses how this thesis has responded 

to each of the objectives and questions posed in the study. Second, the significance of the research, 

as well as the contribution to knowledge, are presented. Third, the potential lessons and implications 

for urban planning and design are discussed. This is followed by the fourth part that presents the main 

limitations of this study, Finally, this thesis concludes with a discussion on some possible directions 

that future reach into spatial resilience may take. 



 

14 

Chapter 2  

Urban Resilience: Background and Assessment  

The purpose of this chapter is to provide the background and a conceptual understanding of resilience 

theory, urban resilience, and how urban resilience is created and assessed.1 This chapter begins with 

an overview of resilience theory, including the various approaches and evolution of the concept of 

resilience. This is followed by Section 2.2, which explores the question of why we need urban resilience 

and how urban resilience is interpreted within the context of this study. Building on this discussion, 

some of the critiques of urban resilience, as well as its relationship with sustainable development, are 

explored. As a continuation of the debate into urban resilience, the two main approaches, specific and 

general resilience, are also discussed in this section. Section 2.3 explores how urban resilience 

emergences as a characteristic of complex adaptive systems (2.3.1) and then reviews the current tools 

and methods available to assess the resilience of a city (2.3.2). Finally, Section 3.4 provides a brief 

summary of this chapter. 

2.1 Writings on resilience 

Before any discussion into the urban application of resilience theory can begin, it is important to first 

understand the background and origins of resilience theory. This section provides an overview of how 

the concept of resilience has developed, by studying the various approaches to resilience and how 

they have become more nuanced in their understanding of social-ecological systems. 

2.1.1 Origins: Engineering and ecological perspectives of the resilience concept 

Resilience as a concept and metaphor has become progressively more popular over the last decade, 

with politicians increasingly using it without thought of its true meaning or application. This has led 

some to speculate if resilience is just another catchphrase or buzzword to replace sustainability, or if 

resilience has real value and can make a difference in our understanding and management of our 

environment, both ecological and built-up (Davoudi et al., 2012). Other authors have noted that 

resilience has become a catch-all phrase that vaguely covers a wide variety of issues, including social, 

economic, environmental, security, phycological, community and governance, to name but a few 

(Stumpp, 2013). This vagueness, breadth in the response and uptake of the concept has made it 

 

1  An important note to the reader. Resilience theory is an extensive field with many aspects and interpretations. As a result, 

not every part of resilience theory is directly related to this study. Thus, some parts of resilience thinking have been 

omitted from the review of the literature below. Some of the components of resilience that have deliberately been left 

out, include bifurcation and phase transitions; system identity; in-depth discussions on complexity theory, including 

aspects of self-organisation and emergence. 
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difficult to clearly define an operational definition of resilience (Coaffee and Lee, 2016: 18). Building 

on this line of thinking, Cumming (2011) cautioned that because of the uptake and wide use of some 

of the concepts within the resilience theory, the specific meanings of words and concepts may become 

so generalised, and thus misinterpreted, that the concept of resilience will become a source of 

confusion and misunderstanding. Cumming (2011: 13) further stated that “[r]esilience itself is a 

concept, not a hypothesis; it is not refutable. Its value depends on its utility and if it ultimately turns 

out to lack utility, it should be discarded in favour of a more useful term.” This point was also noted 

by Garcia and Vale (2017: 33) who stated that “[u]sing a concept as just a label is a sure path to failure 

and disappointment … [however] digging into the theory of resilience and questioning its nature, or 

what we call unravelling, it should be easier to observe and discover the characteristics, limits and 

potential” of resilience and what the concept is and is not. While resilience is a useful concept, which 

“captures something important about the ability of a complex system to persist” (Cumming, 2011: 13), 

it must still be clearly defined, so as not to misunderstand or abuse the concept in our attempt to 

bring it into the spatial domain of urban resilience.  

Various conceptualisations of resilience have been in use for many years. Before the nineteenth 

century resilience was a key design principle employed by designers, architects and engineers through 

the oversizing of parts, addition of redundancy and reparability (Schtin, 1983). More recently, in the 

twentieth century the term was used when referring to material properties of elasticity, the ability to 

deform and then return to its original form, or rigidity, the ability to withstand a great deal of pressure 

without breaking (Hassler and Kohler, 2014; Peres, 2016). However, the more contemporary 

understanding of resilience can be said to have started in the 1960s and 1970s (Folke, 2006). The 

ecologist C.S. Holling is often credited as being the person who begun the current understanding of 

resilience (Coaffee and Lee, 2016; Folke, 2006; Meerow et al., 2016). In his seminal paper, Resilience 

and stability of ecological systems, Holling (1973) demonstrated that random events, ecological 

process and a mixture of spatial and temporal scales in natural systems can have multiple basins of 

attraction (often called stability regimes). Holling (1973) further identified two ways of studying 

stability in ecosystems, which he termed engineering resilience and ecological resilience. 

2.1.1.1 Engineering resilience 

The first and most basic of the approaches to resilience is often referred to as engineering resilience. 

Holling (1973, 1986) defined engineering resilience as the difficulty or resistance provided by a system 

to move away from its steady state (also referred to as an equilibrium) during a disturbance, such as 

the strength of the system’s initial inertia. In this context, if the system does not move from its 

equilibrium, then it would be regarded as being resilient. In addition to the resistance to move from 

the system’s equilibrium, resilience, in the engineering resilience context, views the resilience of a 

system as the ability and the speed at which a system (such as the ecosystem or city) is able to bounce 
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back or return to its steady state after the disturbance, either man-made (a traffic accident or banking 

crisis) or natural (a fire or flood) (Cumming, 2011; Davis, 2018; Gunderson and Holling, 2001).  

Two important aspects of the engineering resilience paradigm must be noted. First, this paradigm 

argues that a system only has a single equilibrium or steady state to which it seeks to return, meaning 

that after a disturbance the system should go back to exactly how it was before the disturbance (Folke, 

2006: 256). The second consideration of engineering resilience is that within this approach to 

resilience, the measure of the system’s resilience is the speed at which the system returns to 

equilibrium (Davoudi et al., 2012; Holling, 1996). This means that the faster and more efficient the 

return to equilibrium, the more resilient the system is. While this approach to resilience is useful for 

material science and single equilibrium systems, it does not work for complex systems such as 

ecosystems or cities, as they do not have a single equilibrium (Holling, 1996; Nel, 2016; UN-Habitat, 

2017). This then brings in the next approach to resilience identified by Holling (1973), that of ecological 

resilience.  

2.1.1.2 Ecological resilience 

As the second approach to resilience identified by Holling (1973), the ecological resilience paradigm 

argues that a system can be far from any equilibrium, yet the system can still be said to be within a 

stability domain. However, due to inherent instabilities within the system’s structure, the system can 

shift into another regime or stability domain, with its own set of behaviours (Holling, 1996). In this 

sense, stability is defined as “the propensity of a system to attain or retain an equilibrium condition 

of steady state or stable oscillation” (Holling, 1986: 296). Consequently, within the ecological 

resilience paradigm, “resilience is measured by the magnitude of disturbance that can be absorbed 

before the system changes its structure by changing the variables and processes that control 

behaviour” (Gunderson and Holling, 2001: 28). Alternatively, one can state that ecological resilience 

asks how much turbulence and disruption the system can absorb before it either collapses or changes 

into a different type of system, for example, going from forest to grassland (Walker and Salt, 2006). 

Resilience within this approach then regards a resilient system as one that tries to avoid collapse, while 

recognising that systems are dynamic and thus undergo change (Peres, 2016: 57). Through the 

recognition of the dynamic nature of systems within the ecological resilience approach, systems are 

therefore able to have multiple stable states, among which they can move while still being able to 

maintain their functional identity (Davoudi et al., 2012; Folke, 2006; Gunderson and Holling, 2001).  

2.1.1.3 The adaptive cycle: A heuristic model of ecosystem dynamics 

Within the ecological resilience paradigm view of systems, Holling (1986) introduced a heuristic model 

of ecosystem dynamics through the concept of the adaptive cycle (shown in Figure 2.1). Gunderson 

and Holling (2001: 32–33) stated that the adaptive cycle should not be regarded as a theory; it should 

preferably be considered as a metaphor which was developed to aid in the interpretation and 
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development of a framework of adaptive change. Holling’s (1986) original conceptualisation of the 

adaptive cycle comprises of two main properties, namely capital (later changed to the potential 

available for change) and connectedness, as shown in Figure 2.1 (Gunderson and Holling, 2001). 

Capital in the adaptive cycle refers to the accumulation of resources that can be in the form of wealth, 

infrastructure, people, and knowledge, which in turn denotes the potential for change available within 

the system (Carpenter et al., 2001; Holling, 1986). Connectedness in the adaptive cycle reflects the 

degree of connectivity between internal variables and processes and is a measure of how sensitive 

the system is to external variation (Gunderson and Holling, 2001: 33).  

 
Figure 2.1: Adaptive cycle first introduced by Holling (1986) 

Image source: Noah Raford (2013) 

The adaptive cycle was originally generated by observing ecosystem dynamics and describes the 

movement of ecosystems through four distinct phases: growth/exploitation (r), conservation (k), 

release (Ω) and reorganisation (α); each with its own unique characteristics. The growth phase, 

represented by r, is the starting point of the adaptive cycle. The growth phase is characterised as a 

period of rapid growth, where connectivity is initially weak and there is a large amount of competition 

for resources. This phase is also characterised by low levels of diversity and poor internal controls that 

result in the system being vulnerable to disruption and surprise, namely low resilience. However, 

because of the low controls and weak connections, the system is open to new innovations (Carpenter 

et al., 2001; Holling et al., 2001; Nel, Du Plessis, et al., 2018).  

As the system matures, it begins to accumulate capital as it starts to move into the conservation (k) 

phase. The conservation phase is characterised by an increase in diversity, connectedness and 

dependence on existing structures. As the connectivity and capital increases, there is a slowing down 

of the growth rate and a reduction in innovation. However, this is also accompanied by improved 

stability. While the growing stability allows for a reduction in uncertainty, the stability within the 
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system comes with a price, as the stability provided is over a decreasing range of conditions. This 

stability is further fostered by the increase in regulations (for example, the formation of bureaucracy), 

which in turn hampers the system’s ability to respond quickly to changing circumstances, thus making 

the system more vulnerable to unexpected shock events (Carpenter et al., 2001; Gunderson and 

Holling, 2001; Nel, Du Plessis, et al., 2018; Peres, 2016).  

Due to the growing rigidity of the system in the conservation phase, such systems, as stated by 

Gunderson and Holling (2001: 45), “become accidents waiting to happen”, as they become more 

vulnerable to external shocks. Thus, the system can transition into the release (Ω) phase at any point. 

This transition is generally sudden and takes place as a result of a disturbance that pushes the system 

past a specific threshold from which it is unable to return, thus going beyond the system’s resilience 

(Alberti and Marzluff, 2004; Cumming et al., 2005). During this phase, the system becomes unstable 

as the strong connections between parts of the system are broken and the regulations weaken. This 

results in accumulated capital being released back into the system in a process called creative 

destruction (Holling, 1986; Walker et al., 2004). The release of resources is only a temporary state and 

happens over a relatively short period of time until the capital of the system is used up or dispersed 

(Gunderson and Holling, 2001). 

Once the stored-up potential has been used and dispersed through the release phase, the system now 

enters the reorganisation (α) phase. The shift from the Ω to the α phase happens quickly and with an 

explosive increase in uncertainty and at times chaotic behaviour within the system (Gunderson and 

Holling, 2001: 45). While the conservation (k) phase has limited diversity, the reorganisation phase 

aids in creating and maintaining diversity as well as facilitating innovation. The system is typically more 

resilient in the reorganisation phase due it its ability to respond quickly. However, it is also full of 

uncertainty and is susceptible to path dependency, the process where events are able to lock-in and 

direct the long-term history of the system.2 Once the reorganisation phase is completed, system 

stability starts to form again as the system begins to move into a new growth phase as the cycle 

restarts. 

While the adaptive cycle uses the infinity symbol (∞) as a representation to illustrate the continuous 

iteration of the adaptive cycle, the “idea of adaptive cycles should not be taken as necessary 

sequences of clearly identifiable phases in a mechanistic process” (Lang, 2012: 288), where the phases 

and outcomes of the cycle should be regarded as tendencies and not as inevitable or fixed outcomes 

(Davoudi et al., 2012). Additionally, the system does not need to follow the exact sequence shown by 

the adaptive cycle seen in Figure 2.1. A system may move from a conservation back to a growth phase 

(Walker et al., 2004), or as shown by Nel (2016: 126), a system may move from a conservation phase 

 

2  See Beinhocker (2006); Gell-Mann (1994a); Geyer and Rihani (2010); Levin (1998); Nel (2016) and Portugali (2010), for 

more on path dependency and frozen accidents. 



 

19 

to a [partial] release phase and then back to a conservation phase. Alternatively, a system may bypass 

a phase altogether. Finally, different systems go through the adaptive cycle at different speeds, 

depending on the scale and nature of the internal processes (Gunderson and Holling, 2001).  

2.1.2 Evolutionary resilience 

While the engineering and ecological resilience perspectives are based in different disciplines, they 

have both been criticised as being simplistic representations stuck within an equilibriumist view of 

how complex systems function (Coaffee and Lee, 2016; Davoudi et al., 2012). For this approach to hold 

true, the system must either function within a single equilibrium (for engineering resilience) or, for 

ecological resilience, maintain an oscillating equilibrium. In these cases, resilience is measured as the 

ability to bounce back to its previous equilibrium (engineering resilience) or, alternatively, the ability 

to absorb a shock while still staying within the same stability regime, as is the case for ecological 

resilience (Davoudi et al., 2012). This notion of stability and equilibrium is often sought after in 

economics (Beinhocker, 2006) and is rooted within Newtonian and Modernist world views, which see 

the world as orderly and predictable and where resilience is equated with stability and predictability 

(Beinhocker, 2006; Davoudi et al., 2012; Nel, 2016). However, as has been shown by many authors 

(Ball, 2005; Batty, 2013; Beinhocker, 2006; Gunderson and Holling, 2001; Holland, 1996, 1998, 2012; 

Portugali, 1997, 2010, 2011), complex adaptive systems,3 such as social-ecological systems, the 

economy and cities are in fact non-linear, dynamic, far from equilibrium systems that change and 

adapt over time. This view, which incorporates adaptation, change and instability, brings into question 

the assumptions of equilibriumist-based resilience. In response to this critique, it should be noted that 

while the initial concept of the adaptive cycle was indeed formulated within a multiple equilibrium 

view of system dynamics, it has undergone significant changes from its original conceptualisation, 

through detailed studies and the incorporation of cross-scale hieratical interactions within the 

panarchy model, introduced by Gunderson and Holling (2001).  

Several studies have shown that the use of the adaptive cycle in relation to the cross-scale interactions 

can indeed be largely explained through the complexity theory (Beisner et al., 2003; Folke et al., 2004; 

Scheffer et al., 2001; Walker and Meyers, 2004). The argument made for the success of the adaptive 

cycle and panarchy model is due to the contradictory nature of complex systems; that of both stability 

and change through adaptation (Coaffee and Lee, 2016). Folke (2006: 257) argued that the stability, 

 

3  Nel (2016: 33) defined complex adaptive systems (also called CAS) as “a system that is comprised of many diverse agents 

that interact with each other in a non-linear, dynamic manner. The interaction and behaviour of the agents are governed 

by a set of rules. If the agents adapt the rules that they follow, then there will be an adaption of the agent’s behaviour. In 

a complex adaptive system, the system itself does not adapt but rather the agents adapt, leading to system-wide 

adaption. Each agent adapts to changes of the agents around it. Complex adaptive systems are open to and interact with 

their environment, as well as other systems. It is through these interactions and adaptions that a complex adaptive system 

creates complex temporal behaviour.” 
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through multiple basins of attractions as shown in the adaptive cycle, forms within complex systems 

because of the non-linear interactions of the system’s components. These non-linear interactions lead 

to the creation of path dependencies, which in turn create the potential for the development of semi-

stable regimes and thresholds. This then makes the panarchy model a useful tool and metaphor for 

thinking about the structure and dynamic processes within complex systems. Additionally, it allows 

for resilience thinking to move beyond steady states and to begin to embrace thinking about change 

and uncertainty within multiple spatial temporal scales. 

While the panarchy model recognises the complexity of systems, for some, like Coaffee and Lee (2016: 

25), the panarchy model is still “too divorced from reality of non-linear complex adaptive systems to 

be applied appropriately in a range of socio-economic and political policy spheres, failing to take into 

account the unevenness of space, inequality, power, or the agency of actors within social systems”. 

As a result, researchers are turning to the emerging evolutionary resilience approach (sometimes 

called social-ecological resilience). The evolutionary resilience perspective “recognizes the non-

linearity, complexity, and dynamism of the system and acknowledges the insufficiency of static 

approaches for dealing with uncertainties” (Sharifi, 2018: 172). This interpretation of resilience argues 

that because of the very nature of complex adaptive systems, change over time is inevitable, with or 

without an external perturbation (Abdulkareem and Elkadi, 2018; Coaffee and Lee, 2016; Davoudi et 

al., 2012).  

Though the evolutionary resilience approach goes beyond the equilibriumist approach, it does not 

ignore the work developed within the engineering and ecological resilience debates. It, however, tries 

to build on it and enhance these perspectives to provide a more nuanced and dynamic interpretation 

of resilience. This can be seen in the most common interpretation of evolutionary resilience, 

introduced by Carpenter et al. (2001), who begins to define resilience through three characteristics. 

The first builds on the equilibriumist work and states that resilience is about the amount of 

disturbance and change that the system is able to absorb, while it is simultaneously still able to remain 

within the same state or attraction basin (Cumming, 2011; Folke, 2006). The second characteristic 

argues that resilience also incorporates “the degree to which the system is capable of self-organization 

(versus lack of organization, or organization forced by external factors)” (Carpenter et al., 2001: 766). 

The final characteristic, and perhaps the most important, considers the extent to “which the system 

can build the capacity to learn and adapt” (Carpenter et al., 2001:766). From this perspective, 

evolutionary resilience is about being able to not only absorb a disturbance, but to also have the 

capacity to adapt, learn from and respond appropriately to disturbances, which can be generated from 

within the system or from an external source (Gunderson and Holling, 2001; Kinzig et al., 2006; Peres, 

2016; Walker and Salt, 2006). 

Walker et al. (2004) built on the original evolutionary resilience approach described above, to say that 

in addition to adaptive capacity, which included the concept of learning, transformability should also 
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be incorporated within our understanding of resilience. Walker et al. (2004:3) defined transformability 

as “[t]he capacity to create a fundamentally new system when ecological, economic, or social 

(including political) conditions make the existing system untenable”. In this case, it may be that the 

system may have to reorganise itself by incorporating new variables (a new technology or means of 

production) that will allow the system to persist. A more recent addition to evolutionary resilience is 

the inclusion of foresight into the definition of what makes a system resilient (Cascio, 2009; Coaffee, 

2013; Woods and Hollnagel, 2017). Foresight allows for the system to take what it has learned and 

plan for the future. To a limited degree, this allows the system to predict possible catastrophes and 

plan how to best avoid, prepare for or mitigate such events. However, it should be noted that foresight 

is only applicable to human systems (Harrison et al., 2014). The combination of the original 

interpretation of resilience, as well as the inclusion of transformation and foresight, allows for a 

working definition of resilience for this study to be formulated and defined as:  

Resilience is the ability of a system to not only withstand and recover from disturbances, but to 

also learn from, adapt to and plan for changing circumstances while being able to transform 

into a different system state when necessary. 

With this definition in mind, it can be said that evolutionary resilience goes beyond the simple ideas 

of resistance and recovery to also include the consideration that resilience is about change. Thus, to 

engage with resilience, requires an understanding of the dynamic nature of systems that facilitate and 

build their adaptive and transformative capacity in a world of uncertainty and constant change 

(Cumming, 2011; Davis, 2018; Folke, 2006; Gunderson and Holling, 2001; Walker and Salt, 2006).  

The discussion above has sought to highlight the background and evolution of resilience thinking, from 

considering system resilience as a stable state to the more current understanding that resilience is a 

dynamic property of a complex system. This then requires that, for any success to be achieved when 

engaging with the resilience of complex systems, an appreciation of the fact that things change, and 

that adaptation is a necessity when dealing with complex systems, is needed. The next section 

develops this current understanding of resilience and engages with how resilience is understood and 

facilitated within the urban context. The next section also explores how the resilience of urban areas 

has been assessed.  

2.2 Urban resilience 

Building on the discussion on evolutionary resilience in the previous section, this section reviews 

several key themes within the urban resilience debate. To start, the questions responding to why we 

use urban resilience are covered. In answering these questions, some of the critiques to urban 

resilience are discussed, in addition to the relationship between urban resilience and sustainable 

development. This is followed with a review of the most prominent approaches to urban resilience. 

Here a distinction is made between two approaches, namely specific and general resilience, with the 
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focus of this study being more on the latter. Following the discussion on general resilience, questions 

on how general urban resilience is created, or rather facilitated, as well as what has been done to 

measure urban resilience, are explored. 

2.2.1 Why urban resilience? 

Despite the fact that resilience is rapidly gaining popularity with urban studies literature (see Zhang 

and Li, (2018), for more detail), resilience as a concept, is actually not such a new idea within urban 

planning, theory, policy and design. Some of the earlier studies have discussed the resilience concept 

from the latter part of the 1990s and early 2000s (Davis, 2018). The early studies typically focused on 

how urban systems manage and recover from various disasters and crises (Dainty and Bosher, 2008; 

Godschalk, 2003; Mileti, 1999; Pelling, 2003; Vale and Campanella, 2005; Walker et al., 2004). 

However, the rise in popularity of resilience within the urban debate may be attributed to the fact 

that resilience offers an alternative approach that allows for active engagement with the increased 

challenges that urban areas currently face and continue to have to contend with (Ahern, 2011; Coaffee 

and Lee, 2016; Davoudi et al., 2012; Eraydin and Taşan-Kok, 2013b; Meerow et al., 2016; O’Connell et 

al., 2016; Peres, 2016; UN Habitat, 2016a; Yamagata and Maruyama, 2016). Among such challenges 

are extreme weather, civil unrest, terrorist attacks, peak oil, climate change and economic instability 

(Davoudi et al., 2012; Newman et al., 2009; Peres, 2016). As the globe transitions into the 

Anthropocene, the effects of anthropogenic climate change, as well as with the natural disasters, 

social turmoil and potential wars that accompany it, require cities that can withstand such events, but 

can also adapt and transform in order to continue to exist, let alone thrive (Hes and Du Plessis, 2015; 

Landman, 2019). While many have approached the impending challenges of urban areas in a business 

as usual manner by, for example, having increased control, further intensification, and even more 

efficiency (Walker and Salt, 2006), urban resilience acknowledges that things change and with that 

change comes uncertainty. However, if done correctly, urban resilience suggests that it is possible to 

leverage change and adaption and direct it into a positive direction (Pizzo, 2015). Furthermore, by 

having an improved ability to change and adapt, urban areas are better able to deal with unforeseen 

circumstances, by either being able to resist, adapt to or completely transform, where and when 

needed (Desouza and Flanery, 2013; Peres, 2016). As the focus of resilience has shifted to emphasis 

adaption, the attention has now moved away from an end state to now be more focused on possible 

futures of continuation and thriving, which are built on principles and not pragmatism (Eraydin and 

Taşan-Kok, 2013a: 6). In short, utilising an evolutionary resilience approach to urban systems offers a 

useful framework that allows for new ways of thinking about planning and design. 

While the consensus is that current thinking about urban resilience draws from the evolutionary 

resilience approach, there is little agreement about what exactly urban resilience entails, neither 

among academics nor professionals (Barnes and Nel, 2017). Urban resilience is largely credited as 
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being a multidisciplinary concept (Chelleri and Olazabal, 2012; Elmqvist et al., 2014); consequently, 

different authors interpret resilience in their own way and within their own context. For example, 

Elmqvist et al. (2014: 22) identified three essential dimensions of urban resilience. The first of these 

considers metabolic flows, which are essential to maintaining urban functions and enhancing the 

quality of life. This dimension highlights the need to understand the interconnectedness within and 

between cities and how resources (man-made and natural) flow. The second dimension is how social-

ecological systems begin to [re]connect people with nature. Here Elmqvist et al. (2014:22) emphasised 

that urban resilience requires cities to be more focused on nature in terms of ecosystem services such 

as water, air, micro climate control, as well as facing the inevitable challenges of global climate change. 

Adaptive governance that enables learning while promoting planning with uncertainty, is the third 

dimension of urban resilience. The emphasis here is that government cannot tackle problems in a 

linear manner when cities are dynamic, non-linear entities. Instead, new and innovative approaches 

to urban complexity are required that must acknowledge that predictability and control is limited, and 

that experimentation is key (Elmqvist et al. 2014:24). 

Peres (2016: 199) took a different approach to urban resilience in her doctoral thesis titled The 

translation of ecological resilience theory into urban systems, and described the purpose of urban 

resilience within the built environment as consisting of several elements. For Peres, urban resilience 

embraces change and utilises the opportunities created by that change. Change, as argued by Peres, 

enhances resilience, while limiting change increases the fragility of the city and reduces its potential 

for evolution. Urban resilience also utilises the knowledge gained through observations to “effect 

transformative change” within a holist framework (Peres, 2016: 199). Peres argued that when a city is 

resilient, it also tends to generate greater complexity, which further facilitates its resilience.4 Peres 

further suggested that urban resilience is also aimed at improving the general resilience of an urban 

system, which seeks to deal with unexpended situations as well as managing slow-burn disturbances, 

while also providing specific resilience to targeted or shock events. By building both specific and 

general resilience, an urban system would able to build “capacity, space, and options within the city 

system for unpredictable alternative future scenarios and trajectories to unfold” (Peres, 2016: 199). 

Finally, Peres (2016:200) argued that any engagement with urban resilience requires acknowledging 

that “urban resilience is a constant process. It never ends. What might be ‘resilient’ now might be 

vulnerable in a few weeks, months, or years.” Thus, for Peres, resilient cities are always in the process 

of becoming and have no end goal in mind.  

Building on the previous descriptions of resilience, Brown (2015: 10) suggested that the urban 

resilience approach should take into account that things change and things can change differently, 

fast and slowly, and in unexpected ways. Thus, urban resilience should be focused on managing for 

 

4  See Salat and Bourdic ((2012a, 2012b)) for a more detailed description of this. 



 

24 

change and uncertainty. Change, be it a crisis or slow evolution, may lead to new opportunities or can 

shift the urban system into a different state (for better or worse). Moreover, urban resilience 

recognises that urban systems are part of multiscale interacting systems and that these interactions 

must be better studied. Lastly, it should be understood that resilience can be good or bad and that 

resilience can also force the system into rigidity (Peres, 2016).  

Coaffee and Lee (2016: 54) described the purpose of resilient urban planning as follows: 

If we conceive the core purpose of urban and regional planning as mediating space and 

creating places in liaison with a range of stakeholders and communities, then resilient planning 

can be seen to encompass physical design and strategic spatial intervention, as well as a 

restructuring of governance and management functions in response to an array of potentially 

disruptive challenges. 

Alternatively, Sharifi and Yamagata (2018a: 22) saw resilience-based planning as being a dynamic, 

iterative process involving monitoring, continuous assessment and scenario planning. Additionally, 

they argued that resilient urban planning takes a more bottom−up approach as opposed to top−down 

control and command style management.  

What these approaches to urban resilience show, is that urban resilience emphasises understanding 

and leveraging the dynamics of change and enhancing the adaptability and transformability of cities 

in the face of growing uncertainty and limited predictability (Barnes and Nel, 2017; Chelleri, 2012; 

Coaffee, 2013; Davis, 2018; Davoudi et al., 2012; Pelling, 2010; Wilkinson, 2012). In short, urban 

resilience can be regarded as a set of strategies that seek to not only anticipate, resist and absorb 

disruptions, but to also adapt to, work with and enhance change – both expected and unexpected – 

in such a way that the system continues to survive. However, if needed, the system should be able to 

transform into a new state by leaving behind redundant elements or adopting new components or 

strategies. As such, urban resilience for the purpose of this study is defined as follows:  

Urban resilience is the ability of a city to not just withstand and recover from 

disturbances, but to also learn from, plan for and adapt to changing circumstances 

while maintaining, for the most part, the same functions, structure and identity. 

However, when needed, the system should also be able to transform into a different 

system state. 

While there are various approaches to understanding urban resilience, some of the larger issues in the 

field of urban resilience tend to focus on how urban resilience strategies are carried out and 

implemented. Such approaches and implementation methods of urban resilience have left the 

concept open to critique.  



 

25 

2.2.1.1 Critiques of resilience 

While urban resilience is seen by many to be predominantly a good thing, it is not without criticism. 

Some of the criticism towards urban resilience have been aimed at the approach itself, with some 

claiming that resilience is too vague a concept and conveys a normative position (Brown, 2015: 12). 

Leach (2008) voiced another common criticism that resilience also fails to address the question of 

Resilience for whom?, and that it ignores social dynamics.  

Both Leach (2008) and Brown (2014) suggested that resilience is also too focused on maintaining the 

system and it thereby seeks to maintain the existing status quo and further reinforcing existing power 

structures. Others have taken this critique further by saying that because of the increasingly 

anticipatory and pre-emptive nature of resilience, it seeks to maintain the status quo by creating 

politics of fear (Coaffee and Lee, 2016; Coaffee and Wood, 2006). Anderson (2007: 159) has noted 

how “fear, dread and anxiety, accompany the emergence of anticipatory logics of governance is now 

widely claimed or asserted”. This builds on and creates a culture of fear, which can be clearly seen in 

the post-9/11 era (Mythen and Walklate, 2006), where resilience has been used as a means to 

reassure the public that they are safe from harm (Coaffee and Wood, 2006; MacKinnon and Derickson, 

2013).  

As the resilience approach advocates a movement away from globalised and central governments and 

institutions (O’Brien et al., 2009), it also shifts and redistributes responsibility towards individual 

actors and local scales of operation (Coaffee and Lee, 2016: 39) and has been labelled as a form of 

neoliberal citizenship (Neocleous, 2013: 5). Other authors (Coaffee and Lee, 2016; MacKinnon and 

Derickson, 2013; Tierney, 2015) saw resilience as a means of enhancing the neoliberal agenda by 

protecting the “economic and political elites from fulfilling responsibilities for the vulnerable, human 

and nonhuman” (Walker and Cooper, 2011: 156).  

While many of the critiques levelled against urban resilience are valid in their own right, many of them 

latch onto a specific element or have a superficial understanding of the broader concept. They assume 

that resilience is a normative concept, which, as the next section illustrates, is not the case. Moreover, 

because of this flawed assumption, many of the dissenting voices make broad claims against resilience 

thinking. For example, the idea that resilience seeks to maintain the status quo by keeping the elite in 

power, cannot be entirely correct. This is because when resilience is used within a normative 

framework, for example where equality and fair income distribution is regarded as important, 

resilience thinking would help to identify those systems (or parts of the system) that are reinforcing 

the unwanted behaviour and seek to erode their resilience to better allow for a new system to be put 

in place that allows for a fairer distribution of income (Barnes and Nel, 2017; Elmqvist et al., 2014; 

Peres, 2016; Peres et al., 2016).  
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A final point to note is that some have likened resilience to sustainability, by saying that resilience has 

been used interchangeably with sustainability (Lu and Stead, 2013) or that urban resilience is the new 

catch-all phrase used by politicians to replace sustainability (Tierney, 2015). The next section responds 

to the this point by discussing the relationship between resilience and sustainability. 

2.2.1.2 Resilience and sustainability 

Generally speaking, the word resilience is often perceived by policymakers as being positive or good 

(Meerow et al., 2016); however, the concept resilience, or resilience thinking, in this regard, is most 

often misunderstood (Barnes and Nel, 2017; Davoudi et al., 2012; Turok, 2014). This misunderstanding 

may be attributed to the fact that the word resilience has positive associations attached to it, unlike 

words such as risk or vulnerability (Turok, 2014). However, resilience on its own “cannot be the goal 

for urban development since it [resilience] is both a constantly changing condition and a neutral 

concept” (Peres et al., 2016: 2). However, resilience is inherently a non-normative concept, meaning 

that it is neither good nor bad (Barnes and Nel, 2017). Instead, resilience should be regarded as a 

system characteristic that maintains or reinforces specific behaviours. These behaviours can have both 

positive or negative consequences for the city (Cumming, 2011; Peres et al., 2016). For example, a 

highly resilient system could be a non-democratic political system that maintains power through fear 

or strict control of the population. Alternatively, it can be the case, as happens more often than not, 

where maintaining the status quo simply retains and locks in the flawed aspects of cities, such as 

crime, poverty and environmental destruction (Coaffee and Lee, 2016; Elmqvist et al., 2014; Peres et 

al., 2016). Simply put, the fact that a city persists means that it is inherently resilient. However, this 

does not mean that the city or parts of the city are necessarily sustainable, just, equitable or liveable 

(Barnes and Nel, 2017). It is for this reason that resilience must be framed within a normative position 

for it to truly have any meaning at all (Elmqvist et al., 2014; Peres et al., 2016; Walker and Salt, 2006).  

Peres et al. (2016: 3) and Elmqvist et al. (2014: 21) responded to the idea of framing resilience within 

a normative position by suggesting that sustainability should provide the normative positioning and 

goals required in order to make resilience a useful concept for urban development. This idea is 

enhanced by the Rio+20 meeting on sustainable development in 2012 (United Nations Secretary-

General’s High-level Panel on Global Sustainability, 2012) as well as the New Urban Agenda (UN 

Habitat, 2016a). These reports saw sustainable development as now being redefined through urban 

resilience; thus, making resilience a core component of sustainable development (Brown, 2015). While 

resilience is seen as a key component for sustainability, Redman (2014: 37) noted that there are 

several contrasting elements between resilience and sustainability as shown in Table 2.1.  
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Table 2.1: Contrasting elements between resilience and sustainability 

Resilience theory approach Sustainability science approach 

Change is normal, multiple stable states Envision the future, act to make it happen 

Experience adaptive cycle gracefully Utilise transition management approach 

Origin in ecology, maintain ecosystem services Origin in social sciences, society is flawed 

Result of change is open-ended, emergent Desired results of change are specified in advance 

Concerned with maintaining system dynamics Focus is on interventions that lead to sustainability 

Stakeholder input focused on desirable dynamics Stakeholder input focused on desirable outcomes 

Source: Redman (2014:37) 

Additionally, urban resilience seeks to maintain the functioning and adaptive capacity of the city within 

the realm of uncertainty and surprise (Ahern, 2011; Cumming et al., 2005), while the goals of 

sustainable development are typically focused on improving the quality of life and well-being of 

human beings, while protecting the natural support systems that indefinitely allow for such improved 

quality of life (Du Plessis, 2009; Newton and Doherty, 2014).  

Godschalk (2003: 137) suggested that we should see resilient cities as “a sustainable network of 

physical systems and human communities. Physical systems are the constructed and natural 

environmental components of the city.” Elmqvist et al. (2014: 22) suggested how the relationship 

between resilience and sustainability can be approached by stating: 

If we view sustainable development in a more dynamic way we can define it as a form of 

development which fosters adaptive and transformative capabilities and creates opportunities 

to maintain equitable long-term prosperity in complex interlinked social, economic, and 

ecological systems.  

Utilising this type of thinking, many authors (Barnes and Nel, 2017; Chelleri and Olazabal, 2012; 

Elmqvist et al., 2014; Peres et al., 2016) viewed resilience as the non-normative means to meet the 

(normative) goals of sustainable development. With this conceptualisation of resilience and 

sustainability in mind, it should be noted that any attempt to measure or analyse the resilience of a 

city must be done in relation to a normative position such as sustainability. This allows for the 

identification of those characteristics which should be collapsed, allowed, enhanced or created to 

enable to city to thrive indefinitely. It can thus be argued that when resilience is framed within the 

normative position of sustainability, a highly resilient system makes sustainable development 

possible, as it allows the system to continue to survive and adapt while seeking to improve the quality 

of life for all, without degrading our natural environment. The next section explores how urban 

resilience has been approached and how urban resilience can be facilitated.  
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2.2.2 Approaches to urban resilience 

The discussion above provided an overview of why urban resilience is important as well as how urban 

resilience is generally understood. This led to a review of and response to some of the critiques 

levelled against urban resilience. Notably, the distinction and relationship between urban resilience 

and sustainable development was also made clear by showing that resilience is a non-normative 

concept. Furthermore, when resilience is framed within a sustainability perspective it becomes a core 

component to achieving sustainable urban development. The attention of this section shifts the focus 

away from what resilience is and now begins to question how to approach urban resilience in an 

effective way.  

The increased awareness and utilisation of resilience for planning purposes can overall be regarded as 

positive. Yet, there is a worrying trend with the way that research and many policies are interpreting 

and implementing resilience theory from its roots in ecological sciences through to the urban context. 

Although urban resilience can be regarded as a diverse and complex field, many authors have 

identified two inherent components of urban resilience, namely specific and general resilience, each 

of which requires its own approach and understanding (Boden et al., 2018; Carpenter et al., 2012; 

Forgaci and Van Timmeren, 2014; Garcia and Vale, 2017; Pearson et al., 2014; Peres, 2016; Resilience 

Alliance, 2010; Walker and Salt, 2006). Since both specific and general resilience are required to make 

urban systems resilient, neither of them can be ignored (Peres, 2016; Walker and Salt, 2006). Yet, 

beyond the misunderstanding of the relationship between resilience and sustainability, as discussed 

above, many studies and policies involving urban resilience, frequently neglect the complex nature of 

urban resilience. Often, these studies only use a small or selective part of the concept of resilience, or 

alternatively only focuses on a few key factors (Jabareen, 2013; Lu and Stead, 2013). Within this trend 

of omittance, a vast majority of research and policies appear to be primarily focused on developing 

specific resilience (Carpenter et al., 2012: 3254; Folke et al., 2010: 5), while ignoring or failing to 

address questions of general resilience (Elmqvist et al., 2014).  

2.2.2.1 Specific resilience 

Specific resilience, sometimes referred to as specified or targeted resilience, is often regarded in 

relation to equilibrist based approaches to resilience such as engineering and ecological resilience 

(Barnes and Nel, 2017; Folke, 2006; White and O’Hare, 2014), Carpenter et al. (2012: 3250) defined 

specific resilience as “the resilience of a particular aspect of a social-ecological system to a particular 

kind of disturbance”. Thus, specific resilience seeks to maintain the system within a specified threshold 

(Peres, 2016: 100) by preparing the system against a specific or predefined threat or disturbance 

(Garcia and Vale, 2017: 43). To make a system resilient to a specific shock, requires that the threat be 

clearly defined, as well as having some form of performance measure (Anderies, 2014: 137). 

Additionally, specific resilience is focused on maintaining and managing efficiency and optimisation of 
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selective components (Peres, 2016: 101). Despite the fact that it is often impossible to predict when 

shock events will occur, the specific resilience of a city can be further enhanced towards a specific type 

of event or threat because, in many cases, similar events would have happened before that would 

allow for lessons to be learnt and experience gained (Carpenter et al., 2012: 3250). 

As Chelleri et al. (2015:182) noted: “specific resilience contributes to reductions in specific 

vulnerabilities, and that it could be considered the flipside of vulnerability.” Thus, because of its 

targeted nature, specific resilience is often strongly linked with the fields of disaster risk reduction and 

mitigation and focuses more on the ability of the urban system to prevent and or respond to a specific, 

predefined disaster or risk, such as fires, typhoons, or traffic jams (Huq, 2005; Walker and Westley, 

2011). The key questions that are asked for specific resilience typically revolve around questions such 

as Resilience of what to what? (Coaffee and Lee, 2016; Folke et al., 2010; Resilience Alliance, 2010), 

but more recently includes questions such as: For who? (Brown, 2015). The World Economic Forum 

(2008) identified several strategies that build specific resilience, which include monitoring hazards and 

communicating risk, disaster preparedness, social-physical strengthening and sharing of financial risk. 

Additionally, specific resilience has largely been the focus of many resilience assessments (see, for 

example, Godshalk, (2003); New York City, (2018); Newman et al., (2009); Prasad, (2009); Sim and 

Dongming, (2017) and Vale and Campanella, (2005)).  

While specified resilience is indeed important for the continuation of urban systems, several authors 

warn that it should not be the sole focus of our efforts (Anderies, 2014; Carpenter et al., 2012; Chelleri 

et al., 2015; Folke et al., 2010; Peres, 2016; Salat, 2011; Walker and Salt, 2006). This is because specific 

resilience calls for a simplification of a system by only focusing on a few specific elements of that 

system’s resilience. The result is a decrease in the general resilience of the entire system (Peres, 2016; 

Salat, 2011). This emphasis on the specific resilience of the system makes the overall system more 

vulnerable and rigid and increases its risk of total system collapse (Meadows, 2008: 76), especially 

during an extreme and or unexpected event (Carpenter et al., 2012; Walker and Salt, 2006). It is thus 

necessary to incorporate a more wide-ranging, general, approach to resilience that facilitates adaption 

and transformation of the system.  

2.2.2.2 General resilience 

Carpenter et al. (2012: 3250) defined general resilience as the “capacity to absorb shocks of all kinds, 

including novel and unforeseen ones”, while Folke et al. (2010: 5), suggested that general resilience is 

about “coping with uncertainty in all ways”. Peres (2016: 101), on the other hand, sees general 

resilience as the ability of a system to “maintain the functionality, integrity, structure and feedbacks 

of the whole system (usually working across scales or at higher scales)”. Anderies (2014: 138) also 

argued that general resilience incorporates aspects of “learning and the capacity to transform into a 

new system in response to change”. Overall, general urban resilience, as opposed to specific resilience, 
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can be said to be the multiscale resilience of an urban system to all kinds of shocks, including 

unexpected ones, by undergoing adaptation and transformation, while trying to avoid collapse 

(Elmqvist et al., 2014; Peres, 2016; Walker and Salt, 2006). General resilience further shifts the focus 

of resilience from a static characteristic of a system to resist a shock, to one that is more focused on 

resilience as a process (Sanchez et al., 2018). General resilience further underscores the adaptation 

and transformational abilities of the evolutionary resilience perspective by emphasising the ability of 

the system to be flexible and learn so that it can better cope with unknown disruptions, be they large 

and small, sudden or slow.  

While both the specific and general approaches to resilience are vital for the continued survival of the 

cities, Peres (2016: 201) argued: 

If a ‘golden rule’ must be given to urban built environment professionals to make their analysis 

of urban resilience clearer, it would be that urban resilience is focused on maintaining or 

building up the general resilience of the city system.  

Yet, despite the argument made by Peres (2016), general urban resilience has been generally 

neglected within research and practice (Walker and Salt, 2006). This neglect is perhaps because 

general resilience has a wide-ranging nature, making it problematic to define any clear issue or threat 

or to outline any specific steps for facilitating the creation or formation of general resilience 

(Carpenter et al., 2012; Walker and Salt, 2006). The vagueness of general resilience makes it harder 

for politicians, with their short election cycles and need for quick results, to buy into the long-term 

view required for general resilience (Turok, 2014). However, if the long-term goal is the continued 

survival of our cities and, as the discussion above on sustainability and resilience has highlighted, then 

the argument for a stronger emphasis on general resilience is needed, as emphasised by Carpenter 

et al. (2012: 3250), who stated that general resilience “is essential for sustainability in the face of 

extreme events”. Yet, because it is easier to focus of specific resilience, worldwide there is an erosion 

of general resilience at all scales (Walker and Salt, 2006: 197).  

The question now is, if general resilience is imperative for system-wide resilience, as it allows for 

preparation for the unknown, how then can it be created? The answer to this lies in the fact that 

general resilience is an emergent property of a complex adaptive social-ecological5 system (Chelleri et 

al., 2015; Du Plessis, 2008b; Peres et al., 2016) and, hence, it is possible to identify properties and 

conditions of complex systems that facilitate the development of general urban resilience (Carpenter 

et al., 2012; Folke et al., 2010; Peres, 2016). The next section discusses the system characteristics that 

are associated with the formation of general resilience without hindering the creation of specific 

resilience.  

 

5  Cities are complex adaptive social-ecological systems because they consist of coupled human-nature systems and are 

influenced by each other (Du Plessis, 2008b, 2009; Nel, Du Plessis, et al., 2018; Peres, 2016). 
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2.3 Building and assessing general resilience in urban systems 

A common and repeating theme among many authors is that general resilience should be regarded as 

an emergent property of a complex adaptive social-ecological system (Berkes et al., 2008; Cumming, 

2011; Ilmola, 2016; Martin-Breen and Anderies, 2011; Norberg and Cumming, 2008; Salat and Bourdic, 

2012b). The concept emergence is one of the key underpinning ideas developed in the field of 

complexity science (Cilliers, 1998; Holland, 1998) and is also the property on which resilience builds 

(Cumming, 2011; Folke, 2006; Gunderson and Holling, 2001). Emergence is often described as the 

higher-level aggregate behaviour of the larger system (or sub-system), that arises and persists over 

time (Cilliers, 1998; Holland, 1996, 1998, 2012; Johnson, 2002; Page, 2011; Portugali, 1997, 2010). 

Emergence arises as a result of the ability of a complex adaptive system to self-organise and adapt 

through the interactions between individual system components (for example, people or businesses) 

without any direct internal or external influence or specific direction (Helbing, 2009; Mitchell, 2009; 

Sanders, 2008).  

Moreover, it is due to the self-organised and emergent nature of complex systems that a system is 

able to form system-wide behaviours, which lead to the formation of a higher-level system structure 

and stability, and therefore resilience (Folke et al., 2010; Gunderson and Holling, 2001). However, it is 

precisely because of the emergent nature of general resilience that it cannot be directly or 

purposefully created or measured. Instead, it is possible to indirectly infer the state of general 

resilience through a series of indirect measures in what Feliciotti (2016) called proxies, Du Plessis et al. 

(2019) termed as directives and Carpenter et al. (2005) referred to as surrogates. These directives, 

proxies or surrogates are based on common system properties and characteristics that facilitate the 

formation of resilience. Therefore, in principle, if these system characteristics can be identified, and 

the mechanisms within which they operate are understood , then it should be possible to create the 

conditions that facilitate the formation of general resilience, by promoting these characteristics within 

a city (Carpenter et al., 2012; Folke et al., 2010; Peres, 2016).  

2.3.1 Characteristics of resilient urban systems 

To identify which system properties are most commonly associated with the formation of general 

resilience, a review of the literature around general resilience was conducted and those are 

summarised in Table 2.2. The summary within the table considers perspectives from multiple fields of 

research, including urban planning and design, policy, business and climate adaption, to name a few. 

As there are many different properties, the discussion to follow briefly highlights those properties that 

are most frequently associated with the formation of general resilience within the built environment.  
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Table 2.2: Common system characteristics which facilitate the formation of general resilience 

Characteristics Description Source 

Diversity Diversity can be expressed as having a 
variety or range of types of functions or 
parts. Often expressed in terms of 
functional and response diversity 

[1]; [2]; [3]; [4]; [5]; [6]; [7]; [9]; [10]; 
[11]; [12]; [13]; [14]; [15]; [16]; [17]; 
[18]; [19]; [20]; [22]; [23]; [25]; [26]; 
[28]; [30]; [34] 

Redundancy Redundancy provides backups, should one 
part of the system fail, and implies the 
duplication or replication of functions, 
elements or pathways. 

[1]; [2]; [3]; [4]; [7]; [8]; [11]; [12]; [13]; 
[15]; [17]; [20]; [22]; [23]; [25]; [26]; 
[28]; [31] 

Persistence and robustness The ability to withstand a shock and 
remain functionally the same 

[7]; [11]; [12]; [15]; [21]; [22]; [28]; [29] 

Adaptability and flexibility The system’s ability to respond to changing 
circumstances 

[1]; [2]; [6]; [7]; [8]; [11]; [12]; [15]; [17]; 
[22]; [28]; [29]; [31] 

Resourcefulness The effective utilisation of available 
resources  

[7]; [8]; [15]; [28]; [29] 

Modularity Loosely connected and functionally 
independent components of a larger 
system 

[1]; [2]; [3]; [5]; [12]; [13]; [16]; [28]; 
[30]; [32]; [33]; [34] 

Openness Allows the system to use all available 
resources  

[5]; [16]; [34] 

Reserves capital and capacity Spare capacity which can be drawn on or 
redirected when needed 

[2]; [5]; [11]; [16]; [20]; [28]; [31]; [34] 

Hierarchy Systems are made up of nested systems 
which interact with each over across scales 
and between systems 

[2]; [5]; [9]; [10]; [12]; [18]; [27] 

Networks, feedback and flow The network which manages the process 
and structures which regulate how goods 
and information flow within a system 

[1]; [2]; [3]; [4]; [5]; [7]; [9]; [11]; [12]; 
[13]; [15]; [16]; [17]; [18]; [19]; [20]; 
[22]; [23]; [24]; [26]; [27]; [28]; [29]; 
[30]; [31]; [32]; [33]; [34] 

Efficiency The optimisation of processes for 
maximum output 

[6]; [12]; [13]; [15]; [17]; [22]; [27]; [28] 

Foresight and learning Ability of a system to learn from 

experience and plan for the future 

[2]; [4]; [7]; [8]; [15]; [19]; [26]; [28]; [29] 

Self-organisation A system’s ability to organise itself without 
any top−down instructions 

[12]; [28]; [31] 

Autonomy The capacity to operate independently of 
external control 

[11]; [12]; [17]; [19]; [22] 

Sources:  
[1] Ahern (2011); [2] Albers and Deppisch (2013); [3] Anderies (2014); [4] Biggs et al. (2012); [5] Carpenter et al. (2012); 
[6] Cloete (2012); [7] Coaffee and Lee (2016); [8] Collier et al. (2014); [9] Cumming (2011); [10] Cumming et al. (2008); 
[11] Eraydin and Taşan-Kok (2013b); [12] Feliciotti et al. (2015); [13] Feliciotti et al. (2016); [14] Ferreira (2016); [15] 
Galderisi (2014); [16] Garcia and Vale (2017); [17] Godschalk (2003); [18] Gunderson and Holling (2001); [19] Harrison 
et al. (2014); [20] Hassler and Kohler (2014); [21] Linnenluecke and Griffiths (2010); [22] Lu and Stead (2013); [23] 
Martin-Breen and Anderies (2011); [24] Olazabal et al. (2018); [25] Peres (2016); [26]; Rockefeller Foundation (2009); 
[27] Salat and Bourdic (2011, 2012a, 2012b); [28] Sharifi and Yamagata (2018a, 2018b); [29] Silva et al. (2012); [31] 
Strange and Davoudi (2008); [30] Walker and Salt (2006); [31] Wardekker et al. (2010); [32] Webb and Bodin (2008); 
[33] Wu and Wu (2013); [34] Resilience Alliance (2010) 
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2.3.1.1 Diversity 

Diversity is essential for any urban system, as it not only facilitates the formation of complexity (Page, 

2011; Salat, 2011), but also creates competition by helping to creating opportunities for new niches 

and innovation (Beinhocker, 2006; Holland, 1992a; Huys and Van Gils, 2010). This improved 

competition further aids in enhancing the adaptive capacity of the system by providing more options 

and alternatives to the system (Norberg and Cumming, 2008), while simultaneously reducing the 

rigidity of the system (Rotmans et al., 2010: 4124); thus, enhancing the overall system resilience 

(Gunderson et al., 2008). To better understand how diversity builds resilience, it is necessary to 

understand what is meant by diversity.  

There are several different ways of expressing diversity. The most simple expression is that diversity 

can be considered as variations between one type of element, or different types of elements within a 

system (Walker and Salt, 2006: 121). However, this is a too simple view of diversity. Biggs et al. (2012: 

425), Ferreira (2016: 20) and Page (2011: 20) identified three different characteristics of diversity 

(albeit with slight variations in terminology). These different characteristics are diversity within a type 

(variation); diversity across type (variety or diversity of type); and diversity within the arrangement 

(i.e. diversity of composition or balance). While each type of diversity provides information about the 

variation within the system, they should be considered together to give a complete picture. A more 

refined approach to diversity, which incorporates many of the types already mentioned, is that of 

functional and response diversity, which was originally developed by and refined by ecologists 

(Cumming et al., 2008), and more recently incorporated into urban studies of resilience (Ferreira, 

2016; Peres, 2016).  

Functional diversity refers to the variation of functions provided by the system. Examples of urban 

functional diversity can be seen in Figure 2.2, which shows three basic functions offered by and urban 

system in the form of shelter, commerce and movement. Response diversity is this case represents 

the diversity of responses to each function and can be considered as the different ways the city is able 

to provide the same function (Ferreira, 2016). For example, the response diversity to the function of 

commerce in Figure 2.2 could be retail, entertainment or services. In addition to function and response 

diversity, the response diversity across scales is another important consideration (Biggs et al., 2012; 

Cumming, 2011; Walker and Salt, 2006), as well as the spatial distribution of these responses (Ferreira, 

2016; Salat, 2011). Response diversity across scales can be regarded as the diversity of responses in 

terms of their size, scale, range, or impact and shows the level of complexity of responses to each 

function. Taking the example in Figure 2.2 further, it is possible to regard a mobile trader or street 

vender as a smaller scale and less complex response to the function of retail when compared to a 

shopping mall, which is more complex, has a larger footprint and greater reach across the city or region 

(Ferreira, 2016).  
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Figure 2.2: Example of functional response diversity within an urban system 

Source: Adapted from Ferreira (2016) and Peres (2016) 

Functional and response diversity enhances resilience because each of the elements that provide a 

similar function, but respond to or provide that function differently, will adapt and respond differently 

to a disturbance due to their unique traits. This means that while one particular element or type my 

not be able to respond appropriately to a disturbance and die or stop functioning, the other elements 

that provide the same or similar functions will be able to fill the gap and therefore will be able to 

continue to provide the needed function (Biggs et al., 2012; Ferreira, 2016; Peres, 2016). Thus, the 

more variation in response diversity the system provides, the better the system is able to respond to 

a disturbance, which then facilitates an enhanced ability of the system to absorb disturbances (Walker 

and Salt, 2006: 121).  

While more diversity is often regarded as good, too much diversity can also reduce the resilience of 

the system, as increases in diversity can lead to a lack of cohesion and homogeneity as well as a 

reduction in efficiency and rising cost (Anderies, 2014; Nel and Nel, 2012). Additionally, as noted by 

Peres (2016: 162), “[h]igh concentrations of diversity in areas that overshoot available resources might 

lead to fragility rather than resilience”. It can thus be concluded that while diversity is essential for 
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building resilience as it enhances the system’s adaptive capacity and ability to absorb disturbances, it 

also requires a balance with efficiency.  

2.3.1.2 Redundancy  

Redundancy (sometimes called substitutability), is another system property frequently associated 

with resilience thinking (Hassler and Kohler, 2014; Walker and Salt, 2006), but frequently ignored 

within the urban resilience debate (Albers and Deppisch, 2013: 1605; Coaffee and Lee, 2016: 53). 

Redundancy can be regarded as the “extent to which different system elements can satisfy the same 

functional requirements; a diversity of pathways (or potential for creating a diversity of pathways) for 

achieving the same goal” (United Nations and Asian Development Bank, 2012: 90). In other words, 

redundancy implies some form of duplication or backups of system components and or functions. 

Page (2011: 228) distinguished between of two types of redundancy, which he called pure redundancy 

and degeneracy. Page described pure redundancy as having numerous exact copies of the same part. 

For example, creating a backup of a file or database, or alternatively, in an urban system, pure 

redundancy can take the form of a fleet of busses, where one bus may break down, a spare bus can 

be used in its place. While pure redundancy only focusses on duplication, degeneracy considers 

structures or features that can perform the same function but are structurally different (Page, 2011). 

For example, if one mode of transport stops working (for example, a bus service goes on strike), an 

alternative mode, or a collection of modes of transport may be able to service the same areas the 

busses were servicing. Caputo et al. (2015: 235) noted that that redundancy can also be attained 

through the collaboration or synergies of entities or sectors (i.e. collaborative redundancy) as well as 

through the adaptation of existing features or services, for example by adapting a building to perform 

new or additional functions.  

Like diversity, the more redundancy a system can draw from, the more resilient it is likely to be. 

However, redundancy comes at a cost, as most systems have limited capacity (i.e., resources) that 

they can draw from. Furthermore, too much redundancy comes at the cost of reduced efficiency and, 

in the case of pure redundancy, a decrease in diversity (Anderies, 2014; Page, 2011). However, 

removal of all redundancy makes the system extremely fragile and rigid (Coaffee and Lee, 2016; Garcia 

and Vale, 2017; Martin-Breen and Anderies, 2011; Page, 2011; Walker and Salt, 2006). Therefore, 

urban systems should seek to find a balance between redundancy and efficiency. This is where the 

concepts of degeneracy and collaborative redundancy become an important means to achieve 

redundancy, without the high cost associated with pure redundancy, as both degeneracy and 

collaborative redundancy function in a similar way to the concept of response diversity, where a 

diversity of responses gives a measure of overlap by providing the same or similar function or services 

performed by different entities (Peres, 2016: 173). These approaches to redundancy take advantage 
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of the diversity within the system to provide the needed redundancy as and when needed, without 

having too much pure redundancy to create inefficiencies.  

2.3.1.3 Efficiency  

Efficiency refers to the optimisation of processes for maximum output (Feliciotti et al., 2015). 

Efficiency is a controversial concept within the resilience debate, as it is typically linked to the 

engineering resilience approach (Barnes and Nel, 2017) and is also often regarded as being in direct 

opposition to redundancy (Walker and Salt, 2006), diversity (Anderies, 2014), connectivity (Chelleri et 

al., 2015; Olazabal et al., 2018) and modularity (Novotny et al., 2010). However, efficiency is still an 

important characteristic for an urban system, as without efficiency the system will be unproductive 

and may therefore collapse during a shock due to a lack of resources (Albers and Deppisch, 2013; Biggs 

et al., 2012).  

Furthermore, in complex adaptive systems, the system is never 100 percent efficient (there is no 

optimal state); rather, because the system is constantly adapting, the system is in a constant process 

of becoming, with no true end (Ball, 2005; Holland, 1996; Salat, 2011). With this being said, complex 

systems are indeed very efficient, yet they also have sufficient amounts of redundancy and modularity, 

which facilitates resilience of the system (Batty, 2013; Salat, 2017). The problem for resilience comes 

into play when efficiency is prioritised, or focus is given to a single scale or over the short term 

(Feliciotti et al., 2015, 2016; Salat and Bourdic, 2011, 2012b). For example, over-optimising a single 

scale of the road network can have significant repercussions for the resilience of the larger system. If 

one scales fails, for example, an accident on the highway, the entire system will be affected, as in a 

city wide traffic jams, and unable to respond accordingly, as there will not be enough redundancy or 

modularity (alternative routes) to absorb or redistribute the disturbance (Salat, 2017). 

2.3.1.4 Hierarchy  

In complex systems such as cities, hierarchies form naturally through the processes of self-

organisation (Levin, 1998), emergence (Holling et al., 2002; Johnson, 2002) and modularity (Salat, 

2017; Simon, 1962). Hierarchies in urban systems are not top−down hierarchies; they should rather 

be viewed as a series of nested, interconnected subsystems that operate at different spatial and 

temporal scales (Gunderson and Holling, 2001; Holland, 2012; Johnson, 2002; Mitchell, 2009; Simon, 

1962).  

By using the parable of the watchmakers and proven with scientific backing, Simon (1962) most 

eloquently illustrated how nested hierarchies are not only necessary for complex systems to function, 

they also facilitate a high degree of efficiency and redundancy through modularity.6 Natural 

 

6  This is discussed in more detail later. 
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hierarchies have been found in many urban studies. For example, Batty (2013) illustrated how 

hierarchies are a fundamental part of cities and how they also contribute to efficiency and 

placemaking within cities. Jiang (2009) demonstrated how traffic patterns tend to follow a hierarchical 

pattern, with 80% of traffic flows being located on 20% of the roads, following a power-law 

distribution. While this may not seem efficient, Jiang (2009) argued that it is in fact necessary, as all 

levels of streets are needed to connect the city.  

The fact that hierarchies are everywhere and essential for the resilience of a system, has not been 

overlooked in resilience theory. This has been made clear by the incorporation of the concept of 

panarchy (see Figure 2.3), developed by Gunderson and Holling (2001) into resilience theory. The 

concept of the panarchy makes use of the nestedness of systems to illustrate how the cross-scale 

interactions within systems operate at different scales, with the lower scales operating at much faster 

time intervals compared to the higher scale levels. Additionally, as conceptualised through the 

panarchy, it is through the cross-scale interactions that the system creates or rather stores the 

memory or accumulated experience of the system at the higher scale – termed the remember 

connection in Figure 2.3, and provides a stabilising force for the system (Gunderson and Holling, 2001: 

76). Additionally, the lower scales of the panarchy allow for rapid change and experimentation without 

necessarily effecting the larger scales, due to the modular nature of complex systems. However, if the 

redundancy and modularity of the system is eroded, a critical change can move up the hierarchy to 

effect the entire system (termed revolt in Figure 2.3).  

 

Figure 2.3: Example of the Panarchy model. 

The model shows the cross-scale interaction between nested adaptive cycles operating at different spatial scales and 

temporal intervals. Source: Adapted from Folke (2006), Image by Henry Endemann 
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2.3.1.5 Connectivity, feedback and flow 

Cities are often described as complex networks from which locations emerge and that these locations 

are created through the interactions and movement of resources within these networks (Batty, 2013; 

Salat, 2017). Furthermore, the way that goods and information flow across a network is governed by 

the connectivity of the network and is often dependent on the structure of the connections, such as 

how the parts are connected, how many connections there are and the strength of these connections 

(Neal, 2013). In terms of resilience, connectivity is a crucial parameter, as the lack of connectivity is 

often the cause of failure of particular functions after a perturbation (Ahern, 2011). Areas with low 

levels of connectivity can have several points of failure, thus leaving the system vulnerable.  

Complex systems also consist of numerous, multiscale, interacting feedback loops that play an 

important role in the system’s ability to respond (Garcia and Vale, 2017; Gunderson and Holling, 2001). 

Feedbacks are the mechanism, process or signal that move along a network and influence the system 

by controlling the strength and speed of flow of resources and information within the system 

(Gunderson and Holling, 2001; Walker and Salt, 2006; Wardekker et al., 2010). Typically, systems make 

use of two types of feedbacks, reinforcing and balancing feedbacks, to manage the system (Meadows, 

2008). As the name suggests, reinforcing feedbacks enhance or strengthen processes or behaviours. 

However, if reinforcing feedbacks are left unchecked, they can push the system over a threshold from 

which it cannot (easily) return (Carpenter et al., 2012; Meadows, 2008; Walker and Salt, 2012). 

Conversely, balancing feedbacks provide stability and resistance to change by dampening the effects 

of reinforcing feedbacks (Meadows, 2008: 30). However, any delays within the feedback signals can 

also have large effects on the response of the system (Walker and Salt, 2006: 121). 

2.3.1.6 Persistence and robustness 

Garcia and Vale (2017: 61) saw persistence (the continuation of the system) as the goal of resilience, 

while Coaffee and Lee (2016: 27) related persistence to robustness, and viewed it within the 

engineering approach to resilience. Persistence and robustness can be regarded as the ability of a 

system to withstand a specific amount of stress and continue to maintain the critical components and 

functioning of the system (Taşan-Kok et al., 2013). While robustness is needed, it can be seen as a 

short-term solution or as a response to a specific threat (a specific resilience) that requires the system 

to be robust to maintain its functions (Coaffee and Lee, 2016).  
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2.3.1.7 Modularity  

Modularity is sometimes seen within the context of redundancy, specifically pure redundancy.7 

However, a more refined approach defines modularity as a subcomponent or subsystem that is 

somewhat functionally independent at a local scale (Biggs et al., 2012; Walker and Salt, 2006). Modular 

areas are typically highly connected internally, over short ranges, but are more loosely connected to 

other systems over longer distance connections (Carpenter et al., 2012; Salat, 2011). While modular 

subsystems are semi-functionally independent, they form part of a nested hierarchy that aggregate 

together to form higher level systems (Batty, 2013; Salat, 2017). In fact, as shown by Simon (1962), 

modularity is essential for the formation of hierarchies as well as allowing the system to be efficient 

at all scales. Additionally, modularity is crucial for the formation of resilience because of the 

independent nature and loose connections. This means that any disturbance or shock that impacts 

the system can be contained within the modular subsystem, thus preventing the spreading of the 

disturbance to the rest of the system (Biggs et al., 2012; Carpenter et al., 2012). This also has the added 

benefit of allowing the individual modules to keep functioning (Anderies, 2014; Resilience Alliance, 

2010; Walker and Salt, 2006). 

2.3.1.8 Adaptability and flexibility  

As one of the defining concepts within resilience thinking, adaptation or adaptive capacity – some use 

flexibility to describe similar processes (Albers and Deppisch, 2013; Collier et al., 2014) – is crucial for 

the formation of general urban resilience. However, despite its importance for urban resilience, 

adaption is a poorly defined concept within the urban resilience debate, with many authors making 

assumptions that the reader understands what is meant by adaption or the ability to adapt. To fill this 

gap, it is possible to draw insights from the complexity theory, specifically on issues related to complex 

adaptive systems. It is possible to take from the complexity theory because resilience theory is largely 

constructed from an understanding that “social-ecological systems are complex adaptive systems” 

(Walker and Salt, 2012: 38). Additionally, urban systems are both complex adaptive systems (Batty et 

al., 2012; Portugali, 1997), as well as social-ecological systems (Hes and Du Plessis, 2015).  

Complex adaptive systems8 are made up of many diverse components or elements (hereafter referred 

to as agents), that interact with their environment and each other in a non-linear way. The interactions 

of the agents are governed by a set of internal rules that each agent follows. Through the interaction 

with other agents and the environment, each agent adjusts or changes the rules that they follow, for 

example, through learning and experience (Chiong and Jankovic, 2008: 4; Holland, 1996: 6–10), which 

results in a change in the way that the agent interacts with other agents. These changes in interaction 

 

7  See Tyler and Moench (2012) for an example. 
8  For more detail on complex adaptive systems in general, see Cilliers (1998, 2005); Gell-Mann (1994a, 1994b); Holland 

(1992a, 1996, 1998, 2012). 
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impact on other agents, who then adjust their own rules in response. Because of this process, when a 

system adapts, the adaptation happens at the level of the individual agents (Cilliers, 1998; Geyer and 

Rihani, 2010; Holland, 1992b, 1996, 1998, 2006, 2012; Innes and Booher, 2010; Page, 2011). However, 

the cumulative effects of these individual small adaptions result in subsystem or even system-wide 

adaption, evolution (Page, 2011: 25) or transformation (Gunderson and Holling, 2001; Walker and Salt, 

2006).  

Also important to note is that agents can aggregate together to form higher level agents, which 

Holland (1996, 2012) termed an aggregate agent (see Figure 2.4). These aggregate agents interact 

with each other and form nested hierarchies of subsystems, sometimes referred to as holons 

(Koestler, 1967). Furthermore, adaptions take place at varying time scales for different agents and 

subsystems (Holland, 1996), as conceptualised by the panarchy model (Gunderson and Holling, 2001). 

The ease at which the system as a whole can adapt, is often referred to as adaptive capacity, and the 

higher the adaptive capacity of the system, the better the system is able to respond to changes or 

disturbance, hence having higher resilience (Nelson et al., 2007: 397). 

 
 

Figure 2.4: A network of adaptive agents  

Source: Nel (2016:39) 

Adaptability is further enhanced by the other system characteristics already discussed. For example, 

diversity enhances the adaptive capacity by providing the system with more alternative strategies to 

draw from, as each response to a different function utilises its own strategy to respond (adapt) to a 

disturbance, thus ensuring the continuation of the function (Biggs et al., 2012; Ferreira, 2016). 

Modularity aids in building adaptive capacity by providing space for the system to experiment and try 

different adaptive strategies without impacting on the larger system (Biggs et al., 2012; Carpenter et 

al., 2012).  

Connectivity is also an important consideration in building the adaptive capacity of a system. This is 

because the size, strength and structure of the network determines how information and resources 
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move within a system (Neal, 2013; Salat, 2017). A lack of, or breakdown in connectivity can result in 

delays in information flows, which result in the system not having sufficient time to respond or adapt 

to a disturbance (Ahern, 2011; Salat, 2011). Additionally, good connectivity also builds adaptive 

capacity by creating more opportunities for potential interaction and, through a diverse array of 

connections, can enable the city to reorganise itself into different configurations should the need arise 

(Coaffee and Lee, 2016; Jacobs, 1961; Salat, 2011). In short, system adaptability, or adaptive capacity, 

can be regarded as the (emergent) outcomes of several system characteristics working together 

(Nelson et al., 2007) and can be said to “maintain[s] certain processes despite changing internal 

demands and external forces” on the system (Folke et al., 2010: 3–5). 

2.3.1.9 Resourcefulness, reserves and capital 

Resourcefulness, which is often linked with efficiency and robustness (Albers and Deppisch, 2013; 

Coaffee and Lee, 2016), can be broadly defined as the capacity to “visualise and act, to identify 

problems, to establish priorities and mobilise resources when conditions exist that threaten to disrupt 

an element of the system” (Da Silva et al., 2012: 135). Resourcefulness seeks to efficiently and 

effectively coordinate and make the best use of available resources through actors operating at 

multiple scales (Coaffee and Lee, 2016: 29). This creates “enhanced capacity to act in the face of risk, 

crisis and uncertainty” (Coaffee and Lee, 2016:29), which is especially important when responding to 

a crisis.  

Resourcefulness is also associated with the ability of a system to make use of spare capacity or capital 

when responding to a disruption (Galderisi, 2014: 46). The more resources a system can draw from 

when needed, the higher the thresholds needed for the system to collapse or tilt into a different state, 

which essentially forms a buffer for the system and gives it more time to respond and adapt 

(Gunderson and Holling, 2001; Resilience Alliance, 2010; Walker and Salt, 2012). Resources or capital 

can come in many forms, for example, social memory, social capital, financial capital (for example, 

savings), spare capacity (for example, power supply), human capital (for example, population or 

labour). 

2.3.1.10 Foresight and learning 

Resilience is often associated with the ability of a system to learn (Hassler and Kohler, 2014; Lu and 

Stead, 2013). Learning is done by drawing on experience and the system’s memory (Garcia and Vale, 

2017; Gunderson and Holling, 2001; Holland, 1996) and can be regarded as the system’s ability to 

“acquire, absorb, retain and use knowledge” in an effective way (Harrison et al., 2014: 11). Because 

urban systems are able to learn from past experiences, they are also able to use foresight to anticipate 

potential future disturbances and prepare accordingly (Barnes and Nel, 2017; Davoudi et al., 2012). 

However, foresight is largely associated with human systems.  
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What the discussion above has indicated, is that general resilience is not something that can be easily 

observed or, in fact, created. This is because, as described previously, general resilience is an emergent 

characteristic of a complex adaptive system. As such, it is only possible to indirectly infer the resilience 

of the system by studying the system properties that facilitate the emergence of the higher level 

behaviour that allows the system to be adaptive and responsive, and therefore resilient. While there 

are many properties that aid in conferring general resilience to a system, a few key properties tend to 

contribute more, especially when working together. These properties include diversity, redundancy, 

efficiency, hierarchies, connectivity, modularity, adaptability and stores or capital.  

Now that the concept of general resilience and what facilitates its formation have been explored, the 

next question this study considered is how to assess the resilience of a system. Another pressing 

question is: How is it possible to intervene, make changes or improvements in the system, if the state 

of the system is not known? To begin to explore these questions, the next section gives an overview 

of existing resilience assessments. 

2.3.2 Assessing urban resilience 

If the goal of urban resilience is to improve the adaptive capacity of cities, then there is an underlying 

assumption that intervention into the urban system will be needed at some point. With this 

assumption comes a need to be able to evaluate the current state of the urban system as well as to 

judge the impact of any interventions. The goal of this section was to give an overview of some of the 

existing institutional resilience assessments. While each assessment has its own set of criteria, for the 

purposes of this study, the main aim in evaluating the assessments was two-fold. The first of these 

aims was to evaluate if the current institutional assessments consider factors related to building the 

general resilience of an urban system. Secondly, and specifically related to the focus of this study, was 

to evaluate any of the current assessments to take the spatial attributes and qualities of the cities into 

account in their assessments.  

There are currently a plethora of urban resilience measurement and index frameworks available (see 

Table 2.3). Furthermore, each of these existing assessments measure resilience in their own way, with 

their own priorities (Prior and Hagmann, 2014: 284). However, the most well-known and widely used 

assessments are possibly the City Resilience Framework (CRF) and the City Resilience Index (CRI) 

developed by ARUP (2015) on behalf of the Rockefeller Foundation’s 100 Resilient cities programme. 

These assessment frameworks are also supported by the Toolkit for resilient cities: infrastructure, 

technology and urban planning, developed in a partnership between Arup, Regional Plan Association 

and Siemens (Arup et al., 2013). The CRI assessment of the 100 Resilient Cities project was structured 

around four dimensions, namely health and well-being, economy and society, infrastructure and 

environment, and leadership and strategy, and had twelve goals, for example minimal human 

vulnerability, diverse livelihoods and employment. These goals are measured through 52 indicators 
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(see Figure 2.5) and are seen to respond to the qualities of a resilient city, namely reflectiveness, 

resourcefulness, robustness, redundancy, flexibility, inclusiveness, and integration (ARUP, 2014).  

Table 2.3: Assessment of existing institutional frameworks: Type of resilience and spatial considerations 

Framework name Author/Institution(s) 
Type of resilience 

assessed 
Spatial 

considerations 

City resilience framework: City 
resilience index 

ARUP & Rockefeller Foundation 
Vulnerability 

reduction 
No 

City resilience in Africa: Ten essentials 
pilot 

United Nations International Strategy 
for Disaster Reduction (UNISDR) 

Disaster reduction No 

City resilience profiling programme UN-Habitat Disaster reduction 
Implied – no clear 

direction 

ACCCRN city projects 
Asian Cities Climate Change Resilience 
Network (ACCCRN) 

Disaster reduction No 

IFRC – Characteristics of a safe and 
resilient community 

International Federation of the Red 
Cross and Red Crescent 

Disaster reduction No 

Climate and resilience 
CityNet/Kyoto 
University/TDLC/SEEDS/ 
UNISDR 

Disaster reduction No 

Disaster resilience indicators for 
benchmarking baseline conditions 

Susan L. Cutter, Christopher G. 
Burton, Christopher T. Emrich 
(University of South Carolina) 

Disaster reduction 
Yes – Highly 
aggregated 

The global adaptation index Global Adaptation Institute Disaster reduction No 

Socio-economic resilience World Bank Disaster reduction No 

Toolkit for resilient cities –
infrastructure, technology and urban 
planning 

Arup, RPA, Siemens Disaster reduction No 

Building urban resilience: principles, 
tools, and practice 

Abhas K. Jha, Todd W. Miner, and 
Zuzana Stanton-Geddes (World Bank) 

Disaster reduction 
Some – aimed at 
risk identification 

Making Hong Kong a resilient city: 
Preliminary report 

Timothy Sim & Wang Dongming 
(Hong Kong Polytechnic University & 
UNISDR) 

Disaster reduction No 

 
Figure 2.5:Example of the city resilience index goals and indicators 

Source: Arup (2014: 22) 
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While the qualities used by the CRI in their assessment framework are to some extent consistent with 

those identified, and needed to build general urban resilience in the previous section, a review 

conducted by Schipper and Langston (2015) and summarised by Garcia and Vale (2017: 164) assessed 

the CRI as well as several other well-known and influential institutional frameworks against the key 

topics within the resilience theory. The conclusion of their assessment was that all of the reviewed 

frameworks, including the CRI, did not address the key elements of resilience theory, such as the 

adaptive cycle, multiple stable states, thresholds and panarchy. According to Schipper and Langston’s 

(2015) assessment, the attributes that confer general urban resilience were not addressed, in addition 

to failing to consider general resilience per se (Garcia and Vale, 2017: 164; Schipper and Langston, 

2015). As an additional step, Garcia and Vale (2017) also assessed if these frameworks provided or 

indicated how to measure the attributes that build resilience. The results, in their words, was that 

“[n]o things to measure are suggested to at least show how those attributes could be used” (Garcia 

and Vale, 2017:164).  

A further assessment of several frameworks was also conducted for this study that sought to confirm 

if any of the current assessment frameworks or indicators included any spatial considerations or 

provided any spatial guidance for the assessment. The rationale for the inclusion of spatial elements 

is that “spatial planning influences the spatial configuration, type and degree of development of 

buildings and land use, as well as landscapes and green spaces, [and] it has an important role to play 

in adapting to climate change impacts” (Albers and Deppisch, 2013: 1599), and facilitating urban 

resilience (Barnes and Nel, 2017; Coaffee and Lee, 2016; Peres, 2016; Quigley et al., 2018). The results 

of the evaluation of these assessments, as summarised in Table 2.3, indicate that the assessed 

frameworks rarely contain any spatial considerations. Additionally, as noted by Coaffee and Lee (2016: 

117–118), many frameworks that do provide assessments, typically do the assessments on highly 

aggregated data and do not consider alternative scales. Examples of these assessments include the 

following: Building urban resilience: Assessing urban and peri-urban agriculture in Addis Ababa, 

Ethiopia by Gebremichael et al. (2014), funded by the United Nations Environment Programme 

[UNEP]; The Vietnam City Resilience Index by DiGregorio et al. (2018), funded by the Asia Foundation 

and The Rockefeller Foundation; Making Hong Kong a Resilient City by Sim and Dongming (2017), 

funded by Hong Kong Polytechnic University; and The Hague 100 Resilient Cities: Preliminary Resilience 

Assessment by The City of Hague and AECOM (2018), funded by the Rockefeller Foundation’s 100 

Resilient cities programme.  

To summarise the discussion above, while there has been a great deal of work done within the urban 

resilience field, including the development of a multitude of indexes and frameworks to assess the 

state of urban resilience, it would appear that there has been limited integration of evolutionary 

resilience theory into these assessments. This is particularly true for the development of general urban 

resilience, as the majority of the current frameworks fall within the disaster reduction scope of work 
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(Coaffee and Lee, 2016: 118). Additionally, as shown by Garcia and Vale (2017), many of these 

frameworks do not provide sufficient guidance for the measurement of urban resilience. Furthermore, 

the reviewed assessments do not take any spatial considerations into account in their assessments. 

The latter is significant because “[f]or designers wanting to measure resilience in the built 

environment the available frameworks are not useful for achieving concrete results” (Garcia and Vale, 

2017: 164). This lack of guidance means that other sources should be looked at and new approaches 

be developed.  

2.4 Chapter summary 

This chapter presented an overview of resilience thinking and urban resilience. The discussion showed 

how the current concept of resilience evolved from its beginnings within ecology, where it was initially 

conceptualised as the ability of a system to maintain stability and equilibrium. Resilience thinking later 

shifted to conceiving systems as having multiple stability regimes within which systems are able to 

move. However, the more recent views of system resilience have evolved to include an understanding 

that, while systems can have multiple equilibrium, complex systems also have the power to adapt and, 

if needed, transform, into a different state. This more recent understanding has taken the form of 

evolutionary resilience within ecology.  

While the contemporary understanding of resilience theory has its roots within ecology, there has 

been a steady uptake of resilience into the urban planning and design over the past decade (Zhang 

and Li, 2018). This steady acceptance of resilience into the urban field can be attributed to the fact 

that the world is seeing an increase in instability through, for example, civil unrest, terrorist attacks 

and peak oil (Cai, 2020; Davoudi et al., 2012; Newman et al., 2009; Peres, 2016), as well as the more 

recent COVID-19 pandemic (Cai, 2020). Furthermore, many of these challenges and instabilities are 

further compounded by challenges associated with increased rates of urbanisation (UN Habitat, 

2016b; UN-Habitat, 2017) and climate change (Coaffee and Lee, 2016; Eraydin and Taşan-Kok, 2013a). 

While resilience is an attractive concept to aid in managing the uncertainties of the future, it is also a 

non-normative concept that must be framed within a normative position, such as sustainable 

development (Cumming, 2011; Peres et al., 2016), or else we run the risk of creating very resilient 

systems that are harmful for human habitation (Elmqvist et al., 2014; Peres, 2016). Additionally, 

because urban resilience seeks to maintain and adapt the functioning of coupled human and natural 

systems, it is now being regarded as one of the key requirements needed to achieve the goals of 

sustainable development (Brown, 2015; Elmqvist et al., 2014).  

Within the broader field of resilience thinking, urban resilience can be seen as consisting of two 

separate, yet necessary approaches, namely specific and general resilience. Specific resilience has a 

strong relationship with the field of disaster risk reduction and aims at preparing an urban system for 

a predefined risk or disturbance (Carpenter et al., 2012). General resilience, on the other hand, 
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attempts to create the conditions that allow the system to manage, absorb and adapt to all kinds of 

stresses (sudden or slow), including novel and unforeseen ones (Folke et al., 2010). Furthermore, 

within the resilience literature, most of the focus has been on building specific resilience over general 

resilience (Walker and Salt, 2006). The reasons for the lack of research into general resilience can be 

credited to the fact the general resilience is an emergent property of a complex system (Berkes et al., 

2008; Duit et al., 2010). As a result of the emergent nature of general resilience, it is difficult to define 

a clear issue or problem to be resilient to or against. Furthermore, the emergent nature of resilience 

makes it difficult to measure the resilience of a city directly. Rather, resilience can only be indirectly 

inferred by studying the system characteristics that facilitate its formation (Carpenter et al., 2012; 

Feliciotti et al., 2016). From the literature, several system characteristics were identified that are 

suggested to help in the formation of general system resilience. These characteristics are diversity, 

redundancy, efficiency, hierarchy, connectivity and feedback, robustness, modularity, adaptability, 

recourses and capital, and foresight and learning.  

Considering the popularity of urban resilience, several frameworks, assessments and indexes have 

been developed by leading institutions to assess the resilience of cities. An evaluation of several of the 

most widely used and referenced frameworks was conducted. The results of the evaluation can be 

summarised into two main points: First, the existing frameworks did not provide adequate guidance 

to conduct a detailed measurement of urban resilience within an evolutionary and general resilience 

approach. Second, the frameworks worked on highly aggregated (city scale) data, and thus did not 

consider differentiation of space within their assessments. This lack of any detail to the spatial context 

of cities means that none of the reviewed frameworks or assessments could be used for this study. 

Therefore, in response to this lack of any clear guidance in terms of the spatial understanding of urban 

resilience, the next chapter brings the theory of urban resilience into the spatial, and specifically the 

morphological domain, by exploring the potential links between urban resilience, urban design and 

urban morphology.  
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Chapter 3  

Spatial-Morphological Resilience  

Chapter 2 introduced the concept of resilience and provided a summary of how urban resilience is 

understood and created within the urban context. It identified and described the main system 

characteristics that facilitate the formation of general urban resilience. This leads to an evaluation of 

the existing institutional approaches and frameworks for building and assessing urban resilience, 

which found that the existing frameworks lacked any clear guidance for conducting resilience 

assessments within the evolutionary resilience approach and specifically towards building the general 

resilience of a city. Through further assessment of the existing frameworks, the assessment also found 

that there is a clear lack of any spatial understanding or interpretation within the existing frameworks. 

Considering the lack of any spatial direction within the leading resilience frameworks, there is a clear 

need for a spatial interpretation of urban resilience. This chapter works towards closing this gap in 

knowledge by bridging the fields of urban morphology and design with the concepts from urban 

resilience. To begin, this chapter first introduces the concept of urban morphology, including the main 

approaches to urban morphology in Section 3.1. Section 3.2 then links urban form and urban resilience 

by providing a definition of what spatial-morphological resilience is and what it aspires to achieve. 

Following this discussion, Section 3.3 evaluates the current assessments of spatial and morphological 

resilience against the formulated spatial-morphological resilience interpretation and discusses why 

the current assessments of spatial resilience are insufficient within this framing. Section 3.4 then 

makes the theoretical and conceptual links between urban morphology, urban design and urban 

resilience and identifies six directives whose presence creates the potential for spatial adaptation by 

producing the spatial precondition for urban resilience. Section 3.5 then describes how each of the six 

directives contribute to spatial-morphological resilience before proposing a conceptual framework 

that describes the relationship between each of the directives. The chapter concludes by introducing 

a conceptual framework that is accompanied by directives that are used to provide a conceptual 

understanding of the spatial preconditions needed for the formation of spatial-morphological 

resilience, which form the basis of the spatial resilience assessment protocol.  

3.1 Approaches to urban morphology 

Before any assessment of the spatial-morphological resilience of a city is possible, it is essential that 

it be based on a theoretical and conceptual basis of spatial-morphological resilience. First, it is crucial 

to set out a clear understanding of what urban form is and how it interacts and changes. The best 

approach to understanding urban form, is through the specialised field that studies it, namely urban 

morphology.  
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Broadly, urban morphology is a field of study that is concerned with understanding and describing the 

logic and structure of urban form, as well as the underlying processes that create and transform the 

urban landscape that humans inhabit (Bruyns, 2011; Carmona et al., 2003; Moudon, 1994; Salat, 

2011). Researchers of urban form investigate the physical outcomes and interactions of processes 

within social, economic and political circumstances and perceive the outcomes of these process as a 

means of understanding the society that created them (Moudon, 1997; Panerai et al., 2004). 

Furthermore, the field of urban morphology provides methodologies for describing and analysing the 

individual physical components of the city, their interrelationships, as well as other complex urban 

phenomena (Bruyns, 2011; Cortes, 2009). In essence, urban morphology, as a field of study, provides 

a theoretical and methodological foundation to study and describe urban spaces and how they change 

(Carmona et al., 2003; Larkham and Jones, 1990; Moudon, 1997; Salat, 2011). 

While urban morphology, as a field of study, views the physical form of cities as its main focus, there 

are several different schools of thought about how urban form should be studied, each with their own 

approaches, methods and underlying assumptions about the processes that shape the city. The 

section to follow focuses on the main approaches to urban morphology as identified by the 

International Seminar on Urban Form1 (ISUF, n.d.), typomorphology, and the more recent 

configurational approach. Section 3.1.1 describes the three schools of thought that fall under the 

typomorphology approach, namely the Italian, French and British schools of thought, while Section 

3.1.2 describes the configurational approach, which includes a discussion on Space Syntax and the 

alternative spatial configurational approaches. Thereafter the main principles and properties of urban 

form are discussed in Section 3.1.3.  

Finally, it should be noted that while the approaches discussed within this section are the most widely 

used within the urban morphology field, it is essential to also acknowledge that there are other 

substreams within the broader field of urban morphology, such as the Dutch approach (see for 

example, Marzot et al., 2016), which takes a street-to-plot configuration-based approach. However, it 

is impossible to cover all of them due to the number of subapproaches and challenges of translating 

the original work as the study has been limited to only a few key approaches. 

3.1.1 Typomorphology: Traditional approach to urban morphology 

With the creation of ISUF in 1994 (ISUF, n.d.), the establishment of the discipline of urban morphology 

was formalised (Moudon, 1997). Through the creation of ISUF, a common consensus among 

researchers about what is studied in urban morphology was reached, namely that urban morphology 

is concerned with the study of urban form, its structure and the processes the produce form. The 

problem, however, is that “there is considerable debate over how urban forms are to be studied” 

 

1 ISUF is the formal organisation of the field of Urban Morphology. 
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(Gauthier and Gilliland, 2006: 41). This debate resulted in ISUF identifying three core classical schools 

of thought within the urban morphology tradition, namely the Italian, French and British schools of 

urban morphology (ISUF, n.d.; Moudon, 1997).  

These three schools of thought can be grouped into a common approach, which is often referred to 

as Typomorphology (Berghauser Pont and Haupt, 2009: 53). Typomorphology, as an approach, was 

developed predominately in the first half of the twentieth century, specifically within Italy and France 

(Kropf, 2017: 17), but expanded into Britain during the latter part of the same century. Urban 

morphology, and specifically, typomorphology, came about as a general dissatisfaction and rejection 

of modernist functionalism of the early 1900s, as modernists placed most of their emphasis primarily 

on the identification of type, simplification of function and repetition of form and structure in the 

study of and creation of urban environments (Leupen, 1997; Salat, 2011; Scheer, 2010).  

Broadly speaking, the typomorphological approach aims to help urban practitioners to make informed 

proposals through a detailed understanding of the built landscape (Moudon, 1997). Through the 

historical and contextual study of physical and structural form of cities, the typomorphological 

approach develops a deeper understanding of the city (Cortes, 2009). Typically, typomorphological 

studies employ a dual method, whereby they conduct detailed classifications by type (typology) of 

buildings (objects) and their related open spaces (voids). These typologies are then used to describe 

the from (morphology) of urban areas (Bruyns, 2011; Serra et al., 2014). In short: “Typomorphology is 

the study of urban form derived from studies of typical spaces and structures” (Moudon, 1994: 289). 

The following subsections provide a brief overview of the three schools of thought within 

typomorphology, which led to the development of the formal recognition of urban morphology as a 

discipline of study. The origins and the pioneers of each of the schools are reviewed, and additionally, 

each school’s approach to the study of form is examined, whereafter some of the limitations and 

critiques are highlighted.  

3.1.1.1 Italian typomorphology school of thought 

Of the three main schools of thought within the typomorphology tradition, the Italian school is the 

oldest and is regarded as the most influential (Bruyns, 2011; Moudon, 1997). The first 

typomorphological studies began in the 1940s and 1950s in Italy by the architect Saverio Muratori, 

and later by his students Gianfranco Cannaggia, Aldo Rossi, Muratori and Carlo Aymonino. Muratori, 

a professor of Architectural Composition at the University of Rome, was deeply troubled by the effects 

that the modernist architectural movement was having on existing settlements (Moudon, 1994; 

Oliveira, 2016). Muratori’s concerns were centred around the fact that modernism isolated them from 

their context and history, by disregarding the existing, layered, historical urban fabric in favour of an 

approach that divided the city into its main elements. For Muratori, modernism was destroying the 

fabric of the city (Bruyns, 2011: 115; Scheer, 2010: 20).  
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According to Moudon (1994: 290), Muratori, the city and its structure can only be understood by 

placing the city within its historical context, with the basis of analysis being the typologies of the 

buildings themselves. Muratori drew inspiration from the philosophical works of Benedetto Croche, 

whose work led Muratori, and later Cannaggia, to view the environment as a product of spontaneous 

consciousness. This implied that the city should be regarded as a self-supporting entity, a product of 

human action that shapes the environment through history. Through this continuous interaction of 

humans with the landscape, Muratori saw the city as a collection of procedural typologies, that 

enabled the creation of historical continuity, by linking the past to the present (Bruyns, 2011; Castex, 

2014). Thus, the basis of type is that it develops through a sequence of adaptations and 

transformations of the previous types. As such, type cannot be regarded as a static concept. Rather, 

type is rooted in the history of the city while being open to continuous change, guided by the 

civilisation of the time. In this way, the city can be seen to evolve over time (Castex, 2014: 25; Moudon, 

1994: 293). 

Through the detailed study of Venice, Rome and Florence, Muratori and his followers developed a 

detailed method of identifying and defining types (Castex, 2014: 25; Scheer, 2010: 21). Here, Croche’s 

influence is evident in the way that Muratori developed typologies, through a subject−object inter-

relationship and process (Bruyns, 2011: 115; van Nes, 2002: 40). The Muratorian process is founded 

on the concept of a building-to-space [object-to-void] relationship where “[r]elationships are 

expressed as typological phenomena, and how the various typologies are structured within the built 

landscape” (Bruyns, 2011: 115). Within this object−void view, the characteristics of a modular 

connection with the fabric, as well as the scales of the objects, are cemented. Here the modular 

relationship is studied by observing how the objects of varying sizes relate to and fit into each other 

while occupying the same landscape. Scale, in this context, is seen as the various possible sizes of 

objects within the urban fabric (Bruyns, 2011).  

The Italian approach defines a territory as comprising four distinct spatial scales. These scales, starting 

at the smallest, can be defined as the building; a group of buildings or building fabric (also seen as the 

street or block); the city; and the region or territory. Each of the scales is made up of different 

elements, structures and systems of the scale below (Bruyns, 2011: 116; Castex, 2014: 25). Typologies 

can be identified at all scales; however, Leupen (1997: 138) indicated that “the type develops its 

specific features in a concrete situation only, that is, within the built fabric; the urban fabric develops 

its specific features only within the urban structure or in a greater urban context”. In other words, 

type at any scale can only be understood by contextualising it within the larger scale. Additionally, 

type must be further contextualised by understanding the historical perspective and evolution of the 

type (Oliveira, 2016: 88). 

The understanding and the development of the concept of type (or typology), regarded as the basis 

for the formation of the urban tissue (also called the urban fabric) and is the foundation used to 
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identify the guiding principles, or the laws of continuity that describe the morphological arrangement 

of objects within the territory at various scales (Cortes, 2009: 43; van Nes, 2002: 40). Building type is 

described by initially identifying a base type, which can be described through its volumetric 

characteristics of locations relative to the street and its solar access. This initial type is then studied 

over time to identify any adaptations that have formed. While any type can have many variations, 

each type can essentially be traced back to a simpler base type. Variations in type may develop 

depending on where the building was in relation to its location within a block or the larger scale. 

Additionally, the historical context and traditions of the territory also influence how the type 

developed over time (Moudon, 1994; Scheer, 2010). An illustration of Muratori’s method for the 

identification of type within the urban fabric is shown in Figure 3.1, where the base type is determined 

and its successive adaptations identified. 

 

Figure 3.1: Example of the identification of type within the urban fabric  

Source: Muratori, 1959, in Oliveira (2016:89) 

While the Italian typomorphological approach can be regarded as being very successful, it is not 

without critique. The criticisms levelled at the Italian school include the fact that the approaches 

overemphasise building type, which limits its applications to those areas which are built up, while 

excluding those areas where open space is the dominant form (Cortes, 2009: 45). Scheer (2010: 22) 
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argued that the most “intensive and controversial” message of the typological approach is the concept 

that type can convey meaning. Architects can exploit these meanings by either utilising the type to 

“relate specifically to a historical moment, as when a temple type is appropriated for use as a bank; 

or by using the type as part of a subversive or critical stance, as when a form associated with a prison 

is appropriated as a city hall” (Scheer 2010:22). When used well, this approach can convey themes 

well; however, it also leaves itself open to misunderstandings, especially when it is being translated 

from one context to another (Scheer 2010). 

Further criticism can be derived from Van Nes (2002), who suggested a few shortcomings of this 

approach to urban morphology. Van Nes (2002: 43) argued that while this approach defines the city 

as a set of objects or artefacts, she questions how can it take into account the artefacts that have 

disappeared, if there are no remaining records of them. Therefore, if there is information missing 

about the artefacts, then it is impossible to reconstruct the historical city. Van Nes (2002) continued 

her critique by indicating that while this approach has a basic understanding of the relationship 

between economic activity and spatial form, it falls short in its ability to explain in detail the current 

relationship urban form and economic activities or predict future trends. Lastly, she argued that this 

approach is still missing an “overall framework in which a city can be identified as a structural, but 

dynamic whole” (van Nes, 2002: 43). Finally, the Italian approach makes it difficult to create any 

precise hypothesis, as a result it has not made much impact on scientific [quantitative] research (Van 

Nes, 2002). 

3.1.1.2 French typomorphology school 

The French Versailles school developed from the Muratorian philosophy in the late 1960s and 1970s 

(Panerai et al., 2004). However, unlike the Italian and British schools, which were respectively created 

by architects and geographers, the French school can be regarded as being developed by a 

multidisciplinary group of people, which consisted of a group of intellectuals from the fields of 

sociology, history, urban geography and urban planning that worked together with architects to 

enhance their understanding of the urban environment (Darin, 1998; Moudon, 1997). In a similar 

fashion to the Italians, the French school also developed as a reaction to the modernist movement, 

which they believed broke from, and destroyed, past traditions in its approach to city building 

(Berghauser Pont and Haupt, 2009). The French approach is said to be initiated by Henri Lefebvre, a 

sociologist and philosopher, who, together with his students – Jean Charles Depaule (a sociologist), 

Philippe Panerai (an architect-urbanist), and Jean Castex (an architect) – formed the original Versailles 

School of Architecture and Urban form (Moudon, 1994). The group’s research culminated in several 

books, including Formes urbaines: de l’îlot à la barre2
, which is perhaps the most influential.  

 

2  Urban forms: The death and life of the urban block by Panerai et al. (2004) is the English translation of this work. 
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As a result of the multidisciplinary approach to the city, the French school can be regarded as a process 

of perspectives (Bruyns, 2011: 132). Furthermore, by drawing on the Italian typomorphological 

approach, which places the urban environment in a historical continuum of process, the French school 

also includes the search for architectural models that are used as the explanation of the organisation 

of urban form. However, the development of the French typomorphological approach drew on the 

social sciences, geomorphology and urban planning fields by including social statistics, such as 

demographic data, historical maps as well as zoning/land use diagrams in their analysis (Berghauser 

Pont and Haupt, 2009: 53). This allowed the Versailles school to justify their own approach by 

illustrating that the knowledge gleaned through their method of urban analysis is rooted in the fact 

that the city is developed through a socio-physical phenomenon. Their approach further accepts that 

the design of the urban fabric requires a discussion and understanding of the city as a socio-physical 

phenomenon, viewed through a “multidisciplinary framework of the human and social sciences, lining 

the physical and the social dimensions of urban form” (Bruyns, 2011: 132). In essence, the main claim 

that is made by the French school, as stated by Panerai et al. (2004: x), is that  

the understanding of architectural and urban forms is as legitimate and effective a means of 

understanding a society as any other. The reality of the built environment sometimes brutally 

informs us of the operating ideologies, the economic conditions and the social relations. 

Through the study of urban form and structure it is possible to understand society, and by 

understanding society and its relation to architecture and urban form, it is possible to better 

understand the city (Cortes, 2009: 45). Furthermore, the French approach argues that although logic 

can be identified within the structure of the urban tissue through urban morphological analysis of a 

city, it only takes on meaning when viewed through social action (Moudon, 1994: 304). 

The methodological approach used by the French approach views architectural elements in relation 

to other comparable elements by reviewing the elements in relation to aspects of form, social 

composition and type (Bruyns, 2011: 133). Here, the French school defines two different building 

types. The first is that of consecrated types, which are often found within various periods of history. 

These types are a combination of simple functional compositions with specific spatial configurations. 

The second type is that of the typical types (prototype). This type is characterised by having 

standardised norms that are used to guide replication and is the best represented through modernism 

(Bruyns, 2011: 133; Moudon, 1994: 305).  

The process of defining a type within the French school can be outlined in four steps. The first step is 

the selection of the scale of analysis. This can be the building, plot, parcel (block) or territory, with 

each scale placing restrictions on the analysis and adding to the scale-related aspects of the study. The 

next step requires the classification of buildings into types. Criteria are selected, and often defined 

through the size, shape, volume, function and style of a building. These are then used to distinguish 

between classifications at different scales of resolution. The third step identifies the tools available 
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that can support the classification process. The fourth and final step requires that each type be 

compared to the other, thereby forming a typology (Bruyns, 2011: 133; Moudon, 1994: 305). Through 

this method, the Versailles school begun to develop a process of design criticism and allowed for the 

assessment of past theories of city building (Cortes, 2009; Moudon, 1997). 

3.1.1.3 British school of thought 

The final typomorphology tradition to be reviewed here is that of the British school. The British 

approach to urban morphology was pioneered by M.R.G. Conzen, a German born geographer and 

urban planner (Whitehand, 2007). Conzen immigrated to England after the rise of the Nazi Party in 

1933, where he studied town and country planning at the Victoria University of Manchester (Oliveira, 

2016: 106). The British, Conzenian school is often regarded as breaking with the typomorphological 

tradition in its approach to the study of urban form because, when Conzen moved to Britain, he 

brought with him the German morphogenetic tradition. As such, the Anglo-Saxon approach is often 

regarded as being morphogenetic instead of morphological (Moudon, 1994: 300).  

Conzen pioneered the development of plan analysis through his seminal work, Alnwick, 

Northumberland—A study in town-plan analysis (Conzen, 1960). This analyses of Alnwick was based 

on the analysis of town maps through history (van Nes, 2002: 44) and it analysed the configuration 

and relationship between the different elements of the town plan and how they fit together (Bruyns, 

2011: 129). Furthermore, through the study of Alnwick, Conzen proposed the three-part division of 

urban form.  

The first division is related to the town plan (or ground plan), which is made up of a site, streets, plots 

and block plans of the buildings; and can broadly be considered as the territory. Additionally, a town 

plan consists of different types of plan units, which contain the various streets, lots, building sizes and 

shapes. A final distinction is made in what Conzen referred to as the urban fabric. The urban fabric is 

the “difference found between the building versus open space in the landscape, whilst building 

utilization reflect the use and function of the architecture” (Bruyns, 2011: 129). The second element 

of urban form proposed by Conzen, is the three-dimensional element of the building fabric, which 

contains detailed information about the urban fabric, such as building height or use. The third and 

final division of urban form is that of the use or evaluation of buildings and land (Whitehand, 2001: 

105).  

The Conzenian process of analysing the town plan is centred around studying the evolution of the plot, 

which Conzen regarded as the fundamental unit of analysis, as it forms the structuring element of 

urban form (Moudon, 1994: 297). An additional element of the town plan analysis is the concept of 

compositeness of town plan (also called the composite town plan), which describes the variation of 

different parts of the city in terms of the form, use and configuration. A composite town plan is made 

up of plan units, whose differences can be explained through variations in socio-economic conditions 



 

55 

and its location in terms of the growth of the town (Moudon, 1994). Plan analysis is particularly useful 

as it allows for the creation of categories or typologies of urban form (Cortes, 2009; Oliveira, 2016). 

While the division of urban form into its constituent parts, as well as the development of plan analysis 

are important, the explanation of the process of development that was proposed by Conzen is often 

regarded as his largest contribution (Whitehand, 2007: ii–03). The two processes identified by Conzen 

are the formation of urban fringe-belts and the burgage cycle (Kropf, 2001: 31).  

The fringe belt concept acknowledges that the outward growth of cities does not happen in uniform. 

Rather, as identified by Conzen (1960), urban expansion happens in a process where residential areas 

experience growth for a time, which is then followed by a period of slow or no growth. A fringe belt is 

then formed during the period of slow growth (Conzen, 2018: 136) and tends to consist of “relatively 

open areas, often vegetated, such as parks, sports grounds, public utilities and land attached to various 

institutions” (Oliveira, 2016: 107). When the city experiences another period of growth, which is 

followed by an additional period of slow or no growth, a new fringe belt is formed. Through his study 

of Alnwick, Conzen (1960) identified three distinct fringe belts (see Figure 3.2): an inner and middle 

belt, that are found within the built up area, and an outer belt, located at the edge of the town 

(Whitehand, 2001, 2007).  

 

Figure 3.2: Urban fringe belts of Alnwick.  

Source: Conzen (1960) 
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Through his assessment of different town plans and the changes in their urban fabric over time, 

Conzen (1960) was able to identify that different elements of the urban fabric change at different 

rates, and that there was a cyclical pattern to the change of these elements (Garcia and Vale, 2017: 

167). Conzen called this process of change, the burgage cycle. Whitehand (2001: 105) described the 

burgage cycle as “consisting of the progressive filling-in with buildings of the backland of burgages and 

terminating in the clearing of buildings and a period of ‘urban fallow’ prior to the initiation of a 

redevelopment cycle”.3 The burgage cycle can be summarised as a process of urban growth and 

recession through evolutionary processes that illustrates the transformation of a single object, for 

example, a building or land parcel, through a non-repeating sequence (see Figure 3.2). This generally 

happens through several instances that occur at about the same time (Kropf, 2001: 31). 

 

Figure 3.3: The burgage cycle. 

Illustrated by Garcia and Vale (2017:168) 

 

3  A burgage is the landholding of an enfranchised member of a medieval borough. 
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It should be noted that both Garcia and Vale (2017) and Feliciotti (2018) have linked the burgage cycle 

to the process of the adaptive cycles, as shown in Error! Reference source not found.. However, 

further investigation into the relationship between the two concepts is beyond the scope of this study 

and is not explored further.  

Table 3.1: Comparison of the adaptive cycle to the burgage cycle 

Adaptive cycle Burgage cycle 

Growth (r) phase  Institutive phase  

Conservation (k) phase Climax phase 

Release (Ω) phase Recessive phase 

Reorganisation (α) phase Fallow phase 

 

In summary, the Conzenian approach to typomorphology is focused around the analysis, description 

and explanation of the creation of urban form and excludes a prescriptive element in its approach to 

planning and design. As a result of the lack of a prescriptive aspect, this approach is seen as the most 

systematic, detailed and thorough method of the typomorphological schools (Moudon, 1994: 296). 

The essence of this approach is that morphological features can be broken down in a logical system 

and explained at different scales. This allows for a deeper understanding of the relationship between 

form, the society that created it and how this has changed over time (Oliveira, 2016). One of the 

criticisms of the Conzen method are that it does not utilise quantitative techniques to authenticate 

the results. As the method remains a descriptive method of what has happened, it can be seen more 

as a historical analysis (van Nes, 2002: 45). Moreover, because of its historical descriptive nature, 

Conzen’s method cannot be used to develop a theory or model with an acceptable level of confidence 

and explanatory power to make predictions or model changes (Van Nes, 2002).  

3.1.1.4 Relationship of typomorphology approaches to the study 

The Italian school’s notion that the city is a product of spontaneous consciousness makes this schools’ 

approach very appealing, as it is very similar to the complexity theory’s (and resilience theory by 

association) notion of emergence. However, the fact that both the Italian and French approaches lack 

frameworks that regard the city as a structured yet dynamic entity (van Nes, 2002: 43) means that 

they could not be used as an analytic approach for this study. 

The British school’s approach is the most relevant of the three typomorphological approaches for this 

study because the British school places less emphasis on prescriptive elements and instead 

concentrates more on the analysis of an area (Cortes, 2009). Furthermore, unlike the Italian and 

French approaches which focus on buildings, the British school “does not specifically accredit any unit 

of urban elements as the defining element responsible for the growth of cities or settlements” (Bruyns, 

2011: 129). Rather, it considers the relationship between form, functions and patterns of the urban 

area with the aim of developing a theory of city building (Bruyns, 2011; Cortes, 2009; Whitehand, 
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2001). While the British school is less prescriptive, it does have stronger ties to urban geography and 

planning, meaning that the results of the analysis could be easier translated into policy. However, as 

the British Conzenian, method still remains largely a descriptive method, it cannot be used to develop 

a theory or model that can be used to make model change or to make predictions (van Nes, 2002: 45).  

While the traditional approaches to urban morphology discussed could not be used as is for this study, 

much of the original thinking about the components of urban form and the process of change are 

compatible within a resilience thinking perspective and are drawn from later in the study. While the 

typomorphological traditions could also not be used for detailed statistical analytics in this study, the 

British, morphogenetic, school of thought, in particular, has led to the creation of new approaches to 

urban spatial analysis. These new approaches include, for example, the more recent configurational 

approach, spearheaded by the Space Syntax method and pioneered by Prof Bill Hillier (Hillier, 2007; 

Hillier and Hanson, 1984), and cellular automata and agent-based models of cities, for which Prof 

Michael Batty is best known (Batty, 2007). Common within these new types of approaches is that they 

drew not only from the British school of urban morphology in their approach to analysis, but they also 

incorporated aspects of complexity theory in their mathematical models (Batty, 2007; Marcus and 

Colding, 2014), typically done through the use of graph theory (Batty, 2013; Kropf, 2017; Marshall, 

2005; Xiao, 2017). While the British school is the most appropriate theoretical approach of the three 

typomorphological approaches reviewed here, it lacked the quantitative and explanatory depth of 

analysis required by this study. Therefore, alternative approaches that have stronger focus on analytic 

and predictive capabilities, such as configurational analysis, are needed and are explored in the next 

section.  

3.1.2 Configurational approach to urban morphology 

The traditional typomorphological approaches to urban morphology were instrumental to the formal 

establishment of the field of urban morphology as they developed the theories and methods to 

understand urban space along with units of analysis. In traditional urban morphology, it is not the lack 

of interest that has limited its use; instead, as described previously, it has been the lack of methods 

and tools for empirical analysis to capture the sensible metrics of urban forms that has been the 

limiting factor for the uptake of the typomorphological approaches (Sevtsuk, 2010; van Nes, 2002). 

Due, in part to these limitations, typomorphology has begun to be superseded by more recent 

approaches to the study of urban form (Sevtsuk, 2010: 33). For these reasons, the configurational 

analysis methods have begun to provide a compelling alternative to traditional approaches to the 

study of urban morphology. 

Studies using configurational analysis have been very multidisciplinary and cover fields in urban 

geography, architecture, transportation research, urban planning and environmental cognition 

(Sevtsuk, 2010: 33). The modern configurational approach has been credited to the seminal work of 
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Hillier and Hanson’s (1984), The Social Logic of Space, which laid out the foundation for what would 

become the Space Syntax method and analytic approach.  

Hillier et al. (1987: 363) differentiated spatial configuration analysis from spatial relational analysis, 

which is typically used in traditional urban morphology approaches such as typomorphology analysis, 

by stating that: 

Configuration is defined in general as, at least, the relation between two spaces taking into 

account a third, and, at most, as the relations among spaces in a complex taking into account 

all other spaces in the complex. Spatial configuration is thus a more complex idea than spatial 

relation, which need invoke no more than a pair of related spaces. 

Kropf (2017: 17), on the other hand, asserted that the deeper meanings in the underlying principles 

of configurational analysis are found within the concept surrounding the idea of configuration itself, 

whereby  

elements can be defined by their position within a whole; the interdependence of geometric 

parameters that is exposed by the exploration of different possible forms and configurations 

and in the process of growth; the idea that spatial configurations emerge as the result of a 

generative process; and that global structure arises from the operation of local generative 

rules. 

In other words, configurational analysis is concerned with (a) the individual arrangement of spatial 

elements (the streets, squares or blocks); (b) how the spatial elements are linked together to form a 

global pattern; and (c) how this pattern impacts how people move through the space at various scales 

(Fusco and Tirico, 2016; Pafka et al., 2018); (d) the relative position of each spatial element within the 

whole (Hillier, 2007; Kropf, 2001); and (e) how the configuration of the network influences the location 

of different social and economic activities (Hillier, 1996; Porta et al., 2011; Yamu et al., 2021).  

Furthermore, configurational analysis argues that, through studying the general geometric and 

topological characteristics of urban form in relation to each other, it is possible to better understand 

two key things: First, the interrelationships between various attributes and measures of the built 

environment (Kropf, 2017: 17). Second, because of the theory of the natural movement of people 

(Hillier, 2007; Hillier et al., 1993; Hillier and Hanson, 1984), the way in which spaces are structured has 

an impact on the location of social and economic activities. This claim has been illustrated within 

numerous studies that have shown significant correlations between various aspects of urban life, such 

as pedestrian movement and the location of economic opportunities, with measures of urban 

configuration (Hillier et al., 1993; Porta et al., 2011; Sevtsuk, 2010; Van Nes, 2021). In short, 

configurational analysis has shifted the study of urban form away from the study of spatial location, 

to be more focused on the spatial study of relations of configuration within the larger urban context.  
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3.1.2.1 Background to configurational analysis  

Configurational analysis is largely derived from the graph theory, also known as network theory (Kropf, 

2017: 17; Marshall, 2005: 108), and is typically centred around studying urban networks, specifically 

street networks, at the larger scale (Cooper and Chiaradia, 2015; Hillier, 2007). In the graph theory, a 

graph or a network is the mathematical abstraction that represents the relationship between objects 

through nodes (also called vertices or points) and links (also called arcs, edges or lines) (see Figure 

3.4). In the traditional graph theory, which was later been taken up in social networks theory, the 

graph (hereafter referred to as the network) of interest is a non-spatial network (Neal, 2013). 

Conversely, in urban configurational studies, the network of interest has spatial traits that physically 

constrain the network (Rodrigue et al., 2013: 22). In these types of networks, the nodes are the 

locations and are typically the intersections between two links. Links in an urban setting are normally 

the routes between two nodes and are most often represented by roads, paths or rail lines (Rodrigue 

et al., 2013).  

 

Figure 3.4: A simple network with 12 nodes and 9 links 

Configurational analysis has created a large spectrum of measures, but the most commonly used 

assessments are measures of network centrality, such as connectivity, closeness centrality and 

betweenness centrality (see Figure 3.5). Connectivity (also called degree centrality) examines how 

many connections each node (intersection) has. The higher the number of connections the more 

connected the node is said to be (Strano et al., 2013). Closeness centrality (integration in Space 

Syntax), measures how close a node is to all others along the network and is summarised as the mean 

shortest path to locations in the network (Porta et al., 2011). Betweenness centrality (choice in Space 

Syntax) argues that a node is more central when it is “traversed by a large number of the shortest 

paths connecting all pairs of nodes in the network” (Strano et al., 2013: 1081). In other words, 

betweenness assesses which nodes are along the shortest routes between or en route to all other 

nodes, thus identifying which nodes are more important within the network. Betweenness centrality 

has also been found to be a good indicator of potential flows within the network (Cooper and 

Chiaradia, 2015; Porta et al., 2006b). Important to notes is that these measures need not be 

constrained to the nodes. The same measures can be conducted on the links themselves, as shown in 

Figure 3.5. These metrics as well as others are discussed in more detail in the next two sections. The 
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section to follow goes into the details of Space Syntax, the most well-known method and approach 

within configurational analysis. This is followed by a discussion of alternative configurational 

approaches that have begun to be utilised within spatial and morphological studies.  

 

Figure 3.5: Centrality metrics for a hypothetical network 

Top: Connectivity, closeness centrality and the betweenness centrality for nodes;  

Bottom: the same metrics but for the links of the same network.  

3.1.2.2 Space Syntax 

The modern configurational approach within urban morphology has been largely attributed to Hillier 

and Hanson (1984), which was later developed further by Hillier’s Space is the Machine: A 

Configurational Theory of Architecture (2007 [original publication in 1996]). These two seminal works 

led to the development of the Space Syntax method, currently one of the leading configurational 

approaches to study urban form. According to Hillier et al. (1987: 363), Space Syntax “is a set of 

techniques for the representation, quantification, and interpretation of spatial configuration in 

buildings and settlements”. Space syntax comprises a set of techniques; of interest for this study are 

those used at the city level, the axial map and the segment map. According to Hillier (1999: 169), 

In the study of cities, one representation and one type of measure has proved more consistently 

fruitful than others: the representation of urban space as matrix of the ‘longest and fewest’ 

lines, the ‘axial map’, and the analysis of this by translating the line matrix into a graph, and 

use of the various versions of the ‘topological’ (that is, nonmetric) measure of patterns of line 

connectivity called ‘integration’. 



 

62 

The Axial Map is a model of urban space (namely, a simplification of the real world) and is designed 

to represent the sight lines that people use to navigate through space. These sight lines are 

represented as the longest and fewest lines that connect to each other to form a network (Hillier, 

1999, 2007; Hillier and Hanson, 1984). Within an axial line analysis, two important factors are 

considered.  

The first factor is the change in direction between axial lines that is used to represent the changes in 

visibility of a person as the move through the network (Yamu et al., 2021). Moreover, changes in 

direction, according to the theory of natural movement (Hillier, 1996), are deemed more cognitively 

demanding (Hillier and Hanson, 1984). As an example, an axial line representation is shown in Figure 

3.6. In the figure the urban block outlines are shown (grey), as well as (left) the street centrelines 

(green). The axial map (right) shows the longest, fewest lines of sight (white) for the urban area, as 

derived from the Depthmap 0.35 Space Syntax software (Turner, 2001, 2007).  

 

Figure 3.6: Comparison between axial lines and street centrelines 

The second factor for axial analysis is the use of topological space (non-metric) instead of geometric 

space. Ratti (2004: 490) described topology as a “branch of mathematics which deals with the 

properties of spaces as they form connected pieces and have boundaries, independent of their size 

and shape”. This means that the real spatial metrics (like distance) of the network are not considered. 

Additionally, unlike traditional approaches to urban network analysis (see Porta et al., (2006b), for 

example), Space Syntax uses a dual network representation, as opposed to the primal representation 

in its analysis. A primal network sees streets as links and intersections between streets as nodes. 

However, a dual graph representation inverts the network and uses streets as nodes and the 

intersections become the links (Porta et al., 2006a: 854). An example of this is shown in Figure 3.7, 

showing a fictional primal network representation (left) that has been transformed into a dual 

representation (right). 
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Figure 3.7: (a) Primal network and (b) its dual representation 

Adapted from Batty (2013) 

Over the years, Space Syntax has received criticism for its subjective construction of axial lines (Jiang 

and Claramunt, 2002); its difficulty to consistently explain some geometric configurations; sensitivity 

to edge effects and exclusion of three-dimensional (3D) information (Ratti, 2004); and its 

abandonment of Euclidian space such as geometric and metric information (Batty, 2004a; Crucitti et 

al., 2006a). Much progress has been made in recent years to improve the Space Syntax method, such 

as the inclusion of segment analysis that is able to make use of street centrelines (Jiang and Claramunt, 

2002; Thomson, 2004; Turner, 2007) and incorporation of weighting into the analysis (Batty, 2004b).4  

Further criticism against Space Syntax includes the fact that it also had limited success with multimodal 

transportation networks (Law et al., 2012). The axial lines do not take into account the context of the 

line if the urban form (for example, plots) is fine or granular (Pafka et al., 2018: 5). Space Syntax is still 

not able to include buildings or land use into its analysis (Sevtsuk and Mekonnen, 2012a), while it still 

excludes other factors such as sidewalks and street conditions (Sharifi, 2018). It does not measure 

permeability, something that is important for assessing walkability (Pafka et al., 2018: 10). 

Additionally, Space Syntax cannot take into account networks that have a 3D aspect to them or vertical 

line segments (Bruyns et al., 2018; Steadman, 2004). Lastly, many authors (Boeing, 2017c; Fusco and 

Tirico, 2016; Porta et al., 2006b; Ratti, 2004) advocated for the use of primal networks as “dual graphs 

[that] overlook important street network spatial characteristics such as length, shape, circuity, and 

width and, therefore, are not desirable for analysing performance and functionality of street 

networks” (Sharifi, 2018: 174). Additionally, these characteristics (such as length, shape and circuity) 

have an impact on the ability of the urban system to respond to disruptions and for long-term 

adaptation (Sharifi, 2018). 

 

4  For a summary of recent improvements to the Space Syntax approach see Yamu et al. (2021: 12). 
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3.1.2.3 Spatial configurational approaches 

The strong criticism against Space Syntax led to the development of new approaches to spatial and 

configuration analysis, referred to here as the spatial configurational analysis. Three approaches are 

discussed here, namely Place Syntax, Spatial Design Network Analysis and Urban Network Analysis. 

Place Syntax was originally developed by the School of Architecture at the KTH Royal Institute of 

Technology (Stockholm, Sweden) but has now been further developed in collaboration with Chalmers 

School of Architecture and Spacescape AB. Place Syntax is a method and tool that was largely built on 

the theories and ideas from the Space Syntax method but attempted to overcome some of its 

shortcomings (Ståhle, 2012: 2) by also incorporating aspects of accessibility analysis (Ståhle et al., 

2005), as well as the ability to make use of point or polygon features as origins and destinations 

(Stavroulaki et al., 2019). Like Space Syntax and the Depthmap Space Syntax software (Turner, 2001), 

the Place Syntax tool and approach is able to work with both axial and segment lines as well as using 

straight line (Euclidian) distance. Additionally, the Place Syntax tool is also able to calculate integration 

(closeness centrality) and choice (betweenness centrality), the two main metrics used within Space 

Syntax analysis (Stavroulaki et al., 2019). However, unlike Space Syntax, the Place Syntax approach is 

also able to calculate attraction distance (the distance from an origin to a destination), attraction reach 

(the sum of attractions [weighted destinations] that can be reached) and attraction betweenness 

(weighted betweenness centrality assessment). Two main limitations of the Place Syntax approach 

are, first, it is unable to incorporate 3D networks such as vertical lines in its assessment, something 

that is needed when dealing with complex and 3D cities (Bruyns et al., 2019). Second, the Place Syntax 

tool is unable to calculate distance along the network using a custom weight, such as travel time; 

instead, it calculates distance along the network to walking distance (for example, geometric distance 

in metre), axial or segment steps (number of topological steps), angular distance (changes in direction) 

and axialmetre (steps X geometric distance). Because of this limitation, the Place Syntax tool cannot 

be incorporated with more public transport assessments.  

The Spatial Design Network Analysis (sDNA) method and tool (Cooper and Chiaradia, 2020) was 

developed by at the Cardiff University’s School of Planning and Geography (sDNA, n.d.) and uses a 

non-planar primal network to conduct more traditional approaches of urban network analysis. This 

means that the analysis maintains and utilises the geographic and physical characteristics of the 

network, such as its shape and length. Additionally, with the increased distribution and access to open 

source road networks such as OpenStreetMaps, which uses link node standards (Cooper and 

Chiaradia, 2015), the sDNA allows for easy application of network analysis with minimal time spent on 

cleaning and preparing the network data and does not require the creation of axial lines. Furthermore, 

sDNA also incorporates similar measures to Space Syntax, such as betweenness centrality (choice in 

Space Syntax) and closeness centrality (called integration in Space Syntax). The sDNA method can also 

incorporate the least angular path in its analysis method as well as including several other metrics, 
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such as line sinuosity (how much the line deviates from a straight line) and line bearing (the compass 

bearing of the line). Lastly, sDNA also can work with 3D networks and run the full spectrum of analysis 

on them (Cooper and Chiaradia, 2020). An example of this is shown in Figure 3.8, which shows a 

network from a hypothetical urban network created by Bruyns et al. (2021). This network does not 

only look at the street network but also includes, to varying degrees of detail, the interior networks of 

the buildings. Additionally, within this network, some buildings are connected both below the ground 

via a tunnel and above the ground through sky bridges. This is done to simulate some of the new types 

of connections that are seen in cities like Hong Kong (Frampton et al., 2012; Shelton et al., 2010). The 

results in the figure show an assessment of betweenness centrality, where the thicker and bluer the 

line, the higher the betweenness centrality is. One of the main limitations of the sDNA tool is that it 

only uses the network lines in its assessment and does not incorporate other urban elements, such as 

point or polygon type features into its assessment. 

 

Figure 3.8: An example of betweenness centrality on a hypothetical 3D urban network 

Image by Author, network sourced from Bruyns et al. (2021) 

Like the sDNA method and tool, the Urban Network Analysis (UNA) tool, developed at by Sevtsuk and 

Mekonnen (2012a) at the Massachusetts Institute of Technology, also works on a non-planar primal 

network. However, unlike the sDNA tool, which focuses on the links within the network, the UNA tool 

focuses on the intersections of a network. Additionally, and more importantly, the UNA tool also 

incorporates buildings into its analysis (Sevtsuk and Mekonnen, 2012a). The addition of buildings, or 

any type of polygon feature, into the assessment means that additional urban information can be 

captured and incorporated into the urban analysis, such as buildings, land use, density or built volume 

(Higgins et al., 2018). As the UNA tool works in RhinoCAD, or on the ArcGIS Network Analyst extension, 

it is also able to incorporate 3D networks, including vertical lines, into its assessments (Sevtsuk and 

Mekonnen, 2012a). Finally, the UNA tool is able to set custom distance measures, such as changes in 
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direction or travel time. As a result, it is possible to use the UNA tool for multimodal transportation 

modelling (using both walking and public transport in its analysis). The UNA tool is able to assess a few 

different metrics, namely betweenness, closeness, reach, gravity, straightness and, redundancy 

(Sevtsuk and Mekonnen, 2012a).  

The accessibility aspects of the UNA tool (reach and gravity) have been further expanded by Higgins 

(2019b), who has developed the Accessibility Toolbox for R and ArcGIS. The Accessibility Toolbox works 

in a similar way to the UNA tool, in that it can make use of points or polygons as the origins or 

destination as well as work on a 3D network. Additionally, the Accessibility Toolbox provides additional 

gravity-based access measures (discussed in detail later) that are not incorporated into the UNA tool.  

An example of the application of the Accessibility Toolbox is shown in Figure 3.9 using the same 

hypothetical area shown previously (Bruyns et al., 2021). In this example, the volumetric access to 

each building’s floor has been calculated through the 3D network. Although this is only a hypothetical 

illustration, these types of networks and configurations are becoming more prominent in volumetric 

cities such as Hong Kong and Singapore (Bruyns et al., 2018; Frampton et al., 2012; Shelton et al., 

2010), and therefore requires approaches that are able to incorporate both 3D networks and 

additional morphological information (such as building volume) into the assessment.  

 

Figure 3.9: Example of an assessment of access to building volume in a 3D volumetric area 

Image by Author, analysis sourced from Bruyns et al. (2021) 

As this section has shown, there are many competing configurational approaches, each using their 

own approaches and methods of analysis. However, the general consensus is that configurational-

based methods to studying urban form use a more scientific and objective approach, as they do not 

rely on subjective methods of assessment, while also allowing for potential changes to be assessed 

(Bobkova, 2019; van Nes, 2002; Xiao, 2017). While the more recent configurational approach to urban 
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morphology uses more scientific methods, they still rely on the basic principles and units identified 

within the broader field of urban morphology. The next section discusses the principles of urban 

morphology as well as the fundamental morphological units that make up the urban fabric. 

3.1.3 Principles and morphological units for urban morphological studies 

The previous sections described the two main approaches to urban morphological studies, the 

typomorphological and configurational approaches. The typomorphology traditions are focused at the 

identification of types, while the process that creates the types is paramount. The process is 

determined by complex natural, social, cultural and economic factors (Salat, 2011). Types within the 

typomorphology traditions are therefore the resultant patterns of relationships of the complex urban 

processes (Kropf, 2017: 14). Types are identified through the study of the patterns of composition of 

the various elements of urban form, at various scales and at specified points in time.  

In contrast, the configurational approach is interested in the relationship of the part to the whole 

(Hillier, 1999). Furthermore, the configurational approach aims at understanding how the collective 

configuration of the individual elements that make up the urban form relate to each other and 

generate and influence different processes within the urban environment. As a result, the 

configurational approach is less interested in type, and more interested in the generative process that 

create the urban form (Kropf, 2017). While both of these broad approaches take very different views 

of how to assess urban form, they still rely on common requirements to conduct any morphological 

analysis of a city. These requirements can be grouped into three main principles: urban form, 

resolution of analysis and change/time (Moudon, 1994). Each of these principles are discussed in the 

text to follow.  

Urban form (sometimes called the urban tissue or urban fabric) is the first of the thee principles of 

urban morphology, which Kropf (2017: 38) describes as typically comprising a few basic physical 

elements: buildings, the physical structures, with their related open spaces, the spaces or voids 

between the buildings; plots, the subdivision of land often in the form of land parcels and the 

collection of which form blocks; and streets, being the “urban place, that happens to serve as a right 

of way” (Marshall, 2005: 22). Salat (2011: 33) expanded on these by also including topography, the 

slope or relief of an area; and the distribution of activities through the location of land uses (Talen, 

2018). An illustration of the properties of urban form is shown in Figure 3.10. While each of the 

individual elements which make up the urban form are important and can be looked at individually, 

of more importance is the configurational relationship between one another other and how they 

relate to one another other to form patterns or typologies (Kropf, 2017). 
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Figure 3.10: Physical elements of urban form 

 Buildings, open space, plots, blocks, streets, land use and topography. Image by Author 

The second principle, resolution of analysis, refers to the spatial scale of the analysis (Kropf, 2017). In 

morphological studies, the scale of analysis is typically regarded as the region, city, street, block, plot 

and the building. An important aspect related to scale is in any morphological analysis, that each scale 

must be related to the scale above the assessment scale to provide context to the scale of interest 

(Moudon, 1994). The final principle of urban morphology studies is that time and change must also 

be considered for any morphological analysis because urban form is constantly undergoing 

transformation. Thus, the permanence of form can only be studied from a historical perspective 

(Cortes, 2009; Oliveira, 2016).  

The importance of form, resolution, and the temporal dimension remains primal to any morphological 

approach and are useful in questioning both morphology and resilience (Feliciotti et al., 2016). Not 

only are these principles required for any morphological study of the city, the latter two principles, 

resolution and time, also correspond with the resilience theory concepts of panarchy and the adaptive 

cycle, respectively. These two concepts from the resilience theory argue that resilience is not a static 

phenomenon and that it is best understood through a historical understanding of the system (Berkes 

et al., 2008; Cumming, 2011; Folke et al., 2004; Gunderson and Holling, 2001; Peter and Swilling, 2014; 

Walker et al., 2002). Additionally, the concept of panarchy necessitates that spatial interactions be 

considered at various scales, requiring that the system be studied at more than one spatial scale or 

resolution (Elmqvist et al., 2004; Gotts, 2007; Kinzig et al., 2006; Marcus and Colding, 2014).  

Furthermore, the revolt link within the panarchy model, refers to the way that change can move up 

the scales of the panarchy (Gunderson and Holling, 2001). This can relate to the accumulated small-

scale adaptations at the building, plot and block scale that can generate spatial adaptions that create 
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a ripple effect that moves through the larger system. This may be the construction of a large 

development. Changes in streets, while less frequent (for example, creating a new highway bypass), 

can also have implications for the system, which can lead to wide changes across the city and impact 

how the city functions.5 

The remember phase of the panarchy model (Gunderson and Holling, 2001) constitutes the memory 

of the city and can be seen in the way that the urban form, particularly the street network and higher 

level clustering of activities, are the longest-lasting elements of urban morphology (Carmona et al., 

2003). In this way, the streets can be regarded as supplying the memory of the city as they change 

slowly, unless radical change is imposed and will maintain many of the structural characteristics of the 

original form. Examples are the former Roman towns and cities where the original Roman layout is 

still visible, albeit greatly modified (Salat, 2011). The same can be said for the original market areas of 

cities of towns, which still maintain their importance as the central business area (Bruyns and Nel, 

2020). 

To summarise, there are two main approaches to the study of urban morphology, typomorphology 

and configurational. Each of these approaches have their own views of how space should be assessed. 

However, all approaches use three main principles to the study of urban form, namely urban form, 

resolution of analysis and time or change. Urban form refers to the elements that make up the physical 

structure of the city, such as buildings, plots, blocks and streets. Resolution refers to the scale of 

assessment and requires that the scale above the scale of interest be considered to provide context 

to the study. Time and change within urban morphology studies accept that urban form is constantly 

changing and that the historical nature of the study area should be considered. As a conceptual 

overview of urban morphology has been provided, it is now possible to begin to make the links 

between urban form and urban resilience. The next section begins to outline a functional definition of 

what spatial-morphological resilience is.  

3.2 Towards a spatial-morphological understanding of urban resilience 

As part of the discussion in Chapter 2, a review of the current resilience assessments and frameworks 

was conducted. The focus of the review was to identify if any of the current assessments and 

frameworks provide guidance on how to assess the spatial resilience of a city. From the assessment, 

it was clear that none of the current resilience assessments and frameworks from the leading 

institutions provide any clear guidance on how general spatial resilience may be assessed. 

Furthermore, very few of the assessments took the spatial variation within cities into account within 

their evaluation of resilience. The lack of any clear spatial guidance is problematic for spatial planners 

 

5  See Van Nes ((2021)), for an example on how the development of ring roads can impact the location of economic activities 

in a city. 
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and urban designers, as the spatial elements of the city are the canvas with which they work (Carmona 

et al., 2003; Marcus and Colding, 2014).  

While the concept of spatial resilience has been defined and conceptualised within ecology (Cumming, 

2011), “spatial resilience in the context of urban design, the term has been defined vaguely at best” 

(Shafiei Dastjerdi et al., 2021: 4) and is therefore poorly understood by those who need to implement 

spatial resilience policies, such as urban planners and designers (Barnes and Nel, 2017). The sections 

to follow provide a brief overview of how spatial resilience has been conceptualised within ecology, 

with the idea of identifying any conceptual overlaps between spatial resilience in ecology and an urban 

interpretation of spatial resilience. After discussing the ecological perspective, the next section 

reinterprets spatial resilience from a spatial-morphological perspective to discuss the role of urban 

form in creating the spatial preconditions of the formation of spatial adaptive urban settlements.  

3.2.1 Spatial resilience within ecology 

Before unpacking how spatial-morphological resilience can be understood and used to assess the 

spatial resilience of cities, it is perhaps best to take a step back an consider how the field of ecology, 

from which the evolutional resilience and general resilience perspectives originate from, has 

approached spatial differentiation in its understanding of spatial resilience.  

Mellin et al. (2019: 2432) indicated that spatial resilience is a subset of the broader resilience theory 

and suggested that spatial resilience “focuses on processes influencing a system's ability to maintain 

its integrity and functions that operate across multiple locations and spatial scales”. Within this view, 

spatial resilience concerns the understanding how a system maintains its integrity at different spatial 

locations and scale. Cumming (2011), on the other hand, who has done extensive work on spatial 

resilience within the social-ecological systems, defined spatial resilience in the following way: 

Spatial resilience refers to the ways in which spatial variation in relevant variables, both inside 

and outside the system of interest, influences (and is influenced by) system resilience across 

multiple spatial and temporal scales. It has elements that are both internal and external to the 

system (Cumming, 2011: 21). 

For Cumming (2011), the field of spatial resilience is concerned with understanding the distribution, 

interaction and variation of different system variables at multiple spatial and temporal scales. 

Cumming’s approach to spatial resilience views resilience as being formed from internal and external 

components. The internal parts of spatial resilience seek to understand the spatial arrangement of 

system components and the interactions between them and the spatially relevant properties of a 

system (the size, shape, function, number) as well as the spatial variation (Cumming, 2011: 21). The 

external parts of spatial resilience for Cumming (2011: 22) consist of the context of the system; 

connectivity (including modularity); and the spatial dynamics within the system.  
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Building on this view, Allen et al. (2016: 626) noted that spatial resilience is also “explicitly considered 

as the spatial arrangement of, differences in, and interactions among internal and external elements 

of a system”. Allen et al. (2016) emphasised the integration of the parts as well as the spatial 

arrangements of the parts. More recently Cumming et al. (2017: 650–651) have expended the aspects 

of spatial resilience to include additional emphasis on the spatial qualities of the individual system 

elements (such as size, shape, heterogeneity), and the spatial and temporal variation of the process 

that creates the spatial dynamics within a study area.  

From the discussion above, spatial resilience can be summarised as being concerned with 

understanding how the variation in the location, physical properties, configuration and connection of 

different systems elements interact with each other at different spatial-temporal scales and influence 

and are influenced by the external factors to impact the ability of a system to respond and adapt to 

change and ultimately its resilience.  

Within this view, authors such as Shafiei Dastjerdi et al. (2021) began to study the concept of spatial 

resilience from an urban perspective, and defined urban spatial resilience as 

an interconnected socio-ecological spatial network and shows the capacity of places to 

maintain their integrity and functions in the face of change, and it is possible to integrate all 

the elements of place in a multiscale hierarchy through adaptive capacity. (Shafiei Dastjerdi 

et al., 2021:3) 

While their view complies well with the description of ecological resilience discussed above, the focus 

of their work was on place making and the identity of a place and its functions in relation to creating 

urban resilience. As such, they provided little guidance specifically on the role and relationship of 

urban form in creating spatial resilience, as well as how it may be possible to assess or create the 

spatial conditions to improve the adaptive capacity of a city. The next section begins to make the link 

between urban resilience and urban form and the role of urban forms in creating the spatial-

preconditions for urban resilience.  

3.2.2 What is spatial-morphological resilience 

Whereas the previous section outlined the broad understanding of spatial resilience within ecology 

and its focus on social-ecological systems, the general approach of spatial resilience is broad enough 

to be easily transferred to the urban spatial dimension as demonstrated by Shafiei Dastjerdi et al. 

(2021). The ability to translate the concepts of theories from the ecological spatial resilience theory to 

the urban domain is largely due to the fact that questions relating to spatial variation in the form, 

distribution and configuration of individual elements, as well as how they influence different processes 

at different spatial temporal scales, are common in the fields of study such as urban geography, urban 

morphology and urban design (Moudon, 1994; Oliveira, 2016).  
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Like spatial resilience in ecology, the fields of urban geography, urban morphology and urban design 

all seek to study and explain the spatial distribution of cities and elements within cities (such as 

buildings and land use); the logic and structure of cities; and the underlying processes that drive and 

change cities (Carmona et al., 2003; Moudon, 1994; Pacione, 2009). More importantly, these fields of 

study have also begun to see cities as complex adaptive systems (Batty, 2013; Hillier, 2012; Marshall, 

2012; Nel, Du Plessis, et al., 2018), meaning that it is possible to use the methods and techniques 

developed within the fields of urban geography, urban morphology and urban design to begin to 

question and reinterpret urban resilience from a spatial and morphological perspective.  

The first step in questioning the role of space, or more specifically, urban form, in helping to facilitate 

the formation of more resilient urban systems is to first grasp the relationship between the city as a 

built structure and its ability to adapt. To start, it is first important to approach the city as a social-

ecological system (Anderies, 2014; Du Plessis, 2008b). Broadly, social-ecological systems are complex 

systems that have “tightly coupled dynamic relationships in which humans, their social structures and 

their biophysical environment interact with each other as parts of one interdependent system” (Du 

Plessis, 2008b: 15). Furthermore, the social-ecological system should not be seen as separate social 

and ecological systems (Norberg and Cumming, 2008); rather, the social-ecological systems are 

integrated and coupled systems that cannot be fundamentally separated, since each component or 

subsystem influences the other (Gunderson and Holling, 2001; Nel, 2016). Yet, within urban systems, 

the physical elements of the city, such as the streets, buildings, parks, plots, are not necessarily the 

system. Instead, they can be considered as the physical elements that make up and structure the city 

and constitute the environment through, with and along which the parts of the system (the social and 

ecological agents) move and interact (Gerrits and Teisman, 2012).  

While some have argued that urban form is a complex system (Feliciotti, 2018), it is the view within 

this study that this is not the case. This is because, urban form, or more precisely the elements that 

make up and constitute the physical form of cities, such as buildings, blocks, plots, do not have agency6 

of their own (Larkham, 2019), as they are unable to make decisions on their own (Allen, 2012; Larkham 

and Conzen, 2014).7 If this is indeed the case, why study the physical form of cities? In answer this 

question, it is possible to draw on the concept of co-evolution as described by the complexity theory 

to better explain why the urban environment plays such an important role in shaping our cities and 

ultimately the spatial-morphological resilience.  

Co-evolution describes the reciprocal adaptation between the system, or more specifically, the 

systems agents, and the systems environment to changes in the other (Gerrits and Teisman, 2010; 

 

6  Chiong and Jankovic (2008: 4–5) defined an agent as “an autonomous, problem solving computational entity capable of 

effective operation in dynamic and open environments”. 
7  See Kok et al. (2021) for alternative views on agents and agency. 
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Holland, 2012). In more simple terms, co-evolution is the process whereby a change in the 

[sub]system, through behaviour or physical change, results in a change in how the system interacts 

with its environment (Allen, 2012; Nel, 2016: 47). This physical or behavioural change creates a new 

pressure on the environment and forces the environment to adapt to better respond to the new state 

of the system. This in turn, places renewed pressure on the system and forces it to respond to the 

change in its environment, and so on8 (Huys and Van Gils, 2010). The process of co-evolution tends to 

be very slow, and is largely dependent on the metabolic rate and scale of the system (Holland, 2012; 

Page, 2011).  

Due to the close evolutionary ties between the urban system and its environment, the physical (and 

morphological) elements of the city tend to reflect a great deal about the state of the system, such as 

the social and economic conditions and distributions within the city (Cortes, 2009: 45; Sharifi, 2018: 

171). According to Panerai et al. (2004: x), due to this close relationship between the city and its 

environment, it is possible to use the study of urban form to draw deeper inferences about the state 

of the city. It is for the same reasons that the process of the urban fringe-belts and the burgage cycle 

identified by Conzen (1960), are able to reflect different information about the city at different times, 

such as when a city experience periods of rapid outward growth or stagnation. Furthermore, because 

the physical form is the part of the city that can be most easily observed and where intervention can 

most easily be done (Batty, 2013: 20; Marcus and Colding, 2014: 4), it is also the best place to begin 

to study the impacts of the spatial qualities of cities on their ability to influence the capacity of the city 

to adapt to change. This is because “the manipulation of the city’s physical form is still the most 

obvious, appropriate, and least controversial approach” to city planning and design (Batty, 2013: 20). 

Within this view, any changes in the form of the city will also have an impact on the overall behaviour, 

and thus resilience, of the urban system, due to the reciprocal effects of co-evolution discussed above.  

The link between urban resilience and urban form is reinforced by Peres et al. (2016), who argued that 

in addition to social and economic aspects, urban resilience is also created from the spatial properties 

of urban social-ecological systems, and that by understanding how these properties manifest spatially, 

we may be able to restructure our spaces to create more resilient and sustainable settlements. In this 

case, urban form is key to not only understanding the process at play within the city (Hillier, 1996), 

but also in the facilitation and the formation of resilience within cities, as: “Urban forms are the 

physical substrate of the global urban system” (Salat, 2011: 32). Thus, the composition, configuration 

and distribution of urban form provides the structure for the larger system (Hillier, 2007). Here, Sharifi 

and Yamagata (2018b: 169) added to the argument by defining resilient urban form as  

 

8  Much like how widening a road causes more congestion, that then causes the road to be widened again, which causes 

more congestion(Duranton and Turner, 2009).  
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the degree to which it [urban form] can support maintaining integrity and functionality of 

urban systems, as systems nested within an interconnected network of spatial and socio-

ecological systems that are characterized by evolutionary spatio-temporal dynamics, under 

constantly changing socio-economic and environmental conditions.  

Within this view, urban form is able to maintain the integrity of the urban system because it structures 

how goods and information flows within a city (Neal, 2013; Salat, 2017). This, in turn, impacts how 

well the system is able to respond, before, during and after a disturbance (Allan et al., 2013), by being 

able to provide efficient means of communication and, if necessary provide alternative paths or 

routes, should one or more be blocked. Additionally, a desirable urban form is crucial to enabling the 

urban system to adapt (Carmona et al., 2003: 199). It does so by creating more opportunities for 

potential interaction and facilitating the capacity of the city to reorganise itself into different 

configurations as it adapts to changing circumstances (Carmona et al., 2003; Jacobs, 1961; Marcus and 

Colding, 2014; Salat, 2011). The desirable urban form not only facilitates urban resilience, it also 

contributes to creating more environmentally (Mehaffy, 2015; Newman and Kenworthy, 2006), 

socially (Talen, 2008) and economically (Boarnet and Crane, 2001; Gleeson, 2008; Tachieva, 2010) 

sustainable cities. 

Romice et al. (2020) took the idea of spatial-morphological resilience further by suggesting that urban 

form, and the design thereof, should not be seen as providing the final form of a city. Instead, they 

suggested that the role of urban form in resilience is the “creation of conditions for informal 

participative practices of self-adaptation to emerge and thrive, once designers have left. This is, to us, 

adaptive design” (Romice et al., 2020: 31 [italics in orginal]). Within this perspective, the shape, 

distribution and configuration of the urban form, therefore, creates the spatial framework required 

to set in place spatial preconditions for the system to be adaptive.  

Furthermore, within this view, adaptive capacity can be described as “the ease with which the 

system’s components can respond to an event or even anticipate possible events” (Nel and Nel, 2019: 

5 [own emphasis]). Then, using the broad conceptualisation of spatial-morphological resilience as 

proposed by Romice et al. (2020), the view within this study is that urban spatial-morphological 

resilience should be conceptualised as the extent to which the size, shape, distribution and 

configuration of the urban elements that make up and structure the physical form of cities (buildings, 

plots, blocks, streets) are able to facilitate and accommodate change and adaption within the system 

without having to undergo radical or rapid change to accommodate the required changes. 

Therefore, when viewed this way, good urban form, through the configuration of the network and in 

conjunction with size, shape and distribution buildings, plots and blocks creates the physical structure 

that can either hinder or facilitate adaptation within the city. In this sense, good urban form can be 

considered to hold latent or stored potential that creates the spatial preconditions to be able to 

accommodate urban change, while not having to undergo rapid or radical change to accommodate 
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new uses, needs and developmental pressures. Rather, spatial morphologically resilient urban form, 

within this view, should be able to change incrementally one building, plot and block at a time.  

Likewise, if the urban form of an area is unable to allow for changes in how space is used, then the 

urban form reduces the overall adaptive capacity of the city. Therefore, urban form that facilities 

spatial resilience should be able to accommodate a range of needs, both planned and unplanned, in 

such a way that minimal intervention and alteration of the urban fabric is needed to accommodate 

the current and future needs. Tachieva (2010) indicated in the Sprawl Repair Manual, how to repair 

suburban areas so as to be more in line with the principles of new urbanism. Within this work, Tachieva 

(2010) inadvertently showed how suburban types of development, for example, require larger 

interventions to allow them to respond to changing demands. Here the type of interventions required 

a range of small changes, such as modifying a building or land use, to more drastic measures, such as 

creating several new roads to allow the area to be better connected and more walkable.  

As the discussion with this study has highlighted so far, there are strong motivations for the study of 

urban resilience (Allan and Bryant, 2011; Coaffee and Lee, 2016; Davoudi et al., 2012; Masnavi et al., 

2018; Yamagata and Maruyama, 2016) and urban spatial resilience (Feliciotti, 2015; Feliciotti et al., 

2017; Forgaci and Van Timmeren, 2014; Marcus and Colding, 2014; Quigley et al., 2018; Sharifi, 2018). 

Yet, “research on resilience of urban form is still scarce” (Sharifi and Yamagata, 2018b: 168). While 

this section has begun to bridge the gap between the understanding of the relationship between 

urban form and the formation of spatially resilient settlements, the means with which the spatial-

morphological resilience can be created has still not yet been explored. This consideration is important 

for spatial planners and urban designers, as “form is their elective medium of intervention in the urban 

system” (Feliciotti et al., 2016: 2 [italics in original]) and it requires a keen understanding of what types 

of urban forms are needed and how they may impact the spatial-morphological resilience of a city. 

The next section reviews the existing literature related to spatial and morphological resilience within 

the perspective of spatial-morphological resilience developed in this section to determine what 

guidance is available for spatial assessment of urban resilience. 

3.3 Current assessments of spatial resilience 

If spatial-morphological resilience can be viewed as the extent to which the urban form is able to 

create the spatial precondition for a city to adapt to change, then for any change or intervention to 

be made it is important to first understand and assess the potential spatial-morphological resilience 

of an area. Moreover, when considering the aggregated nature and overall neglect of spatial 

considerations by leading institutional resilience frameworks discussed in Chapter 2, further work is 

needed to understand how spatial and morphological resilience of cities can be assessed. The focus 

on this section is, therefore, to review how spatial aspects of urban resilience have been approached 

within the literature. Here the specific emphasis is placed on identifying if any guidance has been 
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provided in how to assess spatial qualities of resilience and how it can be described or assessed 

spatially. Additionally, the assessment of the literature is framed within the spatial-morphological 

resilience perspective discussed in the previous section.  

To begin, a broad literature search was conducted using Scopus. The keyword urban resilience was 

used in various combinations with urban form, urban morphology and urban design. Papers in 

irrelevant fields were also excluded from the search (such as medicine, astronomy, and material 

science). The results were then scanned by title and abstract to identify the work that was most 

relevant to this study. In addition to the Scopus literature, further literature was added based on cited 

sources (snowballing) as well as other known sources. The identified papers were then reviewed based 

on the following criteria: the type of resilience approach that was used (specific or general resilience), 

the approach of the research (theoretical, conceptual, case study or applied), spatial indicators used 

or given to assess urban resilience and if urban morphology or urban form was discussed in relation to 

urban resilience. The results of the review are summarised in Table 3.2, and include additional 

comments on each source reviewed.  

Table 3.2: Summary of the review of literature on urban spatial resilience 

Source Resilience focus Approach 
Spatial 

indicators 
Urban 

morphology 
Comments 

Garcia and Vale (2017) General resilience Theoretical & 
Applied 

Yes – Limited Yes Contains a spatial morphological analysis, 
however, it does not consider all resilience 
attributes identified by the authors. 

Fischer et al.(2018) Disaster risk 
reduction 

Applied Yes Yes Development of a risk assessment for 
urban form 

Forgaci and Van 
Timmeren (2014) 

General resilience Conceptual No Yes Motivations for the use of urban 
morphology for studying general urban 
resilience  

Davis and Uffer (2013) Adaptability of 
urban form 

Conceptual & 
Applied 

Yes Yes Historical assessment of a few 
neighbourhoods. Mosley focused on 
buildings with limited analysis 

Dhar and Khirfan 
(2017) 

Climate change 
adaption & 
general resilience) 

Conceptual Limited Yes Proposed conceptual framework to 
measure urban design resilience 

Suárez et al. (2016) General resilience Conceptual & 
Applied 

Yes – highly 
aggregated 

No Analysis is conducted on a high spatial 
scale and does not include urban form 
metrics 

Allan and Bryant 
(2011) 

Disaster risk 
reduction 

Conceptual No Limited Focus on earthquake recovery 

Sharifi (2018) Specific and some 
general resilience 

Conceptual Yes Yes Literature review focused only on streets 
and street networks 

Gharai et al. (2018) Ecological 
resilience 

Conceptual Limited Yes Conceptual framework for the relationship 
between urban form and urban resilience 

Marcus and Colding 
(2014) 

General resilience Conceptual Limited Yes Conceptual framework with limited 
indicators for resilience  

Feliciotti et al. (2016) General resilience Conceptual Limited Yes Conceptual framing of resilience proxies at 
multiple scales 

Sharifi and Yamagata 
(2018b) 

General resilience Conceptual Limited Yes Conceptual framework 

Stangl (2018) Disaster risk 
reduction 

Theoretical Limited Limited Focused on resilience to specific disasters  

León and March 
(2014) 

Disaster risk 
reduction 

Case study & 
Applied 

Yes Yes Resilience for tsunami and evacuation  
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Source Resilience focus Approach 
Spatial 

indicators 
Urban 

morphology 
Comments 

Allan et al. (2013) Disaster risk 
reduction 

Case study Limited Yes Role of urban form in recovery after 
earthquake 

(Kärrholm et al. (2014) Ecological 
resilience 
(equilibriumist) 

Case study & 
Applied 

Yes No Focused on stability regimes for retailers 

Feliciotti et al. (2017) General resilience Case study & 
Applied 

Yes Yes Discussion of proxies for resilience and 
some metrics but does not integrate them 

Masnavi et al. (2018) Specific and 
general resilience 

Conceptual No No Literature review of urban resilience in 
spatial planning 

Farhan and Lim (2011) Specific resilience/ 
Disaster risk 
reduction 

Case study & 
Applied 

Yes No A case study on coastline changes and 
urban settlements 

Sitko (2016) Disaster risk 
reduction 

Case study & 
Applied 

Limited Limited Study on disaster resilience on flooding 

Fatiguso et al.(2017) Specific resilience/ 
Disaster risk 
reduction 

Case study Limited Limited Focused on built heritage 

Tumini et al. (2017) Disaster risk 
reduction 

Case study & 
Applied 

Yes Limited Study assesses the reconstruction of two 
case study cities after a tsunami 

Salat and Bourdic 
(2012b) 

General resilience Conceptual Limited Yes Theoretical discussion on urban resilience 

Nel and Landman 
(2015) 

General resilience 
– with a specific 
context 

Case study & 
Applied 

Yes Yes Focus on the potential impacts of gated 
communities on urban resilience  

Alizadeh et al. (2016) Disaster risk 
reduction 

Case study & 
Applied 

Yes Limited Study looks at disaster resilience 

León and March 
(2016) 

Disaster risk 
reduction 

Case study & 
Applied 

Yes Yes Resilience for tsunami and evacuation 

Liao et al. (2016) Disaster risk 
reduction 

Conceptual & 
Case study  

No Limited Focused on flood resilience  

Langenheim et al. 
(2017) 

Climate change 
adaption 

Conceptual & 
Case study 

Limited Limited Paper focused on technical tools for 
conduction spatial analysis 

Wu and Chiang (2018) Disaster risk 
reduction 

Case study Yes Limited Focused the process of analysing flood 
resilience 

Quigley et al. (2018) General resilience Conceptual No Limited Conceptual paper identifying proxies or 
urban resilience and urban design  

Feliciotti (2018) General resilience Conceptual & 
Case study 

Yes Yes 1st comprehensive attempt to study urban 
spatial resilience  

Romice et al. (2020) General resilience Conceptual & 
Case study 

Yes Yes Attempts to give detailed framework on 
the assessment and design of spatially 
resilience settlements 

Sharifi et al. (2021) Disaster risk 
reduction 

Case study Yes Yes Assessment of urban from in response to 
specific resilience stressors of 
earthquakes, extreme heat events, and 
floods 

Samuelsson et al. 

(2019) 

General resilience Case study Yes Yes Focused on diversity, connectivity and 
experiential typologies 

Shafiei Dastjerdi et al. 
(2021) 

General resilience Conceptual No No Provide a conceptual frame for spatial 
reliance but not metrics for assessment.  

Landman and Nel 
(2021) 

General resilience Conceptual & 
Case study 

Yes Yes – Limited 
scope 

Study focused on the spatial resilience of 
public spaces 

 

Of the 35 sources of literature reviewed, 15 focused on specific resilience or disaster risk reduction, 

while those which did discuss aspects related to building general resilience tended to be theoretical 

or conceptual in nature and provided limited guidance in terms of assessment of spatial resilience (in 

the form of indicators or measurement). Examples of research which did include a few indicators 
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include the work by Feliciotti et al. (2016), Masnavi et al. (2018), Quigley et al. (2018), and Sharifi and 

Yamagat (2018b). While those studies that did begin to explore spatial indicators for general urban 

resilience tended to only focus on one or two indicators or had a limited scope or application of the 

properties of general resilience. Examples of this can be found in Garcia and Vale (2017) [limited 

application], Sharifi (2018) [provided indicators only for connectivity, with no application]; Marcus and 

Colding (2014) [explored the potential of a few metrics]; Nel and Landman (2015) and Landman and 

Nel (2021) [limited scope and application].  

To date, only Feliciotti and colleagues (Feliciotti, 2018; Feliciotti et al., 2017; Romice et al., 2020) have 

provided detailed methods and metrics for the assessment of spatial-morphological resilience in the 

form of theory and metrics. While Feliciotti and colleagues have laid the groundwork for the 

assessment of spatial resilience there are two predominant limitations in their work. The first of these 

limitations relates to the lack of any integration, comparison or relation of resilience indicators with 

one another. Here they seem to view each indicator working in isolation from the rest and have made 

no apparent attempts to link or compare or explore the relationship between the indicators. For 

example, no indication is given on how two qualities of urban form, connectivity and diversity, are 

related to each other. The second limitation of Feliciotti’s approach relates to their approach to scale 

and cross or multiscale assessments. While there is a general consensus within the literature that any 

assessment of spatial resilience requires a multiscale spatial understanding of the urban dynamics (Du 

Plessis et al., 2019; Garcia and Vale, 2017; Romice et al., 2020; Shafiei Dastjerdi et al., 2021; Sharifi, 

2018), Feliciotti and colleagues’ approach to scale may fall short. They have approached multiscale 

assessment by studying the units of urban form elements and how they aggregate together – plots 

group to form blocks, blocks group to form statutory areas – while maintaining a study area on 

predominantly the same spatial scale.  

While this aggregation approach is largely consistent within the traditional urban morphology debate 

(Moudon, 1994), it limits the understanding of the dynamics within the city and across scale. This is 

because, to a large extent, the aggregation approach largely ignores the need to account for the 

interplay and interaction between elements and how, through the interaction, they group and 

aggregate to form higher level system structures in a process that Salingaros (2000: 295) called 

coupling (discussed in more detail later). This approach to aggregation and scale also made the study 

susceptible to issues related to the modifiable areal unit problem, as it relies on the use of areal units 

for the aggregation process (discussed in more detail in Chapter 4). 

Feliciotti and her colleagues are not alone in these concerns. From the studies that have explored the 

assessment of spatial and morphological resilience from a general resilience perspective (see Table 

3.2), the vast majority did not integrate or compare the metrics of resilience or described how the 

metrics or properties of resilience they assessed, work together. Garcia and Vale (2017: 190–199) 

made an attempt to provide an integrated resilience metric. However, they have not explored the 
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spatial and morphological considerations of urban resilience in much detail. They have limited their 

study to assessing the changes in streets, blocks, plots and green space, yet not linking these changes 

back to the fundamental system properties that are required for the formation of spatial-

morphological resilience. Although many papers call for a multiscale spatial understanding of urban 

resilience (Feliciotti et al., 2016; Sharifi, 2018), there are a few examples of how multiscale 

considerations should be accounted for (Feliciotti, (2018), being the exception).  

While spatial considerations are not the only determinant of urban resilience, the urban system is 

embedded within space. As such, the physical space of the system does play a large role in facilitating 

or impeding the formation of urban resilience (Feliciotti, 2015: 3). Furthermore, the common 

consensus within the reviewed literature was that urban form and design play an important role in 

the formation of the general resilience of urban systems. The next question to ask is which spatial-

morphological properties of cities enable the formation of resilience? To answer this question, the 

next section makes the link between urban resilience and urban design by exploring how the common 

properties of complex systems build resilience that can be linked to space and spatial processes.  

3.4 The spatial qualities of urban resilience 

Throughout the discussion within this chapter, the importance of urban form and design in creating 

urban resilience has been emphasised. Yet, despite the increasing interest in studying the relationship 

between urban form and resilience in recent years, there are still a limited number of studies linking 

urban form and design to urban resilience (Masnavi et al., 2018), and specifically within a general 

evolutionary resilience perspective. One possible reason for the limited studies into the spatial 

qualities associated with general resilience may be because, as described in Chapter 2, resilience is an 

emergent property of a complex adaptive system (Berkes et al., 2008; Martin-Breen and Anderies, 

2011). As a result, resilience can only be indirectly inferred (Carpenter et al., 2005) or the spatial 

precondition put in place (Romice et al., 2020) without any guarantee that an area will be resilient. 

Moreover, because of the emergent nature of general resilience, it makes asking the questions of 

“resilience of what to what?” more difficult to answer (Carpenter et al., 2012; Walker and Salt, 2006), 

as general urban resilience is focused on the ability of the city to adapt to unknown or unforeseen 

disturbances (Peres, 2016; Sanchez et al., 2018).  

Yet, as noted in Chapter 2, within the emergent resilience perspective, one possible approach to 

studying and ultimately improving the general resilience of a city is to identify and enhance the system 

characteristics that are associated with creating the precondition for the formation of urban resilience 

(Peres, 2016). However, the challenge is that not all the identified system characteristics can be easily 

studied or assessed spatially. This was made clear by the fact that currently, the literature that has 

begun to explore the spatial and morphological aspects of urban resilience have provided a limited 

number of methods and metrics to assess the spatial qualities of urban resilience. The next section 
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seeks to take this discussion further, by exploring which system characteristics, previously identified 

in Chapter 2, that could potentially facilitate the formation of general resilience, are also present in 

the literature of urban design and specifically in the urban design literature pertaining to spatial 

resilience. Once identified, each of the characteristics, or called directives for spatial-morphological 

resilience, are discussed in more detail. 

3.4.1 Linking urban resilience with urban design 

This section aims to take the discussion of the spatial and morphological questions of urban resilience 

further by identifying the intersections between urban design (including urban morphology) and the 

characteristics of complex adaptive systems, which are associated with creating the conditions for the 

formation of general urban resilience.  

Before being able to identify appropriate spatial and structural characteristics for spatial-

morphological resilience, some basic criteria for selecting and identifying the characteristics must first 

be decided. For the purpose of this study, the following three criteria were used. First, only 

characteristics of complex adaptive systems associated with the formation of general resilience were 

considered (as identified in Chapter 2). Second, as the focus of this study was on the role of urban 

form in creating the spatial preconditions for the formation of urban resilience, any characteristic 

should have observable physical or structural properties or be measurable through other spatial 

characteristics. Thus, non-spatial properties, such as learning and foresight, were automatically 

excluded from this selection. Third, the selected spatial characteristics should be found within both 

resilience and urban design literature. Given these criteria, the literature identified and summarised 

in Table 3.2 in the previous section was reviewed once more against these criteria. 

The results of the second review of the literature suggested that there is no clear consensus within 

the urban design literature as to which specific spatial characteristics or qualities of urban form are 

most likely to facilitate urban resilience, as the authors tend to have their own perspective through 

which they approach resilience. However, there appears to be several areas of overlap, where authors 

have begun to identify similar spatial properties that contribute to the formation of spatial resilience. 

These are summarised in Table 3.3, which contains a list of spatial characteristics identified by various 

authors from an urban design perspective, which they suggested as facilitating urban resilience. 

Additionally, the identified characteristics in the table were limited to include only the characteristics 

related to the structural and spatial characteristics of cities.  
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Table 3.3: Summary of spatial resilience characteristics within urban design literature 

Spatial characteristic Source 

Complexity [10]; [12]; [13]; [16] 

Connectivity/ Movement/ Feedback 
[1]; [2]; [3]; [4]; [5]; [7]; [8]; [10]; [11]; [12]; [14]; [15]; [16]; 
[17] 

Capital/Density/ Clustering/ Intensity [2]; [3]; [6]; [8]; [10]; [12]; [16] 

Diversity 
[1]; [2]; [3]; [4]; [6]; [7]; [8]; [9]; [10]; [11]; [13]; [15]; [16]; 
[17]; [18] 

Efficiency  [4]; [9]; [12]; [13] 

Flexibility [3]; [11]; [13] 

Latency [3] 

Modularity [1]; [3]; [4]; [9]; [13]; [14]; [15]; [16]; [17]; [18] 

Redundancy/ Heterogeneity [1]; [3]; [4]; [7]; [8]; [9]; [11]; [13]; [14]; [16]; [17]; [18] 

Robustness [7] 

Scale/ Hierarchy/ Panarchy [4]; [5]; [6]; [12]; [16] 

Sources: [1] Anderies (2014); [2] Davis and Uffer (2013); [3] Dhar and Khirfan (2017); [4] Feliciotti et al. (2015, 2016, 
2017) + Feliciotti (2018) + Romice et al., (2020); [5] Forgaci and Van Timmeren (2014); [6] Garcia and Vale (2017); [7] 
Gharai et al. (2018); [8] Marcus and Colding (2014); [9] Masnavi et al. (2018); [10] Nel and Landman (2015) + Landman 
and Nel (2021) ; [11] Roggema (2014); [12] Salat and Bourdic (2012b); [13] Sharifi and Yamagata (2018b); [14] Sharifi 
(2018); [15] Suárez et al. (2016); [16] Du Plessis et al. (2019); [17] Shafiei Dastjerdi et al. (2021); [18] Peres et al. (2016) 
 

One of the more compelling arguments for a specific set of spatial characteristics (referred to as spatial 

proxies in their work) has been made by Feliciotti and her colleagues (Feliciotti, 2018; 2015, 2016, 

2017; Romice et al., 2020). Feliciotti et al. (2015) conducted an extensive literature review comparing 

the principles of urban design with those found in the social-ecological resilience literature. Within 

their focus of master planning, Feliciotti and colleagues identified two types of urban resilience 

characteristics: behavioural and structural. Behavioural characteristics refer to how the system 

operates, while the structural characteristics relate to the structural properties of urban areas, which 

are associated with the behaviours. Of interest to this study is the structural principles identified. 

Feliciotti (2018: 123), Feliciotti et al. (2015; 2016) and Romice et al. (2020: 40) identified five structural 

spatial characteristics related to urban resilience, namely diversity, connectivity (in the form of scale-

free connectivity and scale hierarchy), redundancy, modularity, and efficiency. For Feliciotti’s group, 

these structural characteristics, can be easily studied through the elements that make up the urban 

form, namely buildings, plots, streets, blocks and sanctuary areas.  

Through the process of creating a conceptual framework for resilient place assessment, Shafiei 

Dastjerdi et al. (2021) identified connectivity, diversity, redundancy and modularity as resilience 

reinforcing attributes of cities. Nel and Landman (2015), in their investigation on the spatial resilience 

of gated communities in Pretoria, utilised five spatial principles for their investigation, diversity, 

connectivity (which both contribute to complexity), proximity and intensity. Similarly, in there study 

of several public spaces with the City of Tshwane, Landman and Nel (2021) and Landman (2019) used 

the spatial properties of diversity, proximity, intensity and connectivity in their study of resilience 

public spaces.  



 

82 

Du Plessis et al. (2019) have also identified several spatial system characteristics, or what they term 

spatial directives of resilience. The directives identified by Du Plessis et al. (2019) include diversity, 

connectivity, redundancy, proximity, modularity and concentration. For these authors, the spatial 

adaptive capacity a city (its spatial resilience) can be enhanced by intervening in the structural 

elements of the city. More specifically, Du Plessis et al. (2019), in conjunction with Landman (2019) 

and Peres et al. (2016), suggested that the qualities of the spatial resilience directives can be improved 

by altering the spatial organisation of the city, through changes in the form, function and flow of 

elements within the city.  

In addition to the characteristics identified, other authors have also emphasised the importance of 

density and spatial clustering of the built form, people and activities in facilitating urban resilience 

(Davis and Uffer, 2013; Dhar and Khirfan, 2017; Garcia and Vale, 2017; Marcus and Colding, 2014; Nel 

and Landman, 2015; Salat and Bourdic, 2012b). Lastly, scale hierarchy and efficiency, called hierarchic-

efficiency in this study, has also been frequently mentioned in the literature as being necessary for 

creating urban resilience (Feliciotti, 2018; Forgaci and Van Timmeren, 2014; Garcia and Vale, 2017; 

Salat and Bourdic, 2012b), as well as being a key element of the panarchy concept of social-ecological 

resilience (Folke et al., 2010; Gunderson and Holling, 2001).  

In short, from a review of the literature into the system characteristics associated with spatial qualities 

of resilience, six spatial urban characteristics can be identified to improve the spatial adaptive capacity 

of a city. These characteristics, termed as spatial-morphological resilience directives,9 are 

connectivity, diversity, urban potential (in the form of density, intensity and capital), redundancy, 

modularity, and hierarchic-efficiency (efficiency across the spatial hierarchy). These directives were 

selected, not only for their value in creating the spatial precondition for spatial-morphological 

resilience but also for their long-standing association as qualities that help create functional urban 

spaces. These six directives for spatial-morphological resilience can be further grouped into three 

broad types based on their role and relationship to urban form and the formation of spatial-

morphological resilience. These groups are structural, embedded and emergent types of directives. 

The first type, called structural directives for the purpose of this study, refers to the directives that can 

be conceptualised as providing the structure to the urban form by directing the intensity, variation, 

distribution and configuration of the urban elements that constitute the urban form, such as the 

buildings, plots, blocks and streets. The spatial-morphological resilience directives that fall into this 

group are connectivity, diversity and urban potential (density). Moreover, these three directives are 

often regarded as the key spatial elements that tend to determine the structure of the urban 

landscape by dictating the form and configuration of streets (connectivity), function and variation of 

 

9  The resilience characteristics are called spatial resilience directives for this study, as these are the system characteristics 

that direct and dictate the potential for the formation of spatial-morphological resilience. 
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the plots and blocks (diversity), and intensity of use and the flows (urban potential) between places 

(Carmona et al., 2003; Dempsey et al., 2010; Marcus and Colding, 2014; Salat, 2011). 

The second group, termed embedded directives, refer to the urban properties that are embedded 

within the urban form and are therefore formed due to the interaction and structure of form, 

configuration and distribution of the structural directives. The spatial-morphological resilience 

directives that fall into this group are redundancy and modularity. The final type of directive, called in 

this study the emergent type, is described by the hierarchic-efficiency directive. This emergent type of 

directive can be viewed as a result of the collective behaviour and interactions of the structural and 

embedded directives and is therefore, integrated within the collective urban fabric. Moreover, while 

the structural and embedded directives can be studied spatially, the emergent directive is a result of 

the interaction and structure of the structural and embedded directives, and therefore, can be studied 

and measured through the collective structure or behaviour of the structural and embedded directives 

across the urban area of interest. Figure 3.11 graphically shows the six spatial-morphological resilience 

directives as well as how they can be grouped into the three basic groups, structural, embedded and 

emergent.  

 

 

Figure 3.11: Directives of spatial-morphological resilience 
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To summarise, this section identified which of the characteristics of complex adaptive systems that 

are associated with creating the conditions needed for resilience to emerge, are frequently found 

within the urban design literature and can also be studied spatially. These characteristics were called 

the spatial-morphological resilience directives and are described by connectivity, diversity, urban 

potential, redundancy, modularity and hierarchic-efficiency. Furthermore, the directives were group 

into three main types: structural (connectivity, diversity, urban potential), embedded (redundancy, 

modularity) and emergent (hierarchic-efficiency); based on how they relate to the urban form of the 

city. In the section to follow, a description of each of the six spatial-morphological directives is 

provided. The discussion focuses on describing how each of the directives can be studied spatially as 

well as how to work towards facilitating the spatial-morphological resilience of a city.  

3.4.2 Directives for spatial-morphological resilience  

Within this study, the structural type directives are regarded as the spatial-morphological directives 

that make up the urban fabric. As such, structural directives can be viewed as those urban attributes 

that can be observed and measured spatially and make up the urban tissue. Furthermore, the 

structural directives can be studied and measured, to an extent, independently of each other. Of the 

six directives found to be commonly associated with facilitating spatial-morphological resilience, three 

fall under the umbrella of structural directives, namely connectivity, diversity and urban potential (in 

the form of density, intensity and capital). The structural directives are discussed first as they form the 

basis for the other directives as well as the amended directives of redundancy and modularity. This is 

followed by a description of the emergent directive of hierarchic-efficiency. For all directives, a 

description of how they contribute to the formation of spatial-morphological resilience is presented 

as well as an overview of how each of the directives can be understood and measured spatially. 

3.4.2.1 Connectivity directive  

The importance of connectivity cannot be overstated, as without good connectivity urban areas 

cannot function (Marshall, 2005; Reggiani et al., 2015). This is because connectivity is the spatial-

morphological resilience directive that connects places and provides access to urban functions 

(Marshall, 2005). It can be regarded as the binding factor between all other resilience directives. 

Furthermore, within urban studies, connectivity is often regarded as one of the most important 

features of a city because connectivity determines how goods flow and people interact (Porta et al., 

2011; Salat, 2011; van Nes, 2002) and has been the focus of many studies (Hillier, 1999; Olazabal et 

al., 2018; Porta et al., 2006b). Studies of connectivity within urban form typically focus on the urban 

mobility network and how it is structured (Boeing, 2018b; Penn et al., 1998). However, the focus of 

this discussion is primarily centred on the role that streets play in facilitating spatial resilience, because 

“[s]treets and road networks are the backbones of cities. They are fundamental for emergence of cities 

and guide their growth and evolution” (Sharifi, 2018: 171). Furthermore, streets are the longest lived 
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of the various components that make up the urban tissue and tend to stay the same for decades and 

even centuries and can be considered to be a relatively permanent part of the urban fabric (Carmona 

et al., 2003).  

Cities can be described as a set of interrelated complex networks which facilitate the emergence of 

locations within the network (Salat, 2017: 112). Locations are created because of the interactions that 

happen within these complex networks (Batty, 2013; Salat, 2017). Therefore, the science of networks 

has become a popular way of studying cities, as it enables the hidden order beneath the structure of 

the city to be unearthed, making it possible to better to plan and design within and despite the 

complexity of the city (Porta et al., 2006b).  

Studied through networks, connectivity can be broadly defined as a measure of the minimum number 

of network components (nodes or edges) that must be removed from a connected network (network 

where all nodes are reachable) to disconnect that network (Barthélemy, 2011a). An alternative 

definition is that connectivity is “the ability to create and maintain a connection between two or more 

points in a spatial system, [and] is one of the essential elements that characterise complex networks” 

(Reggiani et al., 2015: 5). In essence, connectivity can be regarded as a measure of the resilience of 

the network to random failures as “complex networks with high connectivity provide more routing 

choices to agents and are more robust against failure” (Boeing, 2017b: 73).  

The increase of network connectivity, through redundant connections, allows the system to 

reorganise should a link or section of the network fail. It does so by allowing the system to reroute 

resources through alternative paths. A lack of connectivity is often the cause of failure of functions 

after a perturbation (Ahern, 2011). Areas with low levels of connectivity are likely to have several 

points of failure and are thus the areas that are most vulnerable to disruption. This can, for example, 

be seen in the urban form of cities in areas with low permeability and many choke points. In areas like 

this, the movement through the network is forced to flow through a few places and any failure along 

these choke points is likely to result in a total disruption in the movement and cause, for example, a 

traffic jam (Boeing, 2017b: 74). Therefore, a multiplicity of connections protects a city from random 

failures, through enhanced route options to maintain functional connectivity after a disturbance. 

Improved connectivity also builds the capacity of the city to adapt and evolve by creating more 

opportunities for potential interaction. Additionally, through a diverse array of connections, higher 

connections can enable the city to reorganise itself into different configurations should the need arise 

(Jacobs, 1961; Salat, 2011). However, it should be emphasised that overconnectedness is also not 

desirable as it leads to inefficiency and wasted resources (Feliciotti et al., 2016) and includes, for 

example, too many roads to maintain as well as taking up a great deal of space for roads (Sevtsuk et 

al., 2016).  
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While the overall connectivity of the network is important, the structure of the network, strength and 

distribution of connections are perhaps even more important for spatial resilience (Feliciotti et al., 

2017; Salat and Bourdic, 2012b). This is because changing the structure of the network changes how 

goods and people move and interact and can have significant consequences for the way in which a 

city is able to respond (Nel and Nel, 2012). Within urban morphology, the configurational approach, 

in particular, has a long history of studying the structure of urban street networks and how they 

change. Moreover, configurational analysis also studies the impacts and relationships between the 

network and other urban activities (Hillier et al., 1993; Porta et al., 2011; van Nes, 2002). While the 

study of urban spatial resilience is still largely unexplored, the literature that discusses connectivity, 

through urban form, has typically done so using configurational analyses methods (Abshirini and Koch, 

2017; Feliciotti, 2018; Marcus and Colding, 2014; Romice et al., 2020; Sharifi, 2018). 

As mentioned previously, configurational analysis draws heavily from the graph theory (network 

theory). Graph theory provides a rich framework with supporting metrics that have already been 

applied with complexity theories of cities, and other urban studies by many authors (Batty, 2009a, 

2013; Boeing, 2017a, 2018a; Crucitti et al., 2006a; Hillier, 2007; Hillier and Hanson, 1984; Porta et al., 

2006a). Within the graph theory, there are two broad approaches to studying urban networks. The 

first considers the global or overall properties of the entire network (metric). The second looks and 

understanding the relationship of the internal elements of the network and describes their relative 

importance within the network (topological). These two approaches with several of their 

accompanying metrics are next discussed in relation to urban resilience. 

 Global connectivity measures  

Global or metric measures of connectivity are used to describe the overall properties of a network (or 

subnetwork). These metrics are not only used for comparisons between networks, but they can also 

provide insights into the overall status of the network in terms of its connectivity. Typically, metric 

types of measures are used to study the links, also called edges or arcs (streets in urban networks); 

nodes, also called vertexes or points (road intersections in urban networks); and the relationship 

between the links and nodes. The most common metrics for each are discussed and the appropriate 

equations for each metric can be found in Table 3.4. 

The first metric to be discussed is the beta index (β), also called the link-node ratio. The beta index is 

the simplest measure of network connectivity as it measures the relationship between the links and 

the nodes within a network. This link-node ratio provides an indication of the connectedness of a 

network (Boeing, 2017b). Typically, disconnected, tree-type networks, tend to have a beta score of 

less than 1. A simple network with one cycle/loop, for example, has a beta value of 1, while complex 

networks have a score greater than 1 (Rodrigue et al., 2013), see example shown in Figure 3.12. In 

terms of resilience, the beta index describes the number of connected links (roads) within the 
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network. A low beta value indicates an urban network structure that is more typical of a tree-like 

structure (network (a) in the figure), with many dead ends, and little redundancy. This metric is also 

used as a walkability indicator in some urban studies (UN-Habitat, 2013). 

 

Figure 3.12: Three different networks 

(a) tree-like network; (b) simple single cycle; (c) fully connected network 

Building on the beta index, the gamma index shows how much the network under observation 

resembles a fully connected network (Figure 3.12c), where every node is connected to every other 

node (Sevtsuk, 2014). Put differently, the gamma index shows the ratio between the actual number 

of links in the network compared to the maximum number of possible links within that same network. 

The gamma index can have a range from 0 to 1, where a completely connected network will have a 

score of 1. In networks with a higher gamma index, it is possible to move from one place to another 

more directly as less intersections (nodes) will have to be traversed (Rodrigue et al., 2013; Sevtsuk, 

2014). 

Table 3.4: Global network metrics 

Metric Formula Source Equation # 

Beta index 𝐵𝑒𝑡𝑎 𝑖𝑛𝑑𝑒𝑥 (𝛽) =
𝑒

𝑣
 (Rodrigue et al., 2016) Eq 3.1 

Gamma Index 𝐺𝑎𝑚𝑚𝑎 𝐼𝑛𝑑𝑒𝑥 =
𝑒

𝑣2 − 𝑣
2

 (Rodrigue et al., 2016) Eq 3.2 

Cyclomatic number 𝐶𝑦𝑐𝑙𝑜𝑚𝑎𝑡𝑖𝑐 𝑁𝑢𝑚𝑏𝑒𝑟 (µ) = 𝑒 − 𝑣 + 𝑔 (Sevtsuk, 2014) Eq 3.3 

Maximum number of 
cycles 

𝑀𝑎𝑥: 𝐶𝑦𝑐𝑙𝑒𝑠 = [
(𝑣2 − 𝑣)

2
] − (𝑣 − 1) (Sevtsuk, 2014) Eq 3.4 

Redundancy Index 
𝑅𝑒𝑑𝑢𝑛𝑑𝑎𝑛𝑐𝑦 𝐼𝑛𝑑𝑒𝑥 =

𝑒 − 𝑣 + 𝑔

[
𝑣2 − 𝑣
2 ] − 𝑣 + 1

 
(Sevtsuk, 2014) Eq 3.5 

e is the number of links; v is the number of nodes; g is the number of connected nodes (excluding culs-de-sac). Indexes 
of different areas can be compared with each other provided they are normalised (i.e. µ/Km²). 

While the previous two metrics indicated how connected the network is, the cyclomatic number 

provides an indication of the number of redundant paths. The cyclomatic number calculates the 

number of possible alternative routes or closed loops within the network (how many closed circuits 

are in the network). The cyclomatic number is a useful measure of the redundancy within a network 
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or subnetwork (Bourdic et al., 2012). In terms of urban configurations, a simple grid pattern layout 

with four blocks will have four closed circuits (Figure 3.12a). On the other hand, a network with a tree-

like structure, as seen in many suburban areas with cul-de-sacs, will not have many, or any, closed 

loops (Figure 3.13b). Tree networks will typically only have a single shortest path between all the 

nodes within the network. While tree-type urban patterns are more efficient, requiring fewer roads 

to connect places, they are also very hierarchical and greatly limit travel options while also being more 

vulnerable to disruptions (Boeing, 2017b; Salat, 2011; Sevtsuk, 2014). Urban areas with low cyclomatic 

numbers will be more vulnerable should a key link or node fail, as there are only a limited number of 

possible alternative routes. Additionally, areas with low cyclomatic numbers will have many 

circulation chokepoints, which force movement through a single point in the network. If there is any 

disturbance at a choke point, the entire network is likely to fail, for example, if an accident happens 

on an important road and the entire area is gridlocked. On the other hand, areas with high cyclomatic 

numbers have much greater redundancy within the network and are thus, more permeable. This also 

allows the network to respond to changing circumstances better, and therefore improving the overall 

resilience of the area (Bourdic et al., 2012). 

 
(a) An urban grid of four city blocks: where e = 12;  

v = 9; Gamma Index = 1/3; Cyclomatic Number = 4; 

Maximum Cycles = 28; Redundancy Index = 0.14 

(b) A tree type network: where e = 21, v = 22.  

Gamma Index ≈ 0.09; Cyclomatic Number = 0;  

Maximum Cycles = 210; Redundancy Index = 0.  

Source Sevtsuk (2014) 

Figure 3.13: Exampel of global network metrics on two hypothetical networks 

The redundancy index takes the cyclomatic number further and is an additional metric indicating 

choice within the network. The redundancy index calculates the ratio between the cyclomatic number 

of the network and the maximum possible cyclomatic number for the same network. The redundancy 

index indicates how vulnerable the network is to divisions (Sevtsuk, 2014). If the redundancy index 

has a score of 0, then the observed network is described as being a tree-like network. Whereas, if 

redundancy index is equal to 1, the network would be completely connected, with a multitude of 

possible alternative paths open, should one or more paths fail. The redundancy index is a useful metric 
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to assess the resilience of the network, as it is easy to calculate how vulnerable the global network (or 

subnetwork) is, should parts of the network be removed for some reason.  

The global network measures discussed above describe various properties of the entire network. It is, 

therefore, important that these measures be interpreted with care, as they are aggregated indicators 

and are vulnerable to the modifiable areal unit problem (discussed in more detail in Chapter 4). 

Additionally, the global measures, as described here, are merely descriptions of the network in terms 

of the relationship between the links and nodes and do not take spatial distance into account. Lastly, 

the global measures discussed are indicative of the entire network and do not allow for identification 

of specific areas or places within the network that may be more or less vulnerable. For these reasons, 

the global measures should be used sparingly when assessing spatial-morphological resilience. The 

next section explores the most common local connectively measures that are used to describe the 

relative connectivity of an individual link or node within the network. 

 Local connectivity – access 

The global network metrics discussed above only give information about the connectivity of the entire 

network, they do not provide any information about the relative importance of the individual internal 

components (links or nodes) of the network. Local or internal network metrics, on the other hand, 

allow for individual network components to be identified and studied in terms of how well they are 

connected within the network. Internal network measures also allow for the identification of 

vulnerable links or nodes and, thus, it is possible to identify areas that may need intervention to 

improve the connectivity of the larger area.  

Internal network metrics use measures of centrality and access to identify the most important nodes 

or links within a network (Zhong et al., 2014). However, according to Sharifi (2018: 175), currently, 

“[e]mpirical evidence on the association between centrality measures and resilience is scarce”. Most 

studies that used centrality measures in relation to resilience only focused on the resilience, or rather 

robustness, of the network itself and did not link their studies with the broader resilience debate.10 

While Sharifi (2018: 175) made suggestions to use centrality and access measures in assessing 

resilience (in addition to a few global measures discussed above), that discussion remains conceptual 

with no application. Authors like Marcus and Colding (2014) have explored how centrality and access 

measures may be practically applied to the broader resilience debate; however, their discussion is still 

limited in application. To date, only Feliciotti (2018) and Romice et al. (2020) have made any significant 

study with associating internal network measures with spatial resilience. However, the assessments 

they have done, have still only been on limited case studies or small urban areas. However, there are 

some measures of centrality and access in the literature. The following discussion describes these. The 

 

10  See Aydin et al. (2018), Mattsson and Jenelius (2015) and Masucci and Molinero (2016), for examples. 
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relevant formulae for metrics discussed can be found in Table 3.5. The metrics described below can 

be broadly grouped into three categories: access, flow and efficiency, and are described accordingly.  

Access is a common concept in urban planning and design and describes how locations within an area 

are linked and the ease of reaching each location (Sevtsuk, 2010). Kwan (1998: 194) indicated that 

typically, accessibility measures “use the impedance effect of distance, time, or generalized transport 

costs and the spatial distribution of urban opportunities to produce numerical indices of accessibility 

for each location in a study area”. Kwan (1998) further said that access measures can be broadly 

grouped into two categories, namely cumulative opportunities and gravity-type measures. 

Cumulative-opportunity measures, sometimes called ‘reach’ in the literature (Sevtsuk and Mekonnen, 

2012a; Stavroulaki et al., 2019), view access in relation to the total number of opportunities that can 

be reached from an origin point, along the network and within a predefined distance or travel time 

(Kwan, 1998: 194).  

The first of the access metrics to be discussed is closeness centrality, also called integration in the 

Space Syntax (Hillier, 2007). While closeness centrality has stronger ties to the traditional graph 

theory, it can be seen as a form of cumulative opportunities to access measure. It measures the 

average distance between each location (node or link) to all other locations along the shortest path 

(Crucitti et al., 2006a), and is described as “the inverse of the total distance required to reach from i 

to all surrounding destinations j within the given access radius r” (Sevtsuk, 2014: 34). In short, 

closeness centrality is an index that indicates how near one location is to every other location within 

the network and is a useful measure of the relative proximity of a place within the city (Boeing, 2017b). 

If a limiting radius is applied (distance, time or number of turns) it can also give the proximity or ease 

of movement at a local scale (Sevtsuk and Mekonnen, 2012a). A lower closeness centrality score, 

weighted or unweighted, implies that a location is surrounded by a denser and better connected 

network than an area with a higher closeness centrality score, within a given radius (Kang, 2017).  

While closeness centrality indicates the proximity of one location in relation to others, in terms of the 

inverse of the distance, the reach index (Sevtsuk and Mekonnen, 2012a; Stavroulaki et al., 2019) or 

Cumulative-opportunity Rectangular Access Index (Higgins, 2019b; Kwan, 1998), calculates the 

number of locations that can be reached along the shortest path and within a given radius (Sevtsuk 

and Mekonnen, 2012a). When weights are used for the locations (for example, a number of people 

per building), then the reach index calculates the number of weighted opportunities that can be 

reached from every location within the specified distance. The reach index provides a good measure 

of both access and potential choices for a location. Furthermore, it allows the variation in access to be 

assessed within an area (Marcus and Colding, 2014).  

This final type of access measure discussed here is that of the gravity-type access measures (gravity 

index). Unlike the reach index, which treats “all opportunities within the distance threshold equally, 
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regardless of their distance from the origin location” (Sevtsuk, 2010: 37),11 the gravity type measures 

take into account that more effort is required to reach more distant locations (even if they are within 

the threshold distance) by including a spatial impedance factor. In more precise terms, gravity 

measures consider that the accessibility of a location (origin) is proportional to the weight 

(attractiveness) of the destinations surrounding that location, and that access is inversely proportional 

to the network distance between the location (origin) and the destination (Sevtsuk, 2014). Overall, 

gravity measures are able to incorporate the attractiveness of a destination as well as the distance or 

effort required to reach that destination into a single value (Sevtsuk, 2010), making them useful 

measure for urban analysis.  

Gravity measures use a distance decay function, also called distance friction or the impedance function 

to manage the effect of the distance decay along the shortest path. Kwan (1998) noted that there are 

three common types of impedance functions for gravity measures. These impedance functions are the 

inverse power, negative exponential and the modified Gaussian functions. These differences in the 

different impedance functions are shown in Figure 3.14. The figure shows how each of the impedance 

functions conceptualises the distance decay (or distance friction) as the distance between the origin 

and destination increases. The exact rate of the distance decay for each function is controlled by the 

impedance parameter β. Typically, an increase in the value of β corresponds to a steeper curve and 

implies a higher friction as distance increases.  

 

Figure 3.14: Example of different impedance functions used within gravity-type access assessment. 

Source: Adapted from Higgins (2019) 

 

11  In a practical sense, this means that the reach index regards a location that is 450 m away, as being equally accessible as 

a location that is 500 m away, provided that they are both within the threshold distance. 
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Overall, accessibility is largely determined by the arrangement of the network (Verma et al., 2019), 

with any changes to the configuration of an area, for example, by including or taking away of a road, 

can have repercussions for the overall access within the network. Studying the access of different 

areas is important for spatial-morphological resilience, as it allows areas with poor connectivity to be 

identified. Accessing poor areas are more likely to be cut off should part of the network be disrupted. 

Additionally, as noted by Sharifi (2018: 174), key facilities such as hospitals and fire stations should be 

located in areas with high accessibility as they are able to reach more areas with the least amount of 

time and effort, and are thus able to respond faster to any disruptions.  

Table 3.5: Common internal connectivity metrics 

Name Formula Description Type Eq # 

Closeness 
centrality 

𝐶𝐶
𝑟[𝑖] =  

1

∑ (𝑑𝑖𝑗 ∙ 𝑊𝑗)∀𝑗∈𝐺≠𝑖;
𝑑𝑖𝑗≤𝑟 

 

Closeness is the inverse of the total 
weighted distance and measures how 
close a specific location is to all others 
on the network 

Access Eq 3.6 

Reach index 
𝐶𝑅

𝑟[𝑖] =  ∑ 𝑊[j]

∀𝑗∈𝐺−{𝑖};

𝑑[𝑖,𝑗]≤𝑟

 

Reach calculates the sum of all 
weighted opportunities [W] at 
locations [j] that are within the 
distance [r] of a location [i]. This 
measure captures the centrality of a 
location in relation to others on the 
network 

Access Eq 3.7 

Gravity index 
𝐶𝐺

𝑟[𝑖] =  ∑
𝑊[𝑗]

휀𝛽.𝑑[𝑖,𝑗]
∀𝑗∈𝐺−{𝑖};

𝑑[𝑖,𝑗]≤𝑟

 

Gravity builds on the Reach metric but 
applies a distance decay function β to 
account for the spatial impedance 
required to reach each of the locations. 
As the gravity index shows the 
attractiveness of locations (based on 
[W]) and the difficulty of reaching that 
destination. Gravity index thus 
indicates spatial interaction among 
location, along the network. 

Access Eq 3.8 

Betweenness 
centrality 

𝐶𝐵
𝑟[𝑖] =  ∑

𝑛𝑗𝑘[𝑗]

𝑛𝑗𝑘
∀𝑗∈𝐺−{𝑖};

𝑑[𝑖,𝑗]≤𝑟

∙ 𝑊[𝑗] 

Betweenness reflects the number of 
times a location [i] lies on the network 
path between location [j] and [k] and 
can be weighted by the opportunities 
at building [j]. Betweenness is a good 
indicator of potential flow along the 
network 

Flow Eq 3.9 

Straightness 
index 

𝐶𝑆
𝑟[𝑖] =  ∑

𝛿[𝑖,𝑗]

𝑑[𝑖,𝑗]
∀𝑗∈𝐺−{𝑖};

𝑑[𝑖,𝑗]≤𝑟

∙ 𝑊[𝑗] 

Straightness indicates how closely the 
network distance d[i,j reflects the 
Euclidean distance δ[i,j]. Straightness is 
an indicator of efficiency through 
directness 

Efficiency Eq 3.10 

Note: CC is Closeness Centrality; CR is Reach Index; CG is Gravity Index; CB is Betweenness Centrality; CS is Straightness Index. 

i: location as the origin; j: destination location; G: network; r: network radius; d[i, j]: shortest network distance between 

locations i and j; δ[i, j]: Euclidian distance between locations i and j; njk[i]: number of routes that pass through location i 

between j and k in radius r; from location i; njk: number of paths between locations j and k; Beta(β): decay parameter for 

units; W[j]: weight of location j.  

Source: Modified from Sevtsuk and Mekonnen (2012) and Kang (2017) 
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The second type of internal metric discussed falls within the flow type of centrality metrics. The flow 

metrics calculate the potential through movement along a path or at an intersection, with 

betweenness centrality 10f

12 (Freeman, 1977) being the most commonly used indicator within this type. 

Betweenness centrality is an indicator that shows the number of shortest paths that pass along a point 

or path between two other locations (Barthelemy, 2017). Betweenness centrality is used to estimate 

the “ease with which a location can be accessed en route while travelling between other locations” 

(Sevtsuk, 2014: 34 [emphasis in original]). Betweenness has been found to be a good predictor of 

traffic flow along a path (Rodrigue et al., 2013). Additionally, the maximum betweenness centrality of 

a network, which shows the proportion of shortest paths that pass through the most important 

locations, is also a good indicator of network resilience, as networks with high maximum betweenness 

are more likely to experience inefficiency or failure should an important link or node be disrupted 

(Boeing, 2017b).  

The final type of internal metric discussed here falls under the group of network efficiency. Efficiency 

metrics typically consider how much extra energy is needed to reach a location. While there are many 

different types of efficiency metrics (Barthélemy, 2011b; Crucitti et al., 2006a; Gallotti and 

Barthelemy, 2014; Porta et al., 2006a; Rodrigue et al., 2013), the focus here is on straightness 

centrality (also called the diversion ratio). Straightness centrality (Porta et al., 2006b) is related to the 

idea that the more direct the path between two places, the less energy is needed to travel from point 

A to point B, with the most direct path being a straight (Euclidian) path. In short, straightness centrality 

indicates the extent to which the path between the location of interest to all other locations, along 

the shortest path and within the search area, resembles a straight line (Barthélemy, 2011b). For 

straightness centrality, the scores closer to 1 indicate a more efficient urban form, at that scale, as 

there are more direct paths between locations. The importance of having efficient networks, 

specifically at local scales, is expressed by Porta et al. (2010: 116), who argued that “the efficiency of 

networks at the global level increases with the increase of their efficiency at the local level”. This 

shows that urban form does not only impact on its immediate area, rather, because of the interlinked 

and scaling nature of networks, the small-scale urban form can have cascading effects on the larger 

system. Porta et al. (2010) continued to support this by stating that “a street pattern that exhibits 

strong local efficiency is more likely to also present strong global efficiency”.  

According to Sharifi (2018: 174), typically, urban areas with “high centrality values indicate a 

polarization of accessibility in the system”. However, this statement would be highly dependent on 

the areas as well as type of measure being assessed. Instead, what may be more valuable to argue in 

the case of spatial resilience, is that cities whose movement networks have too large a discrepancy 

between the minimum and maximum centrality values can be regarded as being polarised. 

 

12  Choice in Space Syntax. 
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Furthermore, the streets that have very high centrality are the streets the city is most dependent on 

and are thus the streets most likely to cause disruption should they be compromised in any way (Aydin 

et al., 2018). Therefore, an argument can be made that spatial-morphological resilience requires 

mobility networks whose access and centrality are somewhat more distributed over the network. At 

the same time, it is important to note that spatial differentiation is needed within cities (Porta et al., 

2009; Sharifi, 2018). Authors such as Salat (2017) and Feliciotti et al. (2016) argued that one way to 

strike a balance between high and low measures, such as betweenness centrality, is that these 

measures should follow a power-law type of distribution.13 Power-law distributions are statistical 

distributions, where the frequency of streets with a particular centrality score (for example, 

betweenness centrality), is proportional to the inverse of its score. This implies that there should be 

proportionally fewer streets with high centrality values compared to those with low centrality values. 

According to Pumain (2012: 98), urban infrastructure typically shows a power-law distribution with an 

exponent below 1, and often reflects urban patterns which are “hierarchically self-organising 

according to a fractal geometry” (Pumain, 2012). Power-law distributions are discussed in more depth 

when discussing the hierarchic-efficiency directive.  

As the discussion above has highlighted, each of the connectivity measure discussed evaluates 

different aspects of urban form. However, together they provide a great deal of insight into the 

collective impact of different urban configurations within the entire urban area. The next section 

discusses diversity and its role in building spatial-morphological resilience as well as some of the 

existing measures of diversity within the urban studies. 

3.4.2.2 Diversity directive 

Jane Jacobs (1961) famously noted the value of diversity in creating vibrant urban areas in the 1960s. 

Since then, diversity has been the subject of many urban studies over the years (Cervero and 

Kockelman, 1997; Fainstein, 2005; Ferreira, 2016; Quigley, 1998; Sardari Sayyar and Marcus, 2011; 

Talen, 2006, 2008). Furthermore, diversity is often regarded as one of the most important factors for 

creating resilience in systems (Cumming et al., 2008; Page, 2011), as it provides options to urban areas, 

allowing them to better respond to disruption. Additionally, diversity also aids in building cities’ 

adaptive capacity (Ferreira, 2016). Diversity builds urban resilience because it allows the city to draw 

from a variety of resources that are able to resist shocks and respond to disruptions in different and 

even novel ways (Anderies, 2014; Peres, 2016).  

From an urban morphology perspective, spatial diversity can be related to spatial variation (size, 

shape, location) in urban form elements, such as buildings, plots, blocks and streets at a given scale 

(Bourdic et al., 2012: 595). Examples of diversity metrics include experiential diversity (Samuelsson et 

 

13  This can also apply to many other urban metrics and not just betweenness centrality. 
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al., 2019), plot diversity and accessible plot diversity (Bobkova et al., 2017), block diversity (Garcia and 

Vale, 2017) and network diversity (Sardari Sayyar and Marcus, 2011). However, land use diversity is 

likely the most common type of diversity studied within the literature.  

From the perspective of land use, functional diversity can be summarised as the spatial distribution of 

functions within the city (Boeing, 2018a). However, when working within the lenses of functional and 

response diversity (discussed previously), functional diversity goes beyond studying the number 

(richness) of different uses and the ratio between functions (evenness of diversity). Rather, in addition 

to the richness and evenness of the distribution of functions, functional diversity also considers that 

different functions operate at different spatial scales, and is thus scale dependent (Dovey and Pafka, 

2018; Salat, 2011). In short, functional diversity studies how functions are distributed spatially and at 

varying scales because not all activities operate at the same spatial scale. For example, if the function 

of health care is considered, within which the responses of a small clinic and a large hospital are 

compared, the clinic will operate at a local or neighbourhood scale, while a large hospital will operate 

at a regional scale. At the same time, the expectation would be that there would be proportionally 

many more clinics compared to the number of large hospitals. This type of spatial distribution, as with 

many other urban functions, tends to follow a power-law distribution (Barabási and Bonabeau, 2003; 

Chen and Zhou, 2008; Cottineau et al., 2017; Pumain, 2012; Salat, 2011, 2017).  

Moreover, the spatial distribution of functions within the city is important to create vibrant urban 

environments (Jacobs, 1961; Talen, 2008). More importantly, the distribution of key functions can 

create varying degrees of complexity (Page, 2011), something which is vital for resilience (Feliciotti et 

al., 2016; Salat, 2011; Salat and Bourdic, 2012b). Alexander (1966), through his paper A City is Not a 

Tree, eloquently showed how having spatial overlaps between functions can create a great deal of 

complexity. Similarly, having a diverse set of functions in close proximity to each other also creates a 

great deal of complexity as there are more potential spatial overlaps, and thus more interactions 

between uses and users (Ahern, 2011; Salat, 2011).  

There are many different ways of studying functional diversity; here, two different methods are 

discussed. The first uses the Shannon diversity index (Shannon, 1948) as a measure of the diversity of 

elements. The second measure described is the mixed-use index proposed by Van den Hoek (2008). 

The Shannon diversity index (also called the Shannon−Wiener index), was originally based on the 

work that Claude Shannon developed to calculate the entropy of information (called Shannon 

entropy) in communication (Spellerberg and Fedor, 2003). However, it was found that the entropy 

function can also be used as an expression of heterogeneity (Peet, 1974). The Shannon diversity index 

(H’) is able to take both abundance (how many types of elements) as well as the evenness of the 

distribution (how many elements within each type) into account. The function for Shannon diversity 

is shown in Eq 3.11, where the results with a higher number indicate how greater the diversity. When 
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applied to land use, building, plot or block types, the diversity index is able to indicate the relative 

diversity, or homogeneity of elements within an area.  

To normalise the diversity index, and thereby permit areas to be compared, an evenness index is 

calculated, shown in Eq 3.12. Evenness represents how evenly the diversity (land uses or types of 

plots) are spread within an area. The results of the evenness index are between 0 and 1, where 0 

indicates that a single (or very few) types of land use dominate the area, while scores closer to one 

suggest that the distribution of land use is more even between all the locations (Morris et al., 2014). 

Zhang and Kukadia (2005) indicated that the evenness index is often used to quantify land use 

balances within an area. What is valuable about the Shannon diversity index is that it allows areas with 

varying numbers of groups (i.e. buildings) and abundance within groups (land uses) to be compared 

with each other (Morris et al., 2014).  

H′ = −∑𝑝𝑖  . ln 𝑝𝑖

𝑆

𝑖=1

 Eq 3.11 

𝐸𝐻 = 
𝐻′

lnS
 Eq 3.12 

Notes: H′ is the diversity index and 𝐸𝐻 is the evenness index. 

Where 𝑆 is the number of categories; 𝑖 is the total number of elements; 𝑝𝑖 is the proportion of elements within the 𝑖th 
group and ln is the natural logarithm of 𝑝𝑖;  

 

The Shannon diversity index, like many other entropy-based measures of diversity (such as the 

Simpson diversity index), has also been criticised. The Shannon diversity can be regarded as not being 

a true indicator of mix, rather it is an indicator of balance (Kockelman, 1997). Additionally, as noted 

by Krizek (2003) and Dovey and Pafka (2017), indexes such as the Shannon diversity give all functions 

an equal weighting within an area. For example, “a neighborhood with 10 percent residential and 90 

percent commercial would rank the same as if the proportions were reversed” (Krizek, 2003: 274). 

Thus, these types of indexes cannot fully consider the balance of land use mix, for example, as they 

disregard the context and importance of some functions when compared to others. Additionally, as 

noted by Zhang and Kukadia (2005), most diversity indexes calculated within zones (also called areal 

units), such a census tracts, and are thus susceptible to the MAUP (Modifiable Areal Unit Problem) 

(discussed in more detail below), which makes scaling of the data difficult. Finally, when the results of 

the Shannon index are mapped spatially or shown graphically, the results cannot differentiate 

between different types of uses, therefore it cannot show which specific use is dominant within the 

visualisation. Because of these critiques, several authors (Dovey and Pafka, 2017, 2018; Higgins et al., 

2020; Inbakaran and Howes, 2011; Nel et al., 2019; Van Nes et al., 2012; Ye and van Nes, 2014) made 

use of the mixed-use index (MXI), initially developed by Van den Hoek (2008, 2009), as an alternative 

means to explore functional mix within urban planning and design.  
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In his approach, Van den Hoek (2008) argued that there are mixable and non-mixable functions within 

the city. Non-mixable functions are those typically related to large-scale and or noxious land uses such 

as airports, harbours or industrial uses. Mixable uses are residential, office, commercial, religion and 

recreational spaces. Van den Hoek (2009) maintained that all mixable uses can be broken into their 

simplest properties and grouped into three main urban functions of housing, working and amenities. 

The MXI, according to Van den Hoek (2009: 201), seeks to find a “functional balance between the 

number of housing, working, and amenities on the scale of the urban neighbourhood”, and can be 

defined as the “proportion of housing, working and amenities on the scale of the urban 

neighbourhood”. This formulation can be expressed mathematically in Eq 3.13 (adapted from Ye, 

(2016: 63). Within this formulation, any unit of measure can be used but is typically expressed as 

hectares and floor space in square metres. Using this formulation, Van den Hoek (2009) was able to 

graphically show the relationship between the proportion of each function within a neighbourhood 

by using a ternary diagram (Figure 3.15). Van den Hoek’s work has been taken further by a few authors 

such as Van Nes et al. (2012), Ye and Van Nes (2014) and Ye (2016); who have combined the MXI with 

the Spacematrix (Spacemate), concept (originally created by Rådberg (1988, 1996) and that 

Berghauser Pont and Haupt (2010) later developed further) to study the relationship between urban 

form, functional mix and density.  

𝑀𝑋𝐼 =  
𝐻𝑜𝑢𝑠𝑖𝑛𝑔𝐴
𝐺𝑟𝑜𝑠𝑠𝐴

% ,
Working 𝐴
𝐺𝑟𝑜𝑠𝑠𝐴

% ,
Amenities𝐴
𝐺𝑟𝑜𝑠𝑠𝐴

% 

and 

𝐻𝑜𝑢𝑠𝑖𝑛𝑔𝐴
𝐺𝑟𝑜𝑠𝑠𝐴

+
Working 𝐴
𝐺𝑟𝑜𝑠𝑠𝐴

+ 
Amenities𝐴
𝐺𝑟𝑜𝑠𝑠𝐴

= 100% 

Eq 3.13 

Where 𝐻𝑜𝑢𝑠𝑖𝑛𝑔𝐴 is the proportion of land uses dedicated to the function of housing; 𝑊𝑜𝑟𝑘𝑖𝑛𝑔𝐴 is the proportion of land 

uses dedicated to the function of working; Amenities𝐴 is the proportion of land uses dedicated to the function of amenities; 

𝐺𝑟𝑜𝑠𝑠𝐴 is the total area of all land uses. All values are expressed in the common unit (i.e. m²). 

 

Figure 3.15: Functional mix triangle, showing varying urban types according to their mix of functions 

Source: Van den Hoek (2009) 
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Dovey and Pafka (2017, 2018) further developed the MXI by redefining the groupings from the original 

categories of Housing, Working and Amenities to what they call Live, Work and Visit (shown in Figure 

3.16 (left)). In addition, as a large aim of the work by Dovey and Pafka (2018) was the visualisation and 

mapping of the functional mix, they have also redefined the colour scheme of the ternary diagram 

(shown in Figure 3.16 (right)) to aid in the visualisation an interpretation of the MXI. In addition to 

redefining the key categories of the MXI, Dovey and Pafka (2018) also made two other modifications. 

First, they have included a weighting to the functions, as according to Dovey and Pafka (2018: 27), a 

“small store in a residential neighbourhood contributes far more to the mix than an apartment of the 

same size and its effect will be lost unless the visitation areas are weighted accordingly”. They 

recommend using a ratio of 1:2:5 for Live/Work/Visit, respectively.  

 

Figure 3.16: Organisation of urban functions into the mixed-use index 

Grouping of overlapping functions (left) and the updated Live/Work/Visit triangle (right). Source: Dovey and Pafka (2018) 

The second adaptation made by Dovey and Pafka (2018) is the inclusion of a multiscale assessment of 

the MXI. While a multiscale assessment is not a major improvement on its own, their method of 

assessment was different. Dovey and Pafka (2018) created a grid (what they termed a catchment) of 

varying sizes (for different scales) over the study and assessed the functional mix within each cell (see 

Figure 3.17, for an example). Through this method, they showed, using three case studies (Manhattan, 

Barcelona and Bogotá) how with an increase in assessment scale, the functional mix within the city 

also increases. (The results of their analysis are shown in Figure 3.18.).  
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Figure 3.17: Multiple scales 

Source: Dovey and Pafka (2018) 

Multiscale assessments of diversity can be regarded as being essential, yet Dovey and Pafka’s (2018) 

method of multiscale assessment has some potential downfalls. The largest of these being related to 

the use of a grid system to create the various scales. These grids create areal units and allow the land 

use data to be aggregated to a higher scale; however, because the areal units are not based on a 

functional definition for each grid, they are susceptible to the MAUP. The MAUP is discussed in more 

detail later but, in short, the MAUP is a problem that arises due to the creation of artificial boundaries. 

Zhang and Kukadia (2005: 73) identified two major effects of the MAUP: First, the scale effect, where 

“variation in data values and measurement results due to data aggregation from one spatial scale to 

another”. The second challenge caused by the MAUP is termed the zonal effect. Zhang and Kukadia 

(2005: 73) described the zonal effect as an outcome that “exists when a set of spatial units in a given 

scale is recombined into different zones and the recomposition generates variations in data values 

and measurement results”. An additional effect of the MAUP and the use of aggregated areal units, is 

that all areas within the unit are regarded as being homogeneous, with all spatial variations within the 

unit being lost (Longley, 2017). This means that, for example, the distribution of land use within the 

areal unit would be regarded as being evenly distributed. This effect can be clearly seen in Figure 3.18 

(100 ha). Finally, because of the use of a grid and nested areal units to aggregate the information to 

assess the functional mix at the higher scales, Dovey and Pafka (2018) made the assumption that all 

parcels of land within the gird are equally accessible from each other. Therefore, this method provides 

no indication of the impact of the network in being able to access the functions and assumes that all 

functions, regardless of the diversity, are evenly distributed within the grid.  
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Figure 3.18: Mixed use index assessment of Manhattan, Barcelona and Bogotá 

Source: Dovey and Pafka’s (2018) 

Both the Shannon diversity index and the MXI have a great deal of potential to inform urban studies 

about the functional diversity and potential mix of the urban form within a city. Furthermore, the 

results of both indexes can aid in identifying areas with low levels of diversity and would likely be less 

able to easily respond and adapt to changing circumstances. Additionally, for both the Shannon 

diversity index and the MXI, the current methods of implementing them spatially would involve using 

areal units to aggregate land use data, thus care should be taken to minimise the challenges associated 

with MAUP. 
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Having discussed connectivity and diversity, the next structural directive of spatial-morphological 

resilience to be discussed is what is termed in this study as urban potential that links strongly to the 

system characteristics of capital, resourcefulness and reserves discussed in Chapter 2.  

3.4.2.3 Urban potential directive 

Having reserves (spare capacity or extra resources) in case of an emergency has long been 

documented as being vital for resilience (Langridge et al., 2006; Walker and Salt, 2012). This is because 

the more resources a system can draw in a time of crisis, the less likely it is that the system will go 

over a threshold needed to collapse or tip the system into a different state. Having extra capacity 

creates buffers for the system and gives it more time to respond and adapt (Gunderson and Holling, 

2001; Resilience Alliance, 2010; Walker and Salt, 2012).  

In their work on volumetric urbanism, Bruyns et al. (2021: 6) viewed that building volume can be 

considered as a “direct measure of the activity capacity of the built environment or, more specifically, 

the potential to house activities or opportunities contained within buildings at given locations”. 

Therefore, if people or buildings, for example, are conceptualised as a type of capital or potential 

resource that cities can make use of, then the density of these resources (population or building 

density) may be regarded as the accumulation or storing of that potential capital.  

Density, as a concept, has long been used in studies of urban areas (Berghauser Pont and Haupt, 2010; 

Lu et al., 2017; Marshall et al., 2019), and according to Hamaina et al. (2014: 250), can be defined as 

“as a concentration measure of certain entities in a given area”. Some of the most common measures 

of density include population, services, employment, dwellings, floor area, and buildings (Berghauser 

Pont and Haupt, 2010; Hamaina et al., 2014; Lu et al., 2017; Marshall et al., 2019). Furthermore, the 

concept of density has long been associated with building sustainable urban settlements (Berghauser 

Pont and Haupt, 2010; Carmona et al., 2003), enhancing efficiency through ease of access to facilities 

(Jacobs, 1961) and agglomeration effects (Batty, 2013). In addition to providing stores and spare 

capacity, density also allows for more potential interactions between people, but more importantly, 

higher density and more compact urban form is “essential in order to maximize the generative 

capacity of urban systems” (Dewar and Uytenbogaardt, 1991: 43).  

According to Dewar and Uytenbogaardt (1991: 43), more dense and compact urban forms improve 

the number of local opportunities that can be accessed at lower cost (time or finances). Conversely, 

less compact urban areas greatly increase the cost of interaction. The repercussions of less compact 

and dense urban form, according to Dewar and Uytenbogaardt (1991), is that small-scale activities 

(like small businesses) are less likely to survive due to the higher costs required to maintain the same 

level of interaction. Building on this notion, higher densities, which encourage more interactions, also 

facilitate the creation of new ideas – cities as generators of innovation (Florida, 2003; Johnson, 2008; 
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Nijkamp and Reggiani, 2000) – that allow the city to create new and innovative ways to respond and 

adapt (Coaffee and Lee, 2016). 

Given the discussion above, higher density would then imply that the urban area would have access 

to more resources, while also needing less effort to gain access to the same amount of resources when 

compared to a lower density area. Additionally, higher densities also allow for more potential 

interaction, or chance encounters, as described by Jane Jacobs (1961). Said differently, as density 

relates to the physical form of cities, it may be regarded as the potential stored within the urban fabric, 

or simply the stored urban potential 2f

14 provided by configuration, size and intensity of buildings, plots 

and blocks.  

There are many different types and measures of density. According to Berghauser Pont and Haupt 

(2009), and indicated previously, density measures in urban areas are typically defined as the number 

of units (people or dwelling units) per area of land or areal unit. Summarised in Table 3.6 are a few of 

the common measures of density typically used within urban studies.  

Table 3.6: Collection of various areal unit-based density measures. 

Measure Definition Formula Equation No. 

Population density  Number of people per area unit 𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛

𝐴𝑟𝑒𝑎
 Eq 3.14 

Dwelling unit 
density 

Number of dwelling units per area unit 𝑁𝑜 𝑜𝑓 𝑑𝑒𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑢𝑛𝑖𝑡𝑠

𝐴𝑟𝑒𝑎
 Eq 3.15 

Network density  The amount of network (length) per area 
unit 

𝑇𝑜𝑡𝑎𝑙 𝑛𝑒𝑡𝑤𝑜𝑟𝑘 𝑙𝑒𝑛𝑔𝑡ℎ

𝐴𝑟𝑒𝑎
 Eq 3.16 

Intersection density The number of road intersections per area 
unit 

𝑁𝑜 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑡𝑖𝑜𝑛𝑠

𝐴𝑟𝑒𝑎
 Eq 3.17 

Plot density  Number of land parcels per area unit 𝑁𝑜 𝑜𝑓 𝑝𝑙𝑜𝑡𝑠

𝐴𝑟𝑒𝑎
 Eq 3.18 

Subdivision 
intensity 

Number of land parcels which have been 
subdivided per area unit 

𝑁𝑜 𝑜𝑓 𝑝𝑙𝑜𝑡 𝑠𝑢𝑏𝑑𝑖𝑣𝑖𝑠𝑖𝑜𝑛

𝐴𝑟𝑒𝑎
 Eq 3.19 

Floor Space Index  Floor space index, also called the floor 
space ratio, is the ratio between the gross 
floor area of buildings and the total area 

𝐺𝑟𝑜𝑠𝑠 𝑓𝑙𝑜𝑜𝑟 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔𝑠

𝐴𝑟𝑒𝑎
 Eq 3.20 

Ground surface 
index or coverage 

The ratio between the built-up area (i.e., 
building footprint) and the non-built-up 
area within the study area boundary 

𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝑓𝑜𝑜𝑡𝑝𝑟𝑖𝑛𝑡

𝐴𝑟𝑒𝑎
 Eq 3.21 

Open space ratio 

The amount of non-built space at ground 
level per gross floor area 1 − 𝐺𝑆𝐼

𝐹𝑆𝐼
 Eq 3.22 

Sources: Rådberg (1996) Berghauser Pont and Haupt (2009); Boyko and Cooper(2011) and Salat (2011) 

 

14  Density is not always a good thing as many people in one place also means that there is also more potential for greater 

damage should a disaster, such as an earthquake, happen (Lall and Deichmann, 2009). As such there should always be a 

balance in terms of how much density an area has. 
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From Table 3.6, it is possible to see that the measures of density are simply ratios between a specific 

unit (number of dwellings) and a predefined area of land, often measured with an areal unit (Boyko 

and Cooper, 2011). With these types of density metrics, it is possible to describe the current capital of 

an area. As initially shown by Rådberg (1996) and later expanded on by Berghauser Pont and Haupt’s 

(2009, 2010) Spacemate (Spacematrix), it is possible to describe additional aspects of the urban form 

of an area. However, these types of measurements are a static and only described the urban form and 

the capital or stored urban potential within a location or areal unit  

15 and have been criticised in the 

literature as being a confusing and contested issue (Higgins et al., 2020; Marshall et al., 2019).  

Higgins et al. (2020) noted that there are several critiques against traditional measures of density. 

These critiques include, first, that density is a complex concept, with different measures meaning 

different things (Marshall et al., 2019) that can make it difficult to implement in practice (Churchman, 

1999). Second, many measures of density are independent from the morphological properties of an 

area, and therefore provide limited information about the urban form of the area (Alexander, 1993; 

Berghauser Pont and Haupt, 2007; A Forsyth, 2003). Third, because density measures rely on areal 

units that are normally based on administrative or arbitrary delineations, most density measures are 

likely to be impacted by statistical bias due to issues associated with the modifiable areal unit problem 

(Higgins et al., 2020; Openshaw, 1984a). Fourth, typical measures of density have been critiqued as 

ignoring the subjective or perceived density of an area (Berghauser Pont and Marcus, 2014; Dovey 

and Pafka, 2014). Fifth, typical measures of density have been criticised for the limited use and 

description of the 3D aspects of urban form (Batty, 2009b; Bruyns et al., 2021).  

Because of the manner in which density is conceived and described, it is a static measure and does 

not indicate the potential ease with which the unit being measured (for example, the buildings, built 

volume or jobs) can be accessed or used. Furthermore, as Bruyns et al. (2021: 8) stated, while “high 

densities are indicative of a compact and compressed urban form, it is the intensity of interactions 

between people that occur within this form that reflects the urban vitality, dynamism and atmosphere 

associated with how a place functions”. Furthermore Shelton et al. (2010: 16) indicated that the 

density of urban form does not create vitality; instead, it is the relationship that density has with the 

network that creates intensity and complexity within the city.  

Moreover, if, for example, the buildings are conceived as the capital stored with the urban fabric, then 

for a city to be spatial-morphologically resilient, it means that it, or rather the people within the city, 

are able to easily and effectively access, use and direct the stored capital (Galderisi, 2014). Thus, 

because of the static nature of these measures of density, they do not indicate the potential 

interaction, or the intensity of interactions, between locations or how easily it is for the urban area to 

 

15  Because these metrics are defined per area unit, typically within a defined zone or boundary, they are susceptible to the 

ecology fallacy of the MAUP (Berghauser Pont and Haupt, 2009: 90). 



 

104 

access the stored capital available to it. As such, alternative, non-areal unit based measures of density 

and interaction are needed that can consider how much capital or resources are stored, both how 

easily resources can be accessed and the potential interaction between locations.  

According to Sevtsuk (2010: 35), 

The notion of accessibility is somewhat similar to the notion of density. However, unlike density, 

which summarizes features of the built environment per unit area of land, accessibility 

summarizes features of the built environment as seen from a specific location.  

Using the argument presented by Sevtsuk (2010), accessibility or location-based assessments (when 

weighted) provide a better measure of both the extent of potential capital stored in an urban area 

and the ease at which these stores of capital can be accessed, as well as the integration potential. 

Furthermore, as shown by Berghauser Pont and Marcus (2014) and Dovey and Pafka (2014), it is also 

possible to capture the perceived density of an area using accessibility based assessments.  

When assessing both access to an opportunity (capital) and potential interaction between locations, 

gravity-type access measures, discussed previously, prove to be the most attractive measure of stored 

urban potential. This is because gravity-type measures are able to measure the potential access to 

capital a location has, as well as indicating the potential intensity of interaction (of different types of 

capital such as population or built volume) between locations (buildings) at multiple spatio-temporal 

scales (Östh et al., 2015; Sevtsuk, 2010). Thus, the application of gravity-type measures could provide 

a more accurate indication of the ease at which the capital stored in the city can be utilised. An 

example of the use of a gravity-type measure for resilience can be found in Östh et al. (2015), who 

used a gravity-type measure to assess the economic resilience of Sweden. While a useful example of 

the application and importance of access for resilience, their assessment of resilience was focused on 

aggregated regional economic indicators of resilience and largely excluded urban form indicators.  

3.4.2.4 Redundancy directive 

The three structural characteristics of connectivity, diversity, and urban potential (density) discussed 

above, are the basis for the formation of all the other directives as the variation in shape, distribution 

and intensity of urban form dictates the location and density of buildings plots, blocks as well as the 

connectivity between them through the street network. This section now moves on to describe 

redundancy, the first of the embedded directives. Redundancy, as the discussion to follow shows, is a 

morphological property that is essentially entrenched into the fabric and functioning of the city 

through, primarily, the structure, strength and distribution of connectivity, diversity and urban 

potential directives. 

As discussed in Chapter 2, redundancy can be defined as the extent to which different components of 

the city can provide the same or similar functions and with the aim of achieving similar goals (Anderies, 
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2014; United Nations and Asian Development Bank, 2012). In short, redundancy implies some form of 

duplication or back-ups of system components and or functions should one or more fail. Increased 

redundancy allows the urban area to reorganise and respond to disturbances in a multitude of ways, 

by drawing on different elements to provide the same function, should it be needed. When 

redundancy is viewed spatially in this way it can, for example, be seen as having more than one route 

or mode of transport that allows people to move through the city should a route be blocked or a mode 

of transport fail.  

However, Liao (2012) noted that redundancy is not only about replication of features and functions; 

rather, it also requires variation within each functional group. This links the discussion to diversity, 

which, as discussed previously, also facilitates redundancy by having a variety of responses that are 

able to perform the same function, albeit in different ways and at different scales. Variation within 

groups, through response diversity, for example, provides further capacity for the system to respond 

to stress, as the system is able to use “alternative resources or paths when the principal ones are lost” 

(Feliciotti et al., 2016: 3). However, Gharai et al. (2018: 25) also noted that there is a difference 

between diversity and redundancy by stating that the 

difference between redundancy and diversity is that the indicator of diversity includes a variety 

of urban elements, e.g. various land uses, while the indicator of redundancy includes the 

multiplicity of a specific type of urban elements … [and that] … Multiple backup and strategic 

urban services can be easily replaced with each other when necessary, allowing the possibility 

of self-reorganization. 

Gharai et al. (2018) implied that redundancy should be considered merely as pure redundancy (as 

defined by Page, (2011: 228), while diversity, specifically response diversity, would imply what Page 

(2011: 228) called degeneracy (discussed previously). Gharai et al. (2018: 25) further stated that 

measuring redundancy in the urban area would include identifying the “multiplicity of alternative 

transit routes, multiplicity of main urban backup services and enhancement of green spaces and public 

open areas per capita”. Importantly, Gharai et al. (2018) also noted that there is still no clear guidance 

as to what the appropriate level of redundancy for each function is and at what scale.  

In terms of urban from, Feliciotti et al. (2017: 70) saw redundancy as entailing “that the same facility 

or good is provided in different forms, by different independent agents, in different sizes … [and which 

is] … appropriately contained in a mixture of plots of different sizes”. Additionally, Salat and Bourdic 

(2012a) argued that redundancy in the urban form also entails having multiple available paths through 

improved connectivity in the urban movement network. Salat and Bourdic (2012a) went on to say that 

urban patterns that resemble leaves in a semi-lattice structure have far more redundant paths 

compared to urban forms which resemble tree-like structures.  

Keeping with the metaphor of the tree and the leaf, Figure 3.19 helps to illustrate how network 

redundancy allows reorganisation after a shock. In the image two different types of leaves are shown: 
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a lemon leaf (left) and a ginkgo leaf (right). Both leaves have a hole punched into them, essentially 

simulating a breakdown or disruption to the network. The lemon leaf, which has a well-connected 

semi-lattice network structure, shows how nutrients can be redirected to all parts of the leaf, even 

when a main artery is cut off, thus allowing the leaf to continue functioning. Within the ginkgo leaf 

(right) does not have any network redundancy; the sections that have been cut off from the network 

die off as they are unable to receive any nutrients (Monroe, 2010). In the same way as the leaf, 

complex street networks with multiple connections, build resilience capacity through redundant 

circuitry, allowing the city to continue functioning even when a part of the network has been cut off 

(Ahern, 2011; Masucci and Molinero, 2016; Salat and Bourdic, 2012b).  

 

Figure 3.19: Metaphor of the tree and the leaf 

Lemon leaf (left) shows how nutrients can still be supplied to the leaf even when a main artery is cut off,  

while in the ginkgo leaf (right), the sections which have been cut off, die off 

Image source: E. Katifori, Rockefeller University (Monroe, 2010).  

An example from the real word advocating for the value of redundancy can be seen by using an 

instance from Hong Kong. On 16 October 2018, Hong Kong’s MTR (metro rail) had a breakdown on 

four of its lines due to signalling errors in the system (Yau, 2018). For some users, this meant that 

“journey times were extended by 40 minutes on some of the routes” (Lam et al., 2018). However, at 

many MTR stations, buses were available that could provide an alternative means of transport, albeit 

not as directly, but this was not the case for users along some of the more peripheral lines. In these 

cases, the nearest bus stop was too far to walk, or none of the available buses were going in the right 

direction. As a result, many passengers were left to wait, with many users having “complained of being 

stuck for hours” (Yau, 2018). What this simple example highlights, is the importance of not only having 

more than one mode of transport, but also the spatial distribution of redundant elements within the 

system.  

In terms of measuring redundancy spatially, several authors (Bourdic et al., 2012; Sharifi, 2018; Zhang 

et al., 2015) suggested that using the cyclomatic number (discussed in the connectivity directive 
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previously) is a good metric of network redundancy. Additionally, Boeing (2017b) and Sharifi (2018) 

both noted that urban networks with high maximum betweenness centrality values are also 

vulnerable to disruption as urban configurations with very high maximum betweenness are also those 

that are most likely to have tree-like structures, and thus have low levels or redundancy. Additionally, 

Marcus and Colding (2014: 8) referred to what they called spatial redundancy as being “created by 

increasing the accessibility in the system as well as increasing its capacity to carry differences through 

land division into plots and parcels”. Marcus and Colding’s definition of spatial redundancy 

incorporates access into their conceptualisation of redundancy as well as implying that the grain, or 

rather, the abundance of plot subdivisions, can also be considered as a type of redundancy.  

What the discussion above has highlighted, is that while redundancy, at its core, is a very simple 

concept, it also has broad implications for urban resilience. Furthermore, because of the simplicity of 

the concept, there are numerus possible indicators or aspects to measure to assess the redundancy 

of an area. For this study, redundancy is considered as the duplication of key urban functions (Feliciotti 

et al., 2017). However, duplication is meaningless unless it is possible to reach the function. Therefore, 

access to duplication or accessible redundancy (Marcus and Colding, 2014) to key urban functions is 

the first measure of redundancy suggested for improving spatial-morphological resilience. The second 

measure involves assessing the redundancy of the movement network. This can be done in two ways. 

First, using measures such as the cyclomatic number, has proven effective in assessing the redundancy 

of urban networks (Nel and Landman, 2015). Second, assessing the number of different modes of 

transport that are accessible from any place (counting the number of accessible bus or rail stops). 

While more redundancy is generally considered good, Garcia and Vale (2017: 202) also questioned 

“what do you count when it comes to knowing whether there is sufficient redundancy”. This then begs 

the question of how much redundancy is needed and at what scale as redundancy come at a cost of 

reduced efficiency (Anderies, 2014). To date, no clear answers have been provided to this question.  

3.4.2.5 Modularity directive 

Like redundancy, modularity is a directive that can be conceived as being embedded within the 

structure of the urban form and arises as a result of the relationship between connectivity, diversity 

and urban potential. While often mentioned within the literature, modularity is perhaps the least 

studied and ill-defined of the directives identified. This is especially true when related to urban 

resilience and even more so for spatial-morphological resilience. As a result, there is no, or little, 

precedent to draw from in terms of how to identify or study modularity spatially and specifically within 

the urban form of cities. As such, this section is aimed at exploring the concept of modularity in more 

depth.  

Modularity in complex urban systems can be described by four main characteristics. First, modularity, 

or modules, are created by the coupling of individual units or elements through strong, short-range, 
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internal connections (Salingaros, 2000; Suárez et al., 2016). Second, modules are characterised by the 

clustering of urban elements at varying scales (Dhar and Khirfan, 2017). Third, modules can operate 

as semi-autonomous wholes, meaning that they can operate somewhat independently from their 

surroundings (Ahern, 2013). Lastly, there is an implicit nesting of modules into larger wholes (Suárez 

et al., 2016). These characteristics of modularity, especially the latter, are also very similar to the 

concept of Holons, first introduced by Koestler (1967). Holons are described as nested subsystems 

that make up a nested hierarchy (Du Plessis, 2008a: 79). Holons can be regarded as a “structuring 

entity (it includes its own parts) as well as structured (it is part of another holon)” (Mella, 2009: 11 

[Mella’s italics]). Furthermore, holons are “not the structure but of the structure, a centre for the 

relationships with the other components” (Mella, 2009:11). Said differently, holons can be regarded 

as being a ‘whole’ (its own entity), while at the same time being part of another larger entity. And 

because of their nested nature, holons are the parts of the system where different levels of the system 

interact with each other. The aggregation of, and interaction between, the holons [to be called 

modules hereafter] leads to higher levels of complexity, and resilience, through cross-scale 

interactions (Gunderson and Holling, 2001; Simon, 1962). It is also through the aggregation of modules 

that hierarchies are able to form (Salat et al., 2014; Simon, 1962).  

Furthermore, because of the nature of modularity described above, it facilitates spatial-morphological 

resilience in several ways. Due to the strong internal network structure, any shock within the module 

will move quickly between components, yet because of the weaker long-range connections between 

modules, the shock is unable to spread to the rest of the system (Allan et al., 2013; Walker and Salt, 

2006). For example, if there is an accident on a highway or failure of power of a station, the effects of 

the disruption are contained within the area and do not ripple through to the rest of the city. A second 

benefit of modularity is that, because of the internal structure of the modules (strong internal 

connections and week long-range connections), the system is able to experiment in one area, without 

any negative effects of such experimentation distributing to the rest of the system (Garcia and Vale, 

2017: 136). Furthermore, due to the way in which submodules aggregate to form higher level 

modules, if one module experiences any type of problem, the resources within the lower level 

modules, if they have spare capacity, can be redistributed across the hierarchy as and where needed, 

thus aiding in a time of crisis. An example may be if there is a power failure in one area (a transformer 

breaks down), power may be diverted from other areas to support the area in need without fear of 

being affected themselves. Alternatively, if a local hospital reaches its capacity during a pandemic, 

other hospitals within the region may be able to either send more equipment to the troubled hospital, 

or even take in some of the patients which would have originally gone to the hospital in question.  

In terms of urban form, modularity has been approached by authors in several different ways. Dhar 

and Khirfan (2017) described modularity as the clustering of urban elements at varying scales, while 

both Anderies (2014) and Allan et al. (2013) saw modularity as a polycentric urban form within cities. 
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Feliciotti et al. (2017) and Kropf (2017) approached modularity from the bottom up, suggesting that 

land parcels can be considered as one of the lowest levels of modules, as they are semi-autonomous 

wholes, while at the same time they aggregate up to form urban blocks. Urban blocks can aggregate 

to form higher-level urban structures such as neighbourhoods. Yet, all of these approaches only focus 

on a single characteristic of modularity and have not attempted to capture all the qualities of 

modularity described above. For example, if studying the clustering or nesting of urban elements (for 

example, plots into blocks), then there is an underlying assumption that because things are clustered 

or nested within each other, that modularity is implicitly present. Yet, proximity does not mean that 

the elements are linked our coupled together (Salingaros, 2000: 300) or that there is any form of 

functional overlap (Alexander, 1966; Alexander et al., 1977) arising from interaction between the parts 

to form higher-level units (Salingaros, 2000). Additionally, none of the authors have attempted to 

assess the extent that an area, through the integration of the parts, may function as a semi-

autonomous unit.  

Drawing from the discussion above, spatial modularity, or the modularityness of an area, could be 

described or identified as areas that are characterised by strong local connections (strong connections 

at lower spatial scale), and weaker global or higher-level connections. Additionally, as a module needs 

to operate as a semi-autonomous entity, the argument can be made that a module should contain 

many of the essential urban functions in close proximity to each other. Therefore, in addition to the 

specific characteristics of connectivity, a module can be regarded as an area where several key urban 

functions (residential, work, recreation, health, education, public transport) are in close proximity and 

easily accessible. However, the challenge, and part of what would need to be explored in future work, 

is to assess at which scales specific urban functions operate. This would have a direct impact on how 

modularity is defined and assessed spatially. Finally, any assessments of modularity would also have 

to incorporate aspects related to the nesting of modules and how they scale to form hierarchies. More 

details of the spatial measurement of modularity is provided in Chapter 5. 

3.4.2.6 Hierarchic-efficiency directive  

As discussed earlier, redundancy is an essential characteristic for building resilient urban settlements. 

However, redundancy tends to come at the cost of efficiency, as more resources are needed to ensure 

redundant infrastructure. In contrast, efficiency refers to the optimisation of processes for maximum 

output (Feliciotti et al., 2015). Yet, efficiency becomes problematic when it is used to address short-

term goals, typically on a single scale, and is attained at the expense of redundancy (Novotny et al., 

2010); diversity (Anderies, 2014) and connectivity (Chelleri et al., 2015; Olazabal et al., 2018). Worth 

noting is that within “complex systems there is no optimal state and, due to scale interdependency, 

maximization of one element or process has unpredictable non-linear repercussions on others” 

(Feliciotti et al., 2016: 4). While there is a constant tension between efficiency and redundancy, 

efficiency is essential for the resilience of complex systems, because without it, a city would be 



 

110 

unproductive and unable to store or effectively access any capital during a shock. This would inevitably 

mean that the system either collapses or transitions into an alternative state due to a lack of resources 

(Albers and Deppisch, 2013; Biggs et al., 2012).  

While urban systems are generally efficient, they also require redundancy and modularity to facilitate 

resilience (Salat, 2011; Salat and Bourdic, 2012b). Within cities, the balance between efficiency and 

redundancy is created through the natural aggregation of modular structures into a hierarchic 

organisation (Salingaros, 2000). Simon (1962), in his paper, The Architecture of Complexity, used the 

parable of watchmakers to clearly show how fundamental modularity is in building hierarchies, and 

how hierarchies not only hold systems together, they are also very efficient. In the parable by Simon 

(1962), there are two successful watchmakers, Tempus and Hora, each of which make watches out of 

1 000 parts. Tempus’ watch was designed in such a way that, if at any point he was distracted and had 

to put down his partly assembled watch, say to answer the telephone, his entire partly built watch 

would fall apart and he would have to start from the beginning to assemble the watch. Hora’s watches, 

on the other hand, were designed in a modular fashion out of sub-assemblies. If Hora had to put down 

is partly assembled watch, then only a sub-assembly would have to be reconstructed and not the 

entire watch. Through this process Hora, whose watches were made from a hierarchy of assembled 

modules, was far more efficient and able to produce more watches even when a distraction forced 

him to stop working and loose a part of his assembled watch.  

According to Salat (2017: 108), the parable was intended to “highlight the fact that a complex system 

[that are] made up of coherent sub-assemblies has a greater ability to evolve and adapt quickly to 

change, accident and fluctuation” and that a scale hierarchy is both resilient and efficient (Kerkhoff 

and Enquist, 2007). This is described through the emergent property and directive of hierarchic-

efficiency. While the parable presented by Simon (1962) gave an intuitive understanding of how 

modules are necessary and make a system efferent through hierarchies, Simon did not leave the story 

there and went on to support his claim by showing empirically how, through modularity, an efficient 

hierarchy is created in complex systems.  

Furthermore, scale hierarchic structures that are built from modules are very efficient and are often 

found in nature (Simon, 1962). These hierarchic structures have also been found to correspond to a 

power-law (or inverse power-law) distributions, as well as in scale-free network structures (Kerkhoff 

and Enquist, 2007; Lämmer et al., 2006). As cities often reflect nature, similar power-law distributions 

have also been observed in cities (Barabási and Bonabeau, 2003; Batty, 2014; Gabaix, 1999; Okuyama 

et al., 1999; Salat and Bourdic, 2011). Power-law distributions appear regardless of the internal 

structure or dynamic of a system and arise as a direct result of self-organisation within the system 

(Forgaci and Van Timmeren, 2014). Additionally, a power-law distribution implies an efficient nested 

hierarchy, which is created through modularity, while also denoting that no one single scale can 

describe the entire network (Batty, 2013; Salat and Bourdic, 2011, 2012a).  
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A power-law distribution describes the multiplicity of elements or objects and the frequency of the 

object as a function of its size. In other words, if observations follow a power-law distribution then the 

expectation is that there would be only a few very large objects, while there should be proportionately 

more many small objects. The scaling of this distribution is determined by a constant (α), which is 

called the scaling exponent (Clauset et al., 2009; Mitzenmacher, 2005; Newman, 2005; Pumain et al., 

2006; Salat and Bourdic, 2011). Mathematically a power-law distribution can be described with 

Eq 3.23, and shown graphically in Figure 3.20. Additionally, when a logarithmic transformation is 

applied to the variables, they form a straight line (see insert in Figure 3.20). 

𝑝(𝑥) = 𝐶𝑥−𝛼  Eq 3.23 

Where 𝑝(𝑥) is the multiplicity of an object; 𝑥 is the size of the object; 𝐶 is a constant and equal to exp(𝑐); 𝛼 is a constant 
(the exponent) 
 

Pumain (2012) noted that there are three main types of scaling laws, these being; Linear, exponent 

equal to 1; sublinear, exponent less than 1; and supra-linear, exponent greater than 1. Figure 3.21 

shows an example of a sub-linear (green), linear (blue) and supra-linear (red) power-law distribution 

compared to each other. Sub-linear systems are systems that have an exponent of less than 1one (α 

< 1), experience constraints on development and growth, with the driving force being on optimisation 

and efficiency (Pumain, 2012). Furthermore, sub-linear systems tend to be those that display a high 

degree of self-organisation through a fractal structure (Pumain, 2012).  

 

Figure 3.20: Example of a power-law distribution 

Showing the relationship of the size of an element with its frequency; the smaller image (top right)  

shows its log transformed version which creates a straight line 
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Figure 3.21: Example of three different power-law distributions 

Their log transformation shown in the insert on the top right 

Kühnert et al. (2006) have found that many different types of urban infrastructure (for example, 

power distribution networks) tend to have exponents of less than 1. Salat (2017) discovered that in 

some parts of New York City, the plot size distribution has an exponent of 0.6. In systems where the 

exponent is equal to 1 (α = 1), unlimited exponential growth is possible through a process of 

distributed growth. Developing countries and cities during the industrial revolution have been found 

to have a linear type of distributions and showed signs of rapid growth (Bettencourt et al., 2007; 

Pumain, 2012). Cities where the exponent is greater than 1 (α > 1) tend to be cities that are already 

large and have increasing returns on development through agglomeration economies. However, 

models of such systems showed that the growth curves of these cities show a “quantitative explosion 

which then translates into an abrupt decline in growth if there is no innovation to provide new 

resources and alter the energy patterns in the system” (Pumain, 2012: 99). In other words, these type 

of systems tend to have unstable boom−bust type of cycles of growth if there are not enough 

resources or innovation to sustain their growth (Bettencourt et al., 2007).  

Power-law distributions of all three types have been found in many different elements of urban 

systems, such as in plot subdivisions (Salat, 2017), traffic distributions (Jiang, 2009), street centrality 

(Crucitti et al., 2006a; Nilsson and Gil, 2019), population and employment densities (Bettencourt et 

al., 2007) and road lengths (Cottineau et al., 2017). As power-law distributions are such common 

phenomena in cities, Salat (2017: 111) argued that studying the scaling laws (scaling exponent) of 

systems may be useful for understanding the resilience of cities, as any variation from a scaling law 

“may serve as indicators of the disproportionate influence of particular structuring processes and their 
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role in organizing, or reorganizing” the system. (Salat, 2017: 111) suggested that places that do not 

follow a power-law distribution, or whose scaling exponent deviates too much, could point to 

regulatory and fiscal difficulties within the area that prevents the area from adapting to change, and 

thus are less resilient. This suggests that studying the scaling exponents of the characteristics 

identified to facilitate resilience may better help us understand how spatial resilience is formed.  

In terms of hierarchic-efficiency and spatial-morphological resilience, if a single scale’s efficiency has 

been prioritised over other scales, and over the short term, it can create problems for the overall long-

term resilience of a city (Feliciotti et al., 2015, 2016; Salat and Bourdic, 2011, 2012b). Overoptimising 

a single scale can have significant repercussions for the resilience of the system, because if one scale 

fails, the entire system will be effected and unable to respond accordingly, as there will not be enough 

redundancy or modularity to absorb or redistribute the disturbance (Salat, 2017). Therefore, by 

studying the scaling exponent of the various urban characteristics at different scales it may be possible 

to say something about the overall hierarchic-efficiency of the system and how the system operates 

at different spatial scales. 

Because hierarchic-efficiency emerges from the global composition and behaviour of the constituent 

parts, the only way to study it is through determining the presence of power laws. In the same way, 

hierarchic-efficiency, through power-law distributions, can be used to study the impact of changes to 

the constituent parts, by intervening in the connectivity, diversity, urban potential, redundancy and 

modularity, and can therefore be used to assess, and ultimately influence and redirect, any 

interventions on the system.  

3.5 Synthesis and conclusion 

The chapter described the relationship between urban resilience and urban form and how the spatial 

precondition for the formation of spatial-morphological resilience can be created through the 

presence of the six directives of spatial-morphological resilience. This description of spatial-

morphological resilience was achieved by providing an overview of how urban form can be studied by 

first describing the three traditional approaches – the Italian, French and British schools of urban 

morphology – that fall under the general typomorphology tradition. The review concluded that while 

each of these approaches to urban morphology are significant in their own right, they are not able to 

be used in the development of theory or models with an acceptable level of confidence and 

explanatory power. The relatively new configurational approach to urban morphology was then 

considered and the discussion showed that this approach provides a more scientific and objective 

approach to the study of urban morphology. Furthermore, because it is draws on network science, it 

is able to be incorporated within the ideas of the complexity theory and resilience, thus making it 

more suited to this study.  
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As part of the review of the approaches used to study urban form, the three main principles of urban 

morphology were also identified and described. These being urban form – the constituent elements 

that make up the physical parts of the city (buildings, plots, blocks, open space, streets and land use); 

resolution of analysis – regarding the scale of the assessment and interaction of elements between 

scale; and change and time – that urban morphological studies how urban form changes and that the 

historical context of the study area should be considered (Moudon, 1994). 

Once a general description of urban form and its field of study, urban morphology, was provided, the 

link between urban resilience and urban form was made by first providing an overview of how spatial 

resilience is understood within ecology as the study of how the variation in the location, physical 

properties, configuration and connection of different systems elements interact with each other at 

different spatial-temporal scales and how they influence and are influenced by the external factors to 

impact the ability of a system to respond and adapt to change. This view of spatial resilience was then 

translated into a spatial-morphological perspective by relating to the role and relationship of urban 

form in creating the spatial precondition for the formation of spatial-morphological resilience through 

the process of co-evolution. Through this description spatial-morphological resilience was 

conceptualised as the extent to which the size, shape, distribution and configuration of the urban 

elements that make up and structure the physical form of cities (buildings, plots, blocks, streets) are 

able to facilitate and accommodate change and adaption within the system without having to 

undergo radical or rapid change to accommodate the required changes. 

Using the interpretation of spatial-morphological resilience described above, the findings of a review 

of the literature that was conducted to describe and assess the relationship between urban resilience 

and the spatial and morphological properties of cities was discussed. The results of the assessment 

showed that currently none of the available assessments or descriptions was adequate to provide 

enough guidance on how to spatially describe or assess the spatial-morphological resilience of a city 

within the interpretation of this study.  

However, the literature did provide insights into which properties of complex adaptive systems that 

are associated with the formation of urban resilience are also commonly found within the urban 

design literature and can be studied spatially. These properties were synthesised into six spatial-

morphological resilience directives that were further grouped into three primary groups: structural, 

embedded and emergent type directives. Connectivity, diversity and urban potential fall under the 

structural type of directive as they are formed by, and describe the variation in the size, shape and 

spatial distribution of the buildings, plots and blocks and how they are connected with and interact 

through the network. Redundancy and modularity were conceived as the embedded directives, as 

they are embedded within, and form as a result of the presence and configuration of, the structural 

directives. The emergent group was represented by the hierarchic-efficiency directive that describes 
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how the urban system is aggregated and able to operate efficiently across the all scales within the 

system.  

The interaction of the directives with each other can be described visually with the conceptual 

framework shown in Figure 3.22. However, the directives can be portrayed as informing and 

interacting with each other through the variation in form, size and intensity of subdivision of the 

buildings, plots and blocks that are linked with, and interact with each other through accessibility and 

connectivity. These structural spatial-morphological resilience directives of connection, diversity and 

urban potential can be used as the fundamental elements to direct and enable the formation of the 

embedded and emergent directives of redundancy, modularity and hierarchic-efficiency.  

 

 

Figure 3.22: Conceptual framework for spatial-morphological resilience 

In the next chapter, the overall method of the study is discussed. As part of the description of the 

method, the details of the research design including the selected case studied are provided. 

Additionally, the interpretation of scale, and how a multiscale assessment can be incorporated into 

the study are discussed. The chapter also describes issues relating to the collection, preparation and 

assessment of data.  
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Chapter 4  

Methodology and Research Strategy  

4.1 Introduction 

The previous chapter outlined how urban resilience can be understood within a spatial-morphological 

context by describing the six directives of urban spatial-morphological resilience: connectivity, 

diversity, urban potential, redundancy, modularity and hierarchic-efficiency. As part of the discussion 

in the previous chapter, a conceptual framework of the structural relationship between the directives 

was proposed. The purpose of this chapter is to describe the overarching research strategy used for 

this study. This chapter contains five in sections. Section 4.1 provides the details and motivations of 

why and how the hybrid research design that combines a methodological study and a replication 

approach to multiple case study research designs were used. Following the discussion on the research 

design used within this study, Section 4.2 presents the motivations of why the two selected case 

studies, Manhattan and Hong Kong, were chosen and how these cases represent two forms of an 

emerging complex urban morphology. As multiscale assessments are a fundamental requirement for 

any study wishing to engage with resilience theory, Section 4.3 goes into the details of the general 

approach and interpretation of the scale used in this study. Section 4.4 is dedicated to the overarching 

aspects related to the types of data used, how the data was prepared, the limitations of the data and 

the tools used to prepare and analyse the data. Finally, this chapter concludes with a summary of the 

chapter in Section 4.5, while also giving an overview of the next chapter. 

4.2 Research design 

One of the objectives (research objective 2) of this study was to identify which urban characteristics, 

variables and methods are needed and available to practically engage with our spatial understanding 

of urban resilience. Moreover, this study sought to create a set of morphological typologies that can 

be used to provide a set of broad urban design principles to guide the creation of spatially adaptive 

cities. However, to achieve the desired outcomes of this study, an appropriate approach to the 

research must first be decided and a method formulated and followed.  

Given the study objectives, this research can be regarded as both exploratory and descriptive in 

nature, as the aims of the study was to explore which characteristics of resilient complex adaptive 

systems can be studied and implemented spatially so as to engage and direct an urban area to 

becoming more spatially resilient. Moreover, this study also questioned what methods could be used 

to investigate, describe and interpret the manifestation of these directives for spatial-morphological 

resilience and how they could be used to create a metric to assess the potential adaptive capacity 
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provided by the urban form of an area. Furthermore, this study fell mainly within the positivist 

methodological paradigm, as it sought to generate a metric for the evaluation of the spatial adaptive 

potential of an area by predominantly relying on quantitative methods and tools of analysis (Du Toit, 

2010; Neuman, 2014). However, considering the nature of the research, some interpretive elements 

come into play through the contextualisation of the research by studying real cities (Du Toit, 2014).  

With the above-mentioned methodological considerations in mind, this study used a hybrid of two 

research designs. The rationale for the utilisation of a hybrid approach is that all methods, be they 

qualitative or quantitative, have limits. And by using more than one method, many of those limitations 

can be overcome without losing the strengths of the individual methods (Creswell, 2009; Maree, 

2007). This study used a combination two research designs, namely a methodological study (Mouton, 

2001) and a case study (Yin, 2015). 

The methodological study research design was used to structure the enquiry through the creation of 

a methodological protocol for the development of a spatial resilience assessment [SRA] protocol. Next, 

as it is difficult to study the manifestation of spatial-morphological resilience without a city to study, 

the case study research design fills this gap by providing the context for the study and was imbedded 

into the methodological study design. Throughout this study, the methods and spatial and empirical 

tools from urban morphology, urban geography and GIS-Science (geographic information systems 

science) was utilised to test the methodological protocol and allowed for the creation of the 

morphological typologies. The section to follow will discuss each of these research designs and their 

application within this study. 

4.2.1 Methodological study research design 

According to Mouton (2001: 173), methodological studies fall under the umbrella of meta-research 

designs. Methodological types of studies are typically explorative and or descriptive in nature and are 

aimed at developing new methods of data collection and analysis. Methodological studies often 

incorporate aspects of testing and validation of the developed methods through pilot studies. 

Additionally, methodological studies often include a variety of core logics and need not comply with 

any specific meta-theoretical approach. Because of their flexible nature, methodological studies can 

utilise multiple sources of data, including qualitative and quantitative data, as well as both primary 

and secondary data (Du Toit, 2010). Furthermore, methodological studies are often done in 

conjunction with other research designs and typically form part of a mixed method or hybrid design. 

Because methodological studies are used in conjunction with other research designs, they are typically 

subject to those design methods of data collection and analysis. 

The application of the methodological study research design responds to the first three objectives of 

this study (see Table 4.1.). However, as one of the key objectives of this study (Objective 2) was the 
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development of a methodological protocol which generates a proxy of urban spatial-morphological 

resilience, a methodological study research design was uniquely suited to this study.  

Table 4.1: Research objective, questions, and methodological responses 

  

Furthermore, as the study aimed to develop typologies to aid in the creation of design guidelines, the 

proposed method had to be tested. To do this, an additional research design, namely case study, was 

incorporated and is discussed in the next section. 

4.2.2 Replication approach to multiple case study research 

In addition to creating a methodological protocol to generate a metric for the assessment of the spatial 

adaptive potential of an area, this study also aimed to test the application of the created protocol. Du 

Toit (2010) indicated that the testing of a method or protocol, is best achieved through a case study 

research design. Based on Yin (2015: 100), this type of study specifically implies the use of a multiple 

Research objective Research question Research design 
Methodological 

response 

To explore the 
relationship between 
urban form and the 
potential adaptive 
capacity of cities 

Which characteristics of urban complex 
adaptive systems contribute to and direct the 
formation of general urban resilience? 

Methodological 
study 

Literature review 

Which of the identified system characteristics 
manifest spatial-morphologically within cities 
and can be used as spatial-morphological 
resilience directives to guide the development 
of spatially adaptive urban settlements? 

Methodological 
study 

Literature review 

To develop and test a 
methodological protocol, 
with metrics, for 
describing the potential 
spatial adaptive capacity 
of locations within a city 

How do the spatial-morphological resilience 
directives manifest in the urban form of cities 
and how are they described and measured? 

Methodological 
study & case study 

Literature review, 
methodological 
protocol 
development & 
spatial analysis 

What is the type and nature of the 
relationships (spatial & statistical) between the 
resilience directives? 

Methodological 
study & case study 

Statistical & spatial 
analysis 

How can a measure be created and tested 
which performs as a proxy indicator of the 
potential spatial adaptive capacity of a city? 

Methodological 
study & case study 

Methodological 
protocol 
development & 
spatial analysis 

To identify a set of urban 
morphological typologies 
which are likely to 
contribute towards 
greater adaptive capacity 
of a city 

How can a set of morphological typologies be 
created from the spatial-morphological 
resilience directives? 

Methodological 
study & case study 

Methodological 
protocol 
development, 
statistical & spatial 
analysis 

Which of the morphological typologies 
embody the spatial characteristics associated 
with an improved spatial adaptive capacity and 
are therefore most likely to improve the 
spatial-morphological resilience of cities? 

Methodological 
study & case study 

Methodological 
protocol 
development, 
statistical & spatial 
analysis 

To propose a range of 
urban design principles 
to help promote more 
resilient urban forms 

What urban design principles can be derived 
from the spatial-morphological resilience 
typologies to promote spatially resilient urban 
settlements? 

Methodological 
study & case study 

Statistical & spatial 
analysis 
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case study design, as more than one case improves the generalisability of the study. Moreover, as a 

large focus of this study was specifically directed at the development and testing of a protocol, a 

replication approach to multiple case study design was deemed as the most appropriate for this study.  

Yin (2015: 106) indicated that the general design for a replication approach to multiple case study 

research can be divided into three parts. The first part is the define and design stage, where a theory 

or hypothesis is developed, cases are selected and the data collection protocol is designed. For this 

study, this first part implied reviewing the relevant literature, creating conceptual framework of how 

the resilience directives relate to each other, based on resilience and urban theories. This conceptual 

framework then led to the development of the proposed SRA protocol. The final part is the creation 

of a data collection protocol and to select the cases on which the proposed SRA protocol was tested.  

According to Yin (2015), the second part of a replication approach to a multiple case study is the 

prepare, collect and analyse section. In this second part, the individual case studies are conducted, 

the results analysed and individual case reports created for each case study. In terms of this study, the 

application of this part involved testing the protocol on the selected case studies and reporting the 

results of the assessment. Finally, Yin (2015) indicated that the third part of a replication approach to 

a multiple case study research design is the analysis and conclusion phase. In this final part, cross-case 

conclusions are drawn, the theory modified, or hypothesis proven or disproven. Additionally, general 

conclusions are drawn about all the cases and policy implications are discussed. The application of this 

phase in terms of this study involved a cross-case discussion of the morphological typologies created 

from each case study, as well as a general discussion of the results of the SRA protocol which led into 

a cross-case conclusion. The policy implications of this study therefore predominantly came from the 

proposed urban design principles. 

In more specific terms, the case study research design responds to Research Objectives 2, 3 and 4, as 

illustrated in Table 4.1, by providing the context for the study. Moreover, the case studies provide 

context by supplying the platform to test the proposed protocol as well as giving the means to study 

the spatial manifestation of resilience in the ‘real world’. The proposed application of the replication 

approach to multiple case study research design for this studies needs is illustrated in Figure 4.1, with 

the parts of a replication approach to multiple case study research design, as described by Yin (2015), 

indicated on the left and the sections dedicated to the protocol development and testing indicated on 

the right of the figure. The section to follow will discuss the details why the selected case studies have 

been used.  
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Figure 4.1: Proposed adapted multiple case study research design 
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4.3 Selected case studies 

As mentioned above, testing of the proposed protocol was an essential part of this study, as without 

testing, the concepts highlighted within this study would only remain speculation. Moreover, with the 

application of the proposed protocol through case studies it was possible to (a) evaluate if the protocol 

would be able to fulfil its desired purpose and (b) to begin to identify urban forms which were likely 

to promote more spatially adaptive cities, through the identification of a series of spatial adaptive 

urban morphological typologies.  

For this study, the areas of Manhattan (New York City, United States of America [NYC, USA]) and the 

Hong Kong Special Administrative Region (SAR) in China have been selected as the case study areas to 

test the proposed protocol. The choice of this case study areas is substantiated by the aforementioned 

literature review and further supported by the following criteria. First, both cities are driven by hyper 

capitalist models of urbanization. Secondly, both study areas have clear spatial limits through the 

delineation and isolation of the study areas through islands and international boundaries. Thirdly, the 

availability of analytical data for the study areas and the ability to test the protocol within different 

data quality and availability environments. Fourth, the comparability of both cities and their vertical 

urbanization, where the high-rise architectural types are becoming the dominant and prevailing 

spatial form. Fifth, the perceived issue of comparable density between Manhattan and Hong Kong 

makes a case for the testing of how density in the vertical setting influences both resilience and the 

spatial structure. Here, the emphasis on higher density is of importance to solve both methodological 

and conceptual issues raised within this study. Sixth, both cities are edging toward two recent types 

of complex city forms that have begun to emerge in the 20th and 21st centuries, namely a vertical and 

volumetric type of urbanism (Bruyns et al., 2020; Shelton et al., 2010).  

Vertical urbanism can be understood as the production of high-rise buildings that produce 

multilayered horizontal surfaces which extrude above the ground (Ireson and Barley, 2000; 

Rhowbotham, 2000; Yeang, 2002). Moreover, vertical urbanism is a defining feature and an essential 

form of city building when urban densities reach a critical point (Bruyns et al., 2020). Vertical 

urbanism, according to Bruyns et al. (2021: 4), can be further conceptualised as  

multidimensional organisms, defined by the density of population and other concentrations. 

This is inclusive of interconnected urban systems that form the operational backbone of the 

city, and verticality as the multi-dimensional spatial network that arises from density and 

complexity. 

Lin (2018) also suggested that vertical urbanism is different from the modernist approach to 

verticalness, which removed the building from its context. In contrast, vertical urbanism, according to 

Lin (2018: 11), is a “dynamic and adaptable strategy of urban design and development [which 
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explores] physically interactive and socially engaged forms, which address the city as a multi-layered 

and multi-dimensioned organism”.  

In contrast to vertical urbanism, which is predominated by tall buildings but whose movement 

network is mainly still located on ground level, volumetric urbanism is a far more complex and 

interconnected three-dimensional form of city building (McNeill, 2019a, 2019b). Volumetric urbanism, 

through its high-degree density, verticality, concentration and multilayered connectivity, produces far 

more potential for intense interactions (Bruyns et al., 2020). Shelton et al. (2010) regarded volumetric 

cities as those cities that have activities that are stacked on top of each other and are connected 

through multiple modes of transport. Moreover, the stacked opportunities are connected to each 

other on, above and below ground level, with the pedestrian network playing a particularly important 

role.1  

Within the descriptions of vertical and volumetric urbanism, NYC, and specifically Manhattan, can be 

regarded as representing a typical vertical city as Manhattan is one of the most vertical urban areas in 

the world (Burton, 2018) with a complex and interconnected multimodal transport network. However, 

Manhattan does not qualify as a volumetric city as most buildings are still connected on ground level. 

According to Shelton et al. (2010), Hong Kong can be described as a prototypical volumetric city, since 

Hong Kong is characterised by extreme urban compression, very high interconnectivity, with many 

buildings being connected extensively both above and below the ground (Frampton et al., 2012). The 

combination of these factors results in high levels of urban intensity that can only be found within 

volumetric cities.  

In addition to representing different types of complex urban forms, other factors also contributed to 

the selection of these case studies namely that both cases are unique in that they can be studied in 

some type of spatial isolation. For Manhattan, being an island, means that it is inherently isolated to 

some extent, despite being deeply integrated into the greater New York urban area. However, as an 

island, it means that it can be studied in partial isolation, reducing many of the issues that arise when 

determining artificial boundaries on a location. (This issue is discussed in more detail in Section 4.4.) 

Hong Kong is also unique in that the city functions as a special administrative region of China and is 

predominantly spatially isolated from its surroundings through a well-defined boarder with mainland 

China. Hong Kong only has nine land-based crossings, five road and four rail links (Hong Kong Transport 

Department, 2021), making the demarcation of the territory for study easier.2 In addition to being 

partly isolated, the selected case study areas are also located in different continents with different 

climates and development contexts. Additionally, Manhattan is regarded as being topologically flat 

 

1  For a summary of vertical and volumetric thinking, interested readers are referred to Bruyns et al. (2021), McNeill (2019a, 

2019b) and Shelton et al. (2010). 
2  The details of the demarcations of the specific boundaries of each case study are discussed within their respective 

sections. 



 

123 

which allowed for an urban configuration that is relatively simple (grid pattern). Hong Kong, on the 

other hand, is described as being topologically rich (Higgins, 2019a) and has a more complex urban 

form.  

The addition of the variability between the case studies further improves the generalisability of the 

proposed protocol and the overall findings within the study and helps to make up for the limited 

number of case studies used within this thesis. Moreover, with the selection of these two case studies, 

the assumption made within this study was that if the proposed protocol could be successfully applied 

within these complex multilevel environments, then the protocols application to less complex or flat 

urban settings could be done more easily.  

4.4 Incorporating scale into the assessment 

The concept of scale is essential to the approaches within urban morphology (Kropf, 2017; Oliveira, 

2016) and to the way that cities are understood in general (Batty, 2008, 2014; Christaller, 1933; Salat 

and Bourdic, 2011). Moreover, as noted by Salat et al. (2014: 80), “[r]esilience is not an urban quality 

that can be reached by a strategy at only one scale. It is rather a property that emerges from the 

relationships between scales.” Within the resilience theory, scale is also an essential concept which 

conceptualises the interaction across systems at different scales through the panarchy model 

(Gunderson and Holling, 2001). Thus, to understand the spatial-morphological resilience of cities, an 

approach which incorporates multiple scales into its understanding of space is required. This section 

describes how the concept of scale has been approached and incorporated into this study. 

Additionally, some of the difficulties of working with multiple scales and how they have been 

overcome, is also discussed.  

As noted by Marston et al. (2005), there are many approaches and conceptualisation of what scale 

means within spatial studies, as well as how scale should be operationalised. However, within this 

study, scale is conceptualised as the spatial extent to which urban processes operate, interact with and 

influence each other. As such, a multiscale approach in this context would therefore imply that the 

unit or feature being investigated must be studied at different spatial extents to understand how the 

process operates and interacts with other urban elements across space and time.  

To demonstrate the conceptualisation of scale used within this study, a simplified example of how 

multiple spatial scales can be understood, is illustrated in Figure 4.2. On the left in figure, a single point 

is shown with multiple bands spreading out. Each band represents a discreet spatial scale that the 

observed point is studied at. The right-hand side of the figure shows multiple points, each with their 

own bands spreading out from their respective points. The locations where the band overlap, are the 

scales at which these points interact with each other and are typically the places of interest for urban 

studies. Moreover, as can be seen in Figure 4.2, the points themselves do not interact with each other, 
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rather it is the actors and/or influence of each point that can be viewed as causing the interaction 

between points. For example, a shopping mall or a transportation stop has a sphere of influence or 

catchment over an area, even though the physical structure itself does not move.  

This conceptualisation of scale is somewhat different from traditional typomorphological studies 

which approach the scale or resolution, as it is often called within the literature, as a compositional 

hierarchy of morphological units which are aggregated into each other (Cortes, 2009; Oliveira, 2016). 

According to Scheer (2016: 2), within the field of urban morphology, four different levels of resolution 

are recognised, and correspond to the “building/lot, the street/block, the city, and the region”. 

However, as noted by authors such as Berghauser Pont and Marcus (2014) and Sevtsuk (2010), when 

performing quantitative analysis at multiple scales, which requires data to be aggregated, a 

compositional or aggregated approach to the multiple scale can face several difficulties. This is 

because incorporating multiple spatial scales into an assessment is not a straightforward process and 

is an issue which had been challenging geographers for many years (Marston et al., 2005).  

 

Figure 4.2: Simplified example of spatial scales 

Two of the main challenges relating to scale, relevant to this study, are the unimaginatively, called the 

scale problem and the modifiable areal unit problem. The scale problem, as stated by Harvey (1968: 

71), arises due to the fact “that different processes become significant to our understanding of spatial 

patterns at different scale”. This means that some processes of interest only become visible or 

relevant when studied at a defined scale due to the way that they interact and agglomerate. For 

example, pedestrian flows would only become relevant at lower spatial scales and would not 

necessarily be appropriate at a national scale.  

The second issue relating to scale is the modifiable areal unit problem or MAUP, as it is often called in 

the literature (Openshaw, 1984b). The MAUP is a well-documented challenge in geography (Horner 

and Murray, 2002; Sexton, 2014; Vogel, 2016; Zhang and Kukadia, 2005), and arises due to the creation 

of artificial boundaries for measurement. The MAUP is defined as “a problem arising from the 

imposition of artificial units of spatial reporting on continuous geographical phenomenon resulting in 
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the generation of artificial spatial patterns” (Heywood 1998, in Sevtsuk, 2010: 56). Typically, within 

quantitative geographic studies, modifiable areal units are used as the unit of analysis (morphological 

units such as buildings, plots, blocks and even regions). Areal units are boundaries which are used to 

demarcate space into discrete units or zones. These areal units can represent various spatial scales 

and can take on any size and shape (Wong, 2009). The areal units can be drawn up for different 

purposes, such as administrative or census boundaries. Problems arise when the boundaries of such 

units change, i.e., change in administrative boundaries, making it difficult to compare the units over 

time as they no longer represent the same geographic space. This can be further aggravated when a 

hierarchy of areal units do not nest neatly with each other (Wong, 2009). Next, the level of aggregation 

(size of unit) also plays an important role, as all space and locations within the unit are regarded as 

being homogeneous. This, therefore, results in all spatial variations within the unit being lost (Longley, 

2017). Lastly, the method used to create the unit boundaries can also present large challenges for 

statistical analysis which relies on aggregated data within the aerial units (Dark and Bram, 2007).  

Sevtsuk (2010) suggested that there are a few ways to address issues caused by the scale problem and 

MAUP. The first is to use behaviourally- or functionally-based scales and units. However, this is also a 

challenge on its own, as it is not always possible to know which scale would be appropriate to use. A 

second suggestion by Sevtsuk (2010) is to use finer, less aggregated areal units, as this has been shown 

to reduce the effects of MAUP. Finally, Sevtsuk (2010) and Berghauser Pont and Marcus (2014) both 

suggested that an additional approach to minimise the effects of MAUP, is to use locational or access-

based measures in spatial analysis and aggregation. Access-based measures allow for the creation of 

functional boundaries for each location, which is dependent on the configuration and context of each 

location in relation to its surroundings or destinations. Bobkova (2019) and Sevtsuk (2010), for 

example, used these suggested strategies by using accessibility measures on very low aggregated 

units, namely plots and buildings. Furthermore, by using access-based measures with varying radii, 

Sevtsuk (2010) was able perform multiscale assessments to study the effects of urban processes at 

different scales, while at the same time limiting the effects of MAUP.  

This study adopted a similar approach to scale than that of Sevtsuk (2010), by using access-based 

measures on the lowest possible areal unit, in this case plots for Manhattan and buildings for the Hong 

Kong case studies, and applying various search radii in the assessment. This, therefore, allowed the 

different metrics and directives related to spatial-morphological resilience to be studied at a fine grain, 

while also studying the interaction between elements at multiple spatial scales. Access-based 

approaches to scale use a specified distance or travel time along the movement network to define the 

assessment scale. For this study, three discreet scales were used and summarised in Table 4.2. The 

scales used are described in terms of travel time; however, some metrics (such as straightness 

centrality) require a length-based unit of distance instead of a time-based measure. In these cases, an 
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approximation of the equivalent distance in metre was also provided. The distances are based on an 

assumption of 5 km/hour (or 83.33 m/min) flat ground walking speed.  

Table 4.2: Assessment scales used within the study 

Scale Travel time (minute) Distance (metre) 

Local 10    800 

Meso 20 1 600 

Macro 30 2 500 

For this study, the lowest assessment scale is that of the 10-minute scale (±800 m), which aims to 

capture the immediate interactions between elements at local level. The second assessment scale is 

the 20-minute scale (±1 600 m), which captures the interactions between the local and macro scales 

at meso level. Finally, the highest level of analysis is that of the 30-minute scale (±2 500 m), which 

captures the interactions at macro level. The macro scale should not be confused with a global level 

scale of analysis that looks at the interaction between all elements within the entire case study areas.  

4.5 Source and processing of the evidence  

To keep the study manageable, the scope of the investigation into the impact of urban form on spatial-

morphological resilience has been limited to predominantly focus on the morphological characteristics 

of cities. This limitation, however, has an impact on the type and nature of data required for this study. 

In morphological studies of cities, the focus is typically on studying the form, distribution and 

configuration of urban elements which comprise the urban tissue (Moudon, 1994). As discussed 

previously, the urban tissue is typically made up of several morphological units, namely buildings, 

plots, blocks, streets and urban activities (Oliveira, 2016; Salat, 2011). In addition to the standard 

morphological units normally used within urban morphology studies, additional analytical units were 

also incorporated into this assessment, such as public transport, land use, key urban facilities and 

topography. This was necessary, as discussed previously, vertical and volumetric cities incorporate 

multilayered urban forms that are integrated through a complex and layered multimodal movement 

network. Consequently, the assessment of these complex urban forms, within the context of this 

study, required additional assessment units to provide a more complete picture.  

To undertake the proposed assessment (discussed in detail in Chapter 5), the assessment units (spatial 

data) for each case study need to be collected and prepared for analysis. Yin (2015: 160) identified six 

main sources of evidence for case study research, these being documents, archival records, interviews, 

direct observation, participant observation, and physical artefacts. Spatial and GIS data make use of 

multiple types of data that are stored on a computer in the form of a spatial database (Steinberg, 

2015). More specifically, this study made use of secondary data which had been collected from 

multiple sources and was all stored within a geographic database. This process is discussed in Section 
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4.5.1. A summary of the data types and data, preparation methods and weaknesses of the data are 

discussed in the text to follow. 

4.5.1 Data types 

The spatial analysis undertaken in this study was conducted within a GIS software environment. GIS 

software can make use of many different spatial and non-spatial data types or data models. However, 

the most common types of spatial data used within GIS software and spatial analyses are raster and 

vector data models (Neteler and Mitasova, 2007). Raster data, which is a cell-based type of data 

format, divides the study area into a regular matrix (also called a grid), arranged by rows and columns. 

Here, each cell takes on a value representing different kinds of information (Figure 4.3). Raster data is 

good at representing continuous information, such as elevation, as well as representing multiple types 

of features (points, lines and polygons) on a single layer. While raster data represents features within 

a grid, vector data represents discrete features as points, lines and polygons (Figure 4.3). Vector data 

is also able to provide a more accurate visual representation of real world objects, such as buildings 

and plots, as vector data “includes information about the data topology which describes the relative 

position of objects to each other” (Neteler and Mitasova, 2007: 9; emphasis in original).  

Given that the topological characteristics are intrinsically built into the data format of vector data, and 

that most analyses conducted in GIS and urban morphology make use of topological and derived 

configurative properties, vector data was the preferred data format for this study.  

 

Figure 4.3: Example of raster and vector data models used with GIS software 

When relating the morphological units and additional assessment units into vector data formats 

within a GIS, each unit can be easily represented through either a point, line or polygon. For example, 

buildings, plots and blocks are typically represented with polygons, while the street network is easily 

represented as line features, and public transport stops or street intersections are represented as 
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points. A simplified example of how some of the assessment units can be represented within a GIS is 

shown in Figure 4.4. 

 

Figure 4.4: Example of how the morphological units are represented as points, lines and polygons 

within a vector model data format 

Shown in Table 4.3 is a list of the types of urban features (for example, plots and streets) and the 

related data types predominantly used in this study. Each dataset has been obtained from different 

sources for each case study; therefore, the specific source and description of each data set used within 

this study have been provided within the description of each case study (Manhattan in Chapter 6, and 

Hong Kong in Chapter 7). The next section will describe the general methods used to prepare the data 

for analysis.  

Table 4.3: Analytical units and data types used in this study 

 

 

 

 

 

 

Analytical unit Data type Feature type 

Buildings Vector Polygon / 3D multipatch 

Plots Vector Polygon 

Blocks Vector Polygon 

Streets Vector Line 

Streets intersections Vector Point 

Land use Vector Polygon 

Facilities Vector Point 

Public transport line Vector Line 

Public transport stop Vector Point 

Elevation/terrain Raster Continuous raster 
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4.5.2 Data preparation 

As the data used within this study was sourced from many different providers (including the open 

crowd-sourced volunteered geographic information from OpenStreetMap (2019) and have been 

captured at different spatial resolutions, with different map projections and different intended uses, 

there would inherently be some need to prepare the data to be compatible with each other. While 

the specific data preparation methods used for each case study are discussed within the relevant case 

study sections, there are, however, several common data preparation considerations and methods 

which have been used for all case studies and are described in this section.  

To begin, all collected data, such as buildings, plots, blocks and streets, were projected into the 

relevant coordinate systems before being imported into a spatial geodatabase. For the Manhattan 

case study, the Universal Transverse Mercator (UTM) Zone 18N projection [EPSG:26918] was used, 

while the Hong Kong case study used the Hong Kong 1980 Grid System [EPSG:2326] projection. Next, 

once the data was in a uniform projection and imported into the geodatabase, the data was checked 

for topology errors and cleaned appropriately within a GIS environment.  

In addition to checks for topology errors, the pedestrian networks required additional preprocessing. 

More specifically, to account for the impact of topography on the walkability and overall access of an 

area (specifically for Hong Kong which is a topologically rich city), the pedestrian street networks were 

converted into 3D slope-aware networks, using the 3D Network Toolbox developed by Higgins and 

Chan (2018) (see also Higgins (2019a)). The 3D Network Toolbox works by first interpolating the 3D 

shape of the network according to the ground elevation using a digital elevation/terrain model 

(DEM/DTM). Next, the tool calculated the average slope along the line segment, which it then uses to 

calculate the estimated pedestrian walking speed based on the slope of the 3D network, using Tobler’s 

(1993) hiking function.3  

As mentioned previously, both vertical and volumetric cities incorporate complex, interconnected and 

multimodal transport networks. To account for the multimodal transport, an integrated public 

transport network (IPTN) was created for each case study. The creation of the IPTN starts with the 

prepared slope-aware pedestrian network which forms the backbone of any urban mobility network. 

Using the pedestrian network as the basis, the public transport network was created from a general 

transit feed specification (GTFS) dataset obtained from relevant government agencies (MTA 

Corporation [MTA], 2019, for Manhattan, and the Hong Kong Transport Department (2019), for the 

Hong Kong case study) and prepared in ArcGIS using the Add GTFS to a Network Dataset tool (ESRI, 

2018a). The tool uses the information contained within the GTFS dataset to create a point layer 

representing the transit stops that includes, for example, the bus stops, railway stations and ferry 

 

3 For additional details on the toolbox, interested readers can refer to Higgins and Chan (2018) 
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terminals. For both case studies, the metro station entrances were added manually. Next, the tool 

connects the stops, which are on the same route to each other, with straight lines to form the public 

transit routes.4 The stops and public transit routes represent the public transport network. 

The next step is to connect the public transport network with the pedestrian network to form the 

IPTN. The two networks are joined together through connectors, which act as transfer points between 

the two networks. As pedestrians who move along the pedestrian network can only access the public 

transport network at transit stops, the connectors act as the bridge between the two networks at the 

transit stops. The Add GTFS to a Network Dataset tool is able to create the connectors automatically 

through a simple process, as illustrated in Figure 4.5. Using the figure as an example, (1) the tool first 

identifies the location of a transit stop along the transit network. Next (2), the tool identifies the 

closest point on the pedestrian network to the transit stop and creates a vertex on that point on the 

pedestrian network. Once the vertex is created, (3) the tool then creates a copy of the transit stop on 

the vertex. Finally (4), a new line, the connector, is created which joins the original transit stop on the 

transit line to the copy of the transit stop located on the pedestrian network. In both case studies, the 

station entrances and connectors, as well as the transfer connections between stations were added 

manually. It should also be noted that sections on the pedestrian network which have been tagged as 

being either a bridge or tunnel, are excluded from having the public transport links connect directly to 

them.  

The data preparation processes described above were all part of the pre-analysis data processing 

workflow. However, as will be described in Chapter 5, the analysis process followed has several 

intermediate analysis steps which require additional data preparation between the steps. Two main 

intermediate data preparation methods were used for all case studies. The first one related to the 

normalisation of the intermediate results, while the second intermediate data preparation method 

involved a process of transferring line-based assessment results (such as betweenness centrality) into 

the polygon-based analysis units (plots for Manhattan and buildings for Hong Kong).  

 

4 As the travel times between stops is encoded into the GTFS dataset, the routes that are created do not follow the actual 

road network. Rather they form straight lines between the stopes 
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Figure 4.5: Simplified process to create connectors between the pedestrian and public transport networks 

The normalisation of the intermediate results involves rescaling the results to have a value ranging 

between 0 and 1, using Eq 4.14. The normalisation of the results was done for two reasons. First, the 

normalised results allow for the intermediate assessment results to be compared across assessment 

scales (described in detail in Chapter 5). Second, as part of the assessment process, several metrics, in 

the form of sub-indexes, were combined together to form a composite index. As part of the 

combination process, done through a weighed linear combination (WLC) approach (Malczewski, 

2000), the intermediate data is required to be on the same units or range before combining so as to 

not skew or distort the results (Chen, 2014; Rikalovic et al., 2014).  

 
𝑉𝑛 = 

𝑉𝑖 −𝑉 𝑚𝑖𝑛
𝑉 𝑚𝑎𝑥 − 𝑉 𝑚𝑖𝑛

 Eq 4.14 

 
Where 𝑉𝑛 is the normalised variable of 𝑉𝑖 in range 𝑉; 𝑉 𝑚𝑖𝑛 is the minimum value and 𝑉 𝑚𝑎𝑥 is the 
maximum value of range 𝑉. 

 

The second intermediate data preparation method involved the transferral of line-based assessment 

results into the polygon-based analysis units. The transferral of the line-based results into the polygons 

was done because the unit of analysis5 for this study were the plots (Manhattan) and buildings (Hong 

Kong), which are both polygon type spatial features that are also spatially disconnected from each 

other. It is therefore necessary that the results of any analysis conducted using only the lines, such as 

betweenness centrality assessment, be transferred to the polygons. To transfer the results from the 

 

5  Where all the results of the assessment are stored, processed, and compared. 
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line to the polygon features, the following method was used and implemented, using the model 

builder function in ArcGIS to develop a custom toolbox specifically for this task. 

As shown in Figure 4.6 (1), the first step in the process was to conduct the line-based assessment (for 

example, on the pedestrian network) which needed to be transferred to the polygon units of analysis 

(for example, plots). Next, (2) using the line feature as the inputs, a kernel density estimation 

(Silverman, 1986) was conducted to interpolate the values of the lines (containing the results) to a 

raster surface. Kernel density estimation (KDE) is a statistical interpolation method that estimates the 

weighted values between the sample features within a given Euclidian distance (Kloog et al., 2009). 

The result of the KDE is a smooth continuous raster surface which has the estimated values (or 

densities) between the sample features (streets), within the specified distance. Moreover, as the KDE 

uses a distance decay function to estimate the weightings of the interpolated values, the areas closer 

to the sample line features are given a higher weighting than those further away, as seen in Figure 

4.6 (2). The KDE has been used widely within urban studies to aggregate and interpolate information 

(see Feliciotti (2018), Kloog et al. (2009), Porta et al. (2010) and Portnov et al. (2009), for examples). 

Through extensive testing, for both case studies, a 150 m radius was used for the KDE as it was found 

to provide the best overall results. (3) As the interpolated raster surface and the polygon assessment 

units now overlap spatially, the mean values of the raster surface which fall within each polygons area 

can be estimated and then transferred into the polygon feature dataset. One weakness of this method 

is that some of the details of the line-based assessment are lost through the interpolation process. 

However, given that the overall trend within the results are still maintained,6 the loss in detail is 

regarded as acceptable. 

 

Figure 4.6: Visualised process of the transferal of the line-based assessment results. 

(1) shows the line results and the plots; (2) shows the results of the interpolation of the line results through a kernel 

density estimation; (3) shows the mean values of the kernel density per plot. 

 

6  The interest within this study was on the overall trends and patterns and not on the precise values. 
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4.5.3 Data weaknesses 

There were several potential weaknesses within the selected data. These included the fact that all 

data inherently has some errors (Steinberg, 2015) and while all efforts were made to collect data from 

reputable sources, there could always a chance of data error. Moreover, as secondary data was being 

used for a different purpose than what was originally intended, errors may also occur during data 

processing and transformation into a compatible format. Other potential issues included the scale at 

which the data was originally captured, the level of aggregation of the data sources and that multiple 

sources of data are being combined together. For example, this study made use of a pedestrian street 

network which had been sourced from an open source (OpenStreetMaps), that was processed and 

combined with a public transport network, which was obtained from a government agency. In these 

cases, as well as considering the size (number of features) of the datasets used in the study, there 

could inevitably be some errors. However, the combination of data from multiple sources was 

considered necessary as all the required data is seldom created by a single agency with the same 

intended purpose.  

Furthermore, as each dataset is created at a discreet time period, the data can only reflect the 

information of the time it was created. This becomes problematic when combining more than one 

dataset, if the difference in the time periods that they represent is too large. This issue is compounded 

as, in an ideal situation, any study wishing to understand resilience and the current state of the urban 

system would have to conduct a historical study to compare the state of the city in the past and how 

the city has changed over time (Davis, 2018). However, as historical data that had the same level of 

detail for all the case studies was not readily available, this study had limited the data used to the most 

recent possible time period with the aim to present a “snapshot” of the current state of the areas 

under study. 

4.5.4 Tools to analyse the evidence 

As this study used many different analysis processes and techniques, no single software suite was able 

to provide all functionality needed. Therefore, to achieve the goals of this study, a combination of 

several different software packages and plugins have been used for the assessment and visualisation 

of the results. The details of the software used throughout this study are provided below.  

The majority of the spatial analysis and mapping presented within this study was conducted with 

ArcGIS (ArcMap 10.x and ArcGIS Pro 2.x) desktop software (ESRI, 2018b). In addition to the ArcGIS 

software, which formed the basis, the following additional tools were used within the ArcGIS software 

environment. For the line-based assessments, such as betweenness centrality and straightness 

centrality, the Spatial Design Network Analysist (sDNA) software and plugin (Cooper, 2016; Cooper 

and Chiaradia, 2015) were used. For all the different accessibility analyses the Accessibility Toolbox 
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for R and ArcGIS (Accessibility Toolbox) developed by Higgins (2019b) was used. As mentioned 

previously, the 3D Network Toolbox developed by Higgins and Chan (2018), was used to convert and 

prepare the pedestrian network into a 3D slope-aware network with estimated pedestrian travel 

speeds per line segment. The final additional tool used within the ArcGIS software environment was 

the ET GeoWizard tool from ET SpatialTechniques (2016), which was used to clean the line and polygon 

feature as well as to calculate the polygon characteristics. In addition to the ArcGIS software, QGIS 

software was also used as it provides additional functionality and plugins that are not natively 

supported by ArcGIS. More specifically, the Place Syntax Tool (PST), initially developed by Ståhle et al. 

(2005) and later expanded by Stavroulaki et al. (2019), was used for the calculation of the accessible 

location density ratio for each cause study.  

The vast majority of the statistical analysis and non-spatial data visualisation was done within the R 

programming environment (R Core Team, 2020). Within the R environment, the data visualisation was 

done using the ‘ggplot2’ package (Wickham, 2016), while the ‘mclust’ package (Scrucca et al., 2016) 

was used to perform the Gaussian mixture modelling (GMM) clustering analysis. The ‘poweRlaw’ 

package (Gillespie, 2015) was used for the assessment of hierarchic efficiency through the testing of 

the power-law distribution hypothesis. Finally, Microsoft Excel 365 was used for additional 

calculations and data preparations.  

4.6 Summary and conclusion of the research design 

This chapter has given the details of the overarching method used in formulating this study. As one of 

the main objectives of this study was the development and testing of a methodological assessment 

protocol, this study has opted to make use of a hybrid approach to research by using a combination 

of a methodological study research design and a replication approach to multiple case study research. 

The methodological study research design has been conceptualised as providing the structure for the 

creation of the proposed SRA Protocol (discussed in the next chapter), while the case study research 

design provides the structure for the application and testing of the proposed protocol. To test the 

proposed protocol, two case study areas, namely Manhattan (NYC, USA) and Hong Kong SAR (China), 

were selected as they represent two recent and complex types of emerging urban forms called vertical 

and volumetric type morphologies (Bruyns et al., 2020; Shelton et al., 2010). In this case, Manhattan 

is regarded as a representative of a vertical city, while Hong Kong is seen as a prime example of a 

volumetric city.  

In addition to describing the research design and case studies used, this section also discussed several 

aspects related to the data used within this study. Here the types of data, the weakness of the data 

and how the data has been processed and prepared for the study, were described. Additionally, the 

tools used to perform the spatial, statistical and visual analysis were also presented.  
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The final methodological consideration discussed in this section was the issue regarding how scale has 

been approached in this study. As the discussion highlighted, resilience assessments, and specifically 

spatial-morphological resilience assessments, require that an area be studied at multiple scales. This 

study approached the concept of spatial scale as a different manner to those traditionally used in 

urban morphology studies, which typically approach scale through an understanding of the 

compositional hierarchy of the urban elements. The discussion also argued that the traditional 

approaches to scale employed by urban morphologists are susceptible to issues caused when 

aggregating information to higher scales. More specifically, the issues discussed were the scale 

problem and the MAUP. In a move that diverges from traditional urban morphology, this study 

approached scale through a spatial interaction approach by conceptualising scale as the spatial extent 

to which urban processes operate, interact with and influence each other. More specifically, scale is 

demarcated as a measure of the specified travel time or distance of integration between elements. 

For this study, three discreet travel time-based scales have been selected, namely 10-, 20 and 30-

minute travel times.  

The next chapter will describe in detail how the selected scales were used in the proposed protocol to 

conduct a multiscale spatial-morphological resilience assessment of a study area. More specifically, 

the next chapter will provide the details of the proposed SRA Protocol. The proposed protocol also 

includes two subprotocols, the Spatial Adaptive Potential Assessment Protocol and the Spatial 

Adaptive Urban Typology subprotocol, which will be discussed in detail. 
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Chapter 5  

Spatial Resilience Assessment Protocol 

“There is no existing methodology for measuring resilience in the built environment, 

particularly when it comes to measuring things that matter for designers, like the size or shape 

of a block or a neighbourhood” (Garcia and Vale, 2017: 159). 

As the quote above and review of the literature in Chapter 3 have highlighted, there are currently 

limited methodologies available that give guidance on how to investigate the spatial and 

morphological resilience within the urban context through specific measurement. Thus, in response 

to this gap in the knowledge, a protocol is proposed that allows for the investigation and evaluation 

of the potential adaptive capacity afforded by an urban area’s urban form. Presented in this chapter 

is the proposed Spatial Resilience Assessment (SRA) protocol, which lays out the assessment methods 

used to create and assess each of the resilience directives outlined in Chapter 3, the SAP of a location, 

as well as the process to identify the urban typologies which have the highest adaptive potential for a 

study area. In order to describe the SRA protocol, this chapter is broken into three main sections. 

Section 5.1 provides an overview of the SRA protocol and its main components, while sections 5.2 and 

5.3 are dedicated to describing the details of the two subprotocols of the SRA protocol, namely the 

spatial adaptive potential assessment (SAPA) subprotocol (section 5.2) and the Spatial Adaptive Urban 

Typology (SAUT) subprotocol (section 5.3). Once all the protocols have been described, they will be 

tested on the two case studies, Manhattan and Hong Kong, to evaluate if they perform as intended.  

5.1 Overview of the spatial resilience assessment protocol 

The SRA protocol responds to Research Objectives 2 and 3 of this study, by first seeking to assess the 

extent of the SAP of a location. Secondly, the SRA aims to identify the urban forms within a study area 

that based on the theory and assessment, are more likely to be spatially adaptive. To achieve the aims 

of the SRA, two main subprotocols were implemented. This section provides a broad overview of the 

different protocols and how they work together to achieve the aims of the SRA.  

A graphical overview of the SRA process is shown Figure 5.1. Starting on the left side of Figure 5.1, 

(1) is the preparation of the input data used in the assessment. The input data represents the basic 

elements that make up the urban form as well as additional sources of spatial data. The next step in 

the process, and the first part of the SAPA subprotocol, is (2) to calculate the directive metrics used to 

describe the six resilience directives (previously discussed in Chapter 3). There are fourteen different 

spatial metrics for the five spatial-morphological resilience directives. The details of the creation of 

each directive and associated metric are discussed in Section 5.2. Once each of the fourteen metrics 

have been created for the study area, they then form the inputs for the creation of the (3) five spatial-
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morphological resilience directives. The creation of the resilience directives is done by combing 

different metrics with each other through a WLC approach to the multicriteria decision analysis 

(MCDA). The details are provided in the sections to follow.  

Figure 5.1: Flow diagram of the proposed spatial resilience assessment protocol 

Once all the spatial directives have been created, it is then possible to (4) assess the emergent 

resilience directive. The assessment of the emergent resilience directive is done by evaluating the 

hierarchic efficiency of a study area (discussed in Section 5.2.6). The assessment makes use of several 

of the directive metrics as well as the modularity directive in the assessment. The next step in the 

process (5) is the assessment of the SAP of the study area. As with the spatial-morphological resilience 

directives, the SAP also makes uses of a WLC process to combine the different directives together to 

create the final output. As the importance of conducting assessments over multiple scales, including 

assessing interaction across scales, as described within resilience theory’s concept of panarchy 

(Gunderson and Holling, 2001), which has also been expanded on into urban studies (Feliciotti, 2018; 

Garcia and Vale, 2017; Nel, 2016; Peres, 2016), (6) the process (parts 2-5) is repeated for each of the 

three assessment scales (10-, 20- and 30-minutes). This allows for a multiscale (7) SAPA for the study 

area.  

The SAUT subprotocol forms the second part of the larger SAR protocol. The first part of the SAUT 

subprotocol (8) is the formulation of a series of latent constructs for each directive that contains the 

majority of the latent variability of the metrics used to create each of the five spatial-morphological 

resilience directives on the 10-minute scale. The latent constructs are then used as inputs into (9), a 

GMM cluster analysis to create a series of urban type clusters. The urban type clusters are then ranked 

and the top clusters are selected as the (10) SAUT for the study area, as they are the urban types which 

performed the best in terms of the metrics and the 10-minute SAPA. The characteristics of the 

morphological units of the SAUT are then described in more detail. 
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While this section has given a broad overview of the proposed SRA protocol, it does not provide the 

details of the assessment methods for each step. The sections to follow will therefore go into the 

details of the two subprotocols used within the SRA protocol. The SAPA subprotocol will be discussed 

first (5.2), after which the details of the SAUT subprotocol will be given (5.3). Once the details of the 

protocol SRA protocol have been discussed, the protocol will be tested on the two case studies of 

Manhattan and Hong Kong in Chapters 6 and 7, respectively. 

5.2 Spatial adaptive potential assessment protocol 

The previous section gave an overview of the SRA protocol; this section aims to provide a more 

detailed overview of the full SAPA protocol before describing the details of the creation and 

assessment of each of the six resilience directives and their accompanying metrics.  

Figure 5.2 depicts a graphical overview of the SAPA. The SAPA protocol begins on the left side of the 

figure, with (1) the input data used for the assessment. The input data required makes use of different 

types of spatial data which are able to capture different elements of urban form. In the case of the 

SAPA protocol used for this study, several different input data are used. The data which represents 

the urban form are the plots or buildings (which are also the assessment units), urban blocks, and 

pedestrian network (to represent the streets). Additional sources of spatial of input data includes the 

key urban facilities (described in detail in each case study), the integrated public transport (IPT) 

network (which comprises the pedestrian network and the available public transport within the study 

area) and finally land use, which is recategorized into the three main urban functions of live, work and 

visit. Each data set, including source and preparation methods, are described in detail within each case 

study.  

Figure 5.2: Flow diagram of the proposed spatial adaptive potential assessment protocol 
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Once all the input data has been prepared, the appropriate data is used as inputs to (2) assess each of 

the fourteen directive metrics which form the basic characteristics used to describe the five spatial-

morphological resilience directives. The assessment of each metric is done for each of the three 

assessment scales (10-, 20- and 30-minute travel time). When all the metrics have been calculated for 

each scale, the results of (3), each of the directive’s metrics are combined to create the spatial-

morphological resilience directives of connectivity, diversity, urban potential, redundancy and 

modularity. For example, the metrics related to the connectivity directive, access to locations, 

betweenness centrality and straightness are combined together to form the connectivity directive.  

To combine each directive’s metrics, a WLC approach is used to form the resilience directives. A WLC 

method is the most widely used type of the multicriteria decision analysis (MCDA) process (sometimes 

called suitability analysis) in geographic studies (Malczewski, 2000). The WLC method is an analysis 

process often used to identify areas which are most suitable or perform the best against a set of 

predefined criteria (Malczewski, 2004). The steps of the WLC method, as described by several authors 

(Chen, 2014; Malczewski, 2000; Rikalovic et al., 2014), and applied within this study, are: 

▪ Define the problem or goal: Clearly define the goal or objective to be addressed. In the case 

of this study, the aim is to identify the areas with the highest and lowest directive or spatial 

adaptive potential scores.  

▪ Determine the criteria (including alternatives, if needed): Identify the factors and constraints 

that need to be considered in the assessment. For this study, the literature was used to identify 

the five spatial-morphological resilience directives. Additionally, each directive is constituted 

out of different sub-factors which were either identified from the literature or are proposed as 

new metrics, the details of which are described below.  

▪ Standardise the factors: This is a process to normalise the factors and allows the criteria to be 

compared with each other. There are multiple methods of normalising or standardising factors, 

the most common method is to rank the factors in an index from high (most suitable) to low 

(least suitable). For this study, the factors are normalised using Eq 4.14, discussed previously, 

to get a score between 0 and 1, with 1 indicating best score for that particular factor.  

▪ Determine the weighting for each factor: Determining how important each factor is in relation 

to all other factors is typically decided through interviews or stakeholder engagement. 

However, for the sake of simplicity and lack of precedent, this study has weighted all factors 

equally. This was done as the focus of the study was predominantly on the development of an 

analytical protocol and not solely on the final outcome. Furthermore, the analysis done within 

the study sought to understand the general trends in the results and is therefore not concerned 
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with the exact score. However, future studies are encouraged to apply appropriate weightings 

through the application of a literature review, expert interviews or stockholder engagement.  

▪ Aggregate the factors: Aggregation is the method used to combine the factors into a single 

suitability index. Various methods are available but the most common approaches are through 

a weighted overlay or arithmetic overlay approach. This study makes use of a weighted overlay 

aggregation approach, with all factors being given an equal weighting. Eq 5.15 shows the 

mathematical expression of the aggregation.  

 
AS =  𝐴𝑤 + 𝐵𝑤+ . . . 𝑛𝑤 

Eq 
5.15 

 Where 𝐴𝑆 is the aggregated score, 𝐴 – n are normalised input metrics and 𝑤 is the weight applied to 
each metric. In the case of this study, 𝑤 = 1. 

 

▪ Validate or verify the results: This is the final step in the WLC approach and involves checking 

the validity of the results or, in the case were alternative solutions were generated, to rank 

the generated alternatives to select the final solution. For this study, the results at each step 

are checked for general error and that the spatial logic makes sense.  

The next step in the SAPA protocol is to assess the extent to which the emergent resilience 

characteristic of (4) hierarchic efficiency is present in the study area. As discussed in Chapter 3, the 

assessment of hierarchic efficiency is done by assessing which, if any, system characteristics follow a 

power−law distribution. For this study, the following are assessed to determine if they do indeed 

display a power−law distribution: plot area, building volume, access to locations, betweenness 

centrality, urban potential directive, configurative nesting and the modularity directive. Once all six of 

the directives (spatial and non-spatial) have been assessed, the (5) nest step is to create the spatial 

adaptive potential indicator by combining the five spatial directives (connectivity, diversity, urban 

potential, redundancy and modularity) with a weighed linear combination approach, as discussed 

previously. The process was repeated for each of the three assessment scales (10-, 20- and 30-minute 

travel time) and the final outputs of the SAPA protocol were (6) the assessed SAP for each scale.  

As a reminder, the SAP metric does not directly measure the spatial-morphological resilience of a 

location. Rather, as was emphasised throughout this study, the SAP metric is a measure of the 

potential capacity of a location to facilitate and mange changing needs. Furthermore, the SAP metric 

is formulated under the assumption that potential for spatial-morphological resilience to emerge is at 

its highest in locations where the spatial-morphological precondition (created through the size, 

distribution, configuration and interaction of the urban form) are in place to produce significant levels 

of all five spatial-morphological resilience directives at a given scale. Moreover, while the precondition 

might be in place, there is, however, no guarantee that a location would be spatially resilient. This can 
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only be determined if an area is able to incrementally adapt, building by building, plot by plot to the 

changing needs over time without the need for radical intervention.  

The sections to follow describe how each of the six directives are assessed. To begin, spatial structural 

directives of connectivity (5.2.1), diversity (5.2.2) and urban potential (5.2.3) are described, followed 

by a description of the imbedded spatial directives of redundancy (5.2.4) and modularity (5.2.5). 

Finally, the process for the assessment of emergent resilience characteristic of hierarchic efficiency is 

described (5.2.6). 

5.2.1 Connectivity directive 

The method for the creation of the connectivity directive is the first of the five spatial directives to be 

described. As discussed previously in Chapter 3, connectivity is an essential property for the 

functioning of a city, as it determines how goods and people move and interact within the city. Within 

the context of this study, connectivity, or specifically the urban movement network, forms the basis 

through which all other directives are built and interacted. This section will give an overview of the 

proposed method for the assessment of the connectivity directive of a study.  

As shown in Chapter 3, there are many ways to measure connectivity; however, these can be broken 

down into two broad groups, namely global and local measures (Sevtsuk, 2014). Global metrics give 

and overall description of the properties of the entire network. While this can be useful, as some 

metrics give insights into the structure and potential redundancy within the network, they do not 

allow for spatial differentiation unless the network is divided into zones or sub-graphs, which is 

susceptible to the MAUP discussed previously. In contrast to the global metrics, internal network 

metrics allow for the comparison and relation of different elements within a network to each other. 

In other words, internal metrics allow for locations (plot or building) to be assessed in terms of how 

well they are connected in relation to all other locations through the network. This allows for specific 

locations to be identified within the network which have a higher or lower connectivity. In Chapter 3, 

three internal network properties were discussed: access, flow and efficiency. These three properties 

of connectivity form the basis of the connectivity directive.  

Figure 5.3 is a graphical summary of the proposed connectivity assessment, with the final result being 

the created connectivity directive index. The starting point for the assessment is the three different 

types of (1) input data, namely the integrated public transport (IPT) network, the pedestrian network 

and the assessment units (plots or buildings). Using the indicated inputs, the relative (2) access, flow 

and network efficiency is assessed for each assessment unit at a single scale. To create the connectivity 

directive, each of the network properties are first assessed individually. Access is assessed using the 

access to locations metric, flow is assessed using the betweenness centrality metric, and network 

efficiency is assessed using the straightness centrality metric (the details of each metric are discussed 
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in more detail in the sections to follow). First, access is assessed with the access to locations (plots or 

buildings) metric. The second connectivity assessment is that of betweenness centrality, which is used 

to assess the relative flow which passes along a location. The third connectivity metric is the 

assessment of straightness centrality, which is used to assess the network efficiency.  

 

Figure 5.3: Flow diagram of the proposed connectivity directive 

Once each of the connectivity assessments have been computed, (3) the connectivity directive is then 

created by adding each of the three connectivity indexes through the weighed linear combination 

approach as previously discussed. The final result is then normalised, resulting in a connectivity 

directive which ranges from zero to one [0−1], where values with a score of 1 have the best overall 

connectivity. The normalisation of the connectivity directive is done to allow for easy comparison of 

the results across scales as well as to allow the results to be used in the creation of the spatial adaptive 

potential assessment. The final step is to (4) repeat the assessment process for each of the three 

scales, namely the 10-minute, 20-minute and 30-minute travel times, which formed the three 

assessment scales.  

The subsections to follow will give more detail on the metrics used to create the connectivity directive. 

The discussion will start with the access to locations metric. This will then be followed by a description 

of the betweenness centrality metric. Finally, the straightness centrality metric will be described. 

5.2.1.1 Access to locations 

The access to locations metric is the first of the connectivity metrics used to create the connectivity 

directive. This evaluates the number of locations (plots or buildings) which can be reached by a given 

location through the network at a given distance or time. Access, as discussed in Chapter 3, can be 

measured in several ways, the two most common ones being the cumulative opportunities (also called 

reach) and gravity-type metrics. The gravity-type metrics are a family of metrics which conceptualise 

the attractiveness of destinations as well as the effort required to reach those destinations into a 

single metric. In an ideal situation, the selection of which the impedance function as well as the cut-

off parameters and distance penalty (beta – β) would normally be based on statistical parameters 

derived from calibrated trip generation models (Higgins, 2019c). However, Kwan (1998) argued that 

customised functions can be used in the absence of such data, provided that they are based on theory. 
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Kwan (1998) further provided examples of several customised impedance functions, including the 

inverse power, negative exponential, modified Gaussian and cumulative opportunities linear functions.  

For access to the locations metric, a modified Gaussian access function (Eq 5.16) was implemented 

(Ingram, 1971) to assess the number of locations (plots or buildings) which can be reached along the 

integrated public transport network. According to Ingram (1971), the modified Gaussian function is a 

superior gravity function to other types of popular gravity functions, such as the inverse power and 

negative exponential functions, because the Gaussian function has a slower initial rate of decline 

(distance decay penalty) close to the origin and does not decline as rapidly when compared to other 

gravity-type metrics. The initial slow rate of decline therefore allows for the initial “zone where the 

frictional effect of distance on accessibility is [too] low” (Ingram, 1971: 105) to be incorporated into 

the assessment.  

 𝐴𝑖 =∑𝑙𝑗𝑒
(−𝑡𝑖𝑗

2 /𝛽)

𝑗

 Eq 5.16 

 
Where accessibility, 𝐴, of origin 𝑖 is the sum of all locations 𝑙 available at destinations 𝑗 accessible 
within travel time 𝑡 and weighted by the impedance function impedance parameter β that accounts 
for the cost of travel. Adapted from Higgins (2019b). 

 

It is also due to the initial slower rate of decline that made the modified Gaussian function particularly 

attractive for this study for evaluating the access to locations through a multimodal network, which 

incorporates both walking and other forms of transportation, such as bus and rail. This is because the 

relative distance (time or friction) penalty for walking, compared to public transport, will inevitability 

be less. The conceptual application of the fractal penalty of the Gaussian function along a multimodal 

trip is visualised in Figure 5.4. At the beginning of the trip, the initial slower rate of decline accounts 

for the initial part of the trip, which is done by walking. This is followed by a transition to public 

transport, which has a stronger penalty. The final part of the trip then transitions back to walking for 

the last part of the trip.  

 

Figure 5.4: Example of the conceptual application of the fractal penalty of the Gaussian function 

along a multimodal trip 
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The strength of the distance decay in gravity-type functions is controlled through the impedance 

parameter, β, which regulates the cost of travel. However, selecting the correct impedance parameter 

can be difficult as it would normally require calibrations from a trip generation model. As mentioned, 

Kwan (1998) suggested that customised impedance parameters can be used in the absence of a 

calibrated model, and then she gives several examples of β values which might be used for accessibility 

analysis. These β values, when applied to the modified Gaussian function, is shown in Figure 5.5 and 

are used to guide to selection of the beta values for each of the assessment scales (10-, 20- and 30-

minute travel time). The main criterion for selecting the β value is that the point where the function 

approaches 0 should be on or near the selected travel time cut-off limit (selected scale), but not 

before. This criterion was then used to determine the appropriate β values for each assessment scale. 

Using Figure 5.5 as a guide, the selected β values for the three assessment scales were: β = 40 for the 

10-minute scale; β = 100 for the 20-minute scale; and β = 180 for the 30-minute scale.  

 

Figure 5.5: Visualisation of the modified Gaussian function β values used in the study 

Once the appropriate β values have been selected, the access for all locations in the case study area 

is calculated with the modified Gaussian function, at the selected assessment scales, with the 

Accessibility Toolbox developed by Higgins (2019c). As access to the locations metrics does not 

consider attractiveness of a location, all locations are weighted equally and therefore the metric only 

considers the impact of distance on the accessibility of a location. As a result, access to the locations 

metrics is a good measure of the effectiveness of the network to provide access to locational 

opportunities. 

5.2.1.2 Betweenness centrality 

Betweenness centrality (Freeman, 1977), which was discussed in detail in Chapter 3, is a metric which 

assesses the number of times a location is on the shortest path between two locations within a given 
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distance (Eq 5.17). Moreover, betweenness centrality is a good indicator of movement along a path 

and has thus been found to be a good measure of pedestrian flow (Zhang and Chiaradia, 2019). One 

of the challenges in assessments like betweenness centrality is that they rely on the assumption that 

users take the shortest route (Cooper et al., 2019). There is much debate on how distance should be 

calculated (Cooper et al., 2019; Ratti, 2004). Some authors apply metric distances (metres travelled 

on the network) in their calculations of the shortest path (Guo and Loo, 2013; Sharmin and 

Kamruzzaman, 2018) while others, most notably in Space Syntax (Hillier, 1999, 2007; Hillier and 

Hanson, 1984), suggested topological distance (number of nodes – intersections or routes) with the 

least angular choice (changes in direction) as a better measure of shortest distance. Research has 

shown that both approaches are able to account for between 50% and 80% of the variation in route 

choice by pedestrians, and that when possible, pedestrians tend to prefer more direct routes, which 

also minimises distance (Shatu et al., 2019). Cooper et al. (2019: 11) took note of the benefits of both 

metric and topological measures and made use of “a hybrid of the shortest and most direct path” 

through the sDNA method and tool (Cooper and Chiaradia, 2015, 2020) to successfully predict the 

impact of the change in network configuration on pedestrian counts. For this study and, specifically 

for the betweenness centrality, straightness centrality and path redundancy metrics, a hybrid metric 

was used to calculate distance by minimising angular choice and metric distance. The calculation of 

betweenness centrality for this study was performed using the sDNA toolbox for ArcGIS on the 

pedestrian network only, as incorporating changes in direction would add little value in public 

transport network.  

𝑩𝑻𝑾(𝑥) = ∑ ∑ 𝑊(𝑦)𝑊(𝑧)𝑃(𝑧)𝑂𝐷(𝑦, 𝑧, 𝑥)

𝑧∈𝑅𝑦𝑦∈𝑁

 

𝑂𝐷(𝑦, 𝑧, 𝑥) =

{
 
 

 
 
1, 𝑖𝑓 𝑥 𝑖𝑠 𝑜𝑛 𝑡ℎ𝑒 𝑓𝑖𝑟𝑠𝑡 𝑔𝑒𝑜𝑑𝑒𝑠𝑖𝑐 𝑓𝑜𝑢𝑛𝑑 𝑓𝑟𝑜𝑚 𝑦 𝑡𝑜 𝑧 

1/2, 𝑖𝑓 𝑥 = 𝑦 ≠ 𝑧
1/2, 𝑖𝑓 𝑥 = 𝑧 ≠ 𝑦 
1/3, 𝑖𝑓 𝑥 = 𝑧 = 𝑦
0,𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 

 

 

Eq 5.17 

Where the betweenness of 𝑥 is the sum of the shortest geodesic paths which pass along 𝑥 between 𝑦 and 𝑧. 
And where 𝑁 is the full network; 𝑅𝑦  is the assessment radius; 𝑊(𝑦)𝑊(𝑧) and the network weights of the 

end points of 𝑦 and 𝑧;  𝑂𝐷(𝑦, 𝑧, 𝑥) are the end links of geodesics which are traversed half as often on 
average, as journeys begin and end in the link centre on average (Cooper, 2016; Ozuduru et al., 2020).  

 

As the betweenness metric is calculated on the street network (line data type) and not on the analysis 

units (plots or buildings – polygon data type), the results are transferred from the network to the 

assessment polygons by using the method described in Section 5.5.3 of Chapter 5. Once the 

betweenness results have been transferred to the assessment units, the results are then normalised 

[0−1] so that they can be used in creating the connectivity directive.  
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5.2.1.3 Straightness centrality  

The efficiency of the network for this study is measured through the straightness centrality metric 

(Porta et al., 2006). Straightness centrality, as discussed in Chapter 3, is a metric which assesses how 

direct a path between two locations is when compared to that of a straight line. The straightness 

centrality metric does this by calculating the ratio between the distance needed to reach a destination 

from a location (origin) along the network to that of the Euclidean distance (Sevtsuk, 2014). When 

applied to all locations within a set radius, the straightness centrality metric provides an overview of 

how efficiently the network allows a location to reach other locations within a set distance. It should 

be noted that as the assessment radius increases, the difference between the network distance and 

the Euclidean distance decreases (Sevtsuk, 2014).  

As the straightness metric compares two distances (network and Euclidean distance) with each other, 

the two distances need to be measured in the same unit of measurement. In this case, the unit of 

measurement is in metre. For this study, the straightness metric is assessed using the pedestrian 

network at distance intervals of 800 m, 1 600 m and 2 500 m which are roughly equivalent to a 10-, 

20- and 30-minute walk, respectively. Furthermore, as with the betweenness centrality metrics the 

straightness metric is assessed using the sDNA tool. The sDNA tool measures straightness through the 

diversion ratio (Eq 5.18), which is defined as “the mean ratio of geodesic length to crow flight distance 

over all links in the radius. It differs from MGL
MCF

 in that ratios are computed individually before 

averaging”1 (Cooper, 2016).  

 

𝐷𝑖𝑣(𝑥) =
∑

𝑑𝑀(𝑥, 𝑦)
𝐶𝐷𝐹 (𝑥, 𝑦)

𝑊(𝑦)𝑃(𝑦)𝑦∈𝑅𝑥

∑ 𝑊(𝑦)𝑃(𝑦)𝑦∈𝑅𝑥

 
Eq 

5.18 

 
Where 𝐶𝐷𝐹 (𝑥, 𝑦) is the crow flight distance between the centres of 𝑥 and 𝑦; 𝑑𝑀(𝑥, 𝑦) is the distance 
according to a metric 𝑀 along a geodesic defined by 𝑀, between an origin 𝑥 and a destination 𝑦; 𝑊(𝑦) 
is the network weights of the end points of 𝑦; 𝑃(𝑦) is the proportion of any polyline 𝑦 within the radius. 
Adapted from Cooper (2016) 

 

With a traditional straightness assessment (MGL
MCF

), the closer the values are to 1, the more direct the 

routes are regarded. Meanwhile, the diversion ratio calculates the ratios individually before averaging 

the score. The result is that the lower the value, the more direct and therefore efficient the network 

is considered. This, however, makes it difficult to transfer the results which are stored as polylines to 

the assessment units (polygons) with the method described in Chapter 4. The reason for the difficulty 

is that the method to transfer line data to polygons, described previously, makes use of a kernel 

density estimation (KDE) to create the raster surface representing the density of values. When using 

a KDE to create the raster surface representing the density of values, the density of streets (lines) will 

in themselves impact the results, as the closer the streets are to each other with a KDE, the higher the 

 

1  MGL = Mean Geodesic Length and MCF = Mean Crow Flight distance.  
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values are likely to be. For example, with line segments which have low values (good diversion ratio 

scores), if there are many line segments too close to each other, they will distort the results simply 

because of the proximity of the lines to each other.  

The first step used to get around this problem of transferring the results from the line-based diversion 

ratio assessment is to invert the results by dividing 1 by the values (
1

Div
), to make the original small 

values to now have higher scores. This has the added benefit of making the results more intuitive to 

read, as the higher values now indicate a more efficient network. The next step is to transfer the values 

from the polyline dataset to the polygons. Through extensive testing, the results of the transfer of 

diversion ratio assessment with the KDE approach, used with the other line-based metrics, did not 

give satisfactory results. This is because too much detail was lost in the transferal process.2 

Additionally, when using the KDE approach, the results of the assessment for each scale were not 

sufficiently differentiated to be used for this study. Therefore, an alternative interpolation method to 

the KDE was needed. In this study, the ArcGIS Topo to Raster tool was used to interpolate the line 

dataset into a raster feature.  

The Topo to Raster tool is designed to create hydrologically correct digital elevation models from 

various features, specifically contours. Additionally, the tool is able to account for abrupt changes in 

topography, such as cliffs and ridges, which makes the tool useful for representing areas which might 

have large variations in the diversion ratio score within a short distance (see ESRI (2019b)). For the 

purpose of this study, it is possible to view the road (line) features, which need to be interpolated, as 

contours within the context of the tool. And given that this interpolation method can handle abrupt 

changes in values, i.e., street segments close to each other with very different values, this 

interpolation method is able to retain the accuracy of the results. Additionally, unlike the KDE method, 

the Topo to Raster tool interpolates the actual values and not the densities of the line values, thereby 

preserving the accuracy of the data. Once the line data is interpolated to a raster using the Topo to 

Raster tool, the next step in the process is to transfer the results from the raster dataset to the 

assessment units (polygons). This is done using the same method described previously, were the mean 

interpolated score for each assessment unit is calculated and then transferred to the assessment unit. 

Finally, once the results are in the assessment unit dataset, the scores are normalised (0:1), which 

allow the results to be compared across scales and combined with the other metrics to form the 

connectivity directive.  

 

2  For the other assessments which used line-based metrics which needed to be transferred, the kernel density estimation 

produced satisfactory results while also being much faster and computationally less demanding to implement. 
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5.2.2 Diversity directive 

Diversity is one of the fundamental properties for creating not only good quality urban spaces (Burton, 

2000; Carmona et al., 2003), but is also a vital property needed to create resilient and adaptive cities 

(Ahern, 2011; Anderies, 2014; Ferreira, 2016). Furthermore, structural diversity within urban form is 

particularly important for spatial-morphological resilience (Currie, 2020; Romice et al., 2020), as 

variation in the distribution, size and shape of urban form allows urban areas to more easily cope with 

stress, while also adapting to larger variety of changing circumstances (Feliciotti, 2018). Additionally, 

having variation in the urban configuration also means that some forms will be better suited to 

different circumstances, which also means that some places might be able to make up for dysfunctions 

in other locations in times of crisis (Sharifi and Yamagata, 2016).  

However, without being able to access the variation in the urban form or functions, diversity would 

eventually be meaningless (Bobkova, 2019). Yet, because of the nature of diversity assessments, for 

the measurement of the mix of elements within an area, traditional approaches to the spatial 

assessment of diversity have been limited to assessing diversity within predefined zones or aerial 

units. However, these assessments are susceptible to issues relating to MAUP, as zones often do not 

conform to functional areas and present issues when scaling. To get around MUAP difficulties, authors 

like Sevtsuk (2010) have suggested using finer scale areal units to limit the MUAP effect. In addition 

to small scale areal units, Sevtsuk (2010) also suggested incorporating access into measures that can 

move beyond the issues of creating strict zones or boundaries. By incorporating access to 

opportunities or locations, it is possible to create functional areas at any desired scale without creating 

fixed boundaries. Moreover, by adapting traditional, but proven, approaches of diversity, this study 

took advantage of the benefits brought by access-based metrics, by assessing diversity through the 

network. An added benefit of this approach is that multiscale assessments are possible, while retaining 

the lowest possible areal units. The incorporation of multiscale assessments also means that the 

panarchy model of cross-scale interaction (Gunderson and Holling, 2001) can be further integrated 

into urban studies.  

The diversity directive takes advantage of the discussed benefits by providing a multi-perspective and 

more holistic view that the diversity locations have access to. The diversity directive does this by 

studying both quantitative and qualitative aspects of functional and structural (configurative) 

diversity. Shown in Figure 5.5 is a graphical outline of the procedure to create and assess the diversity 

directive.  
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Figure 5.6: Flow diagram of the proposed diversity directive 

Starting (1) with the input data required, the diversity directive makes use of five different input 

datasets. These are land use, which is categorised into the three main urban functions of Live, Work 

and Visit as described by Dovey and Pafka (2017); an integrated public transport network, the 

assessment units (plots or buildings deepening on the case study), pedestrian network, and the built 

volume per assessment unit. Once prepared, the data are used as input for (2) different directive 

metrics. The diversity directive is assessed through two approaches, functional and structural 

(configurative) diversity. The functional diversity metrics are assessed through the Accessible Mixed-

Use Index (MXIA) and functional evenness, while the structural qualities of urban form are assessed 

with the location type heterogeneity, accessible location density ratio and accessible built volume 

density ratio metrics. The output of the MXIA metric is the only qualitative metric used within the 

spatial resilience assessment protocol and is used as one way to interpret the functional mix of the 

study area. Moreover, because of the qualitative nature of the MXIA, the outputs of the metric cannot 

be used as a direct input into the diversity directive. As such, the functional evenness metric is used 

as the metric to quantitatively capture the extent of the functional mix within the study area.  

The next part of the creation of the diversity directive involves (3) normalising the metrics (Eq 4.14), 

and then combining them with the weighed linear combination approach to create the diversity 

directive for the assessed scale. The full process (4) is then repeated for each of the assessment scales, 

which results in a multiscale diversity assessment of the study area. 

Worth noting within the analysis of diversity is that there are currently no existing benchmarks for 

what qualifies as good (amount) or the right type of diversity for urban spatial-morphological 

resilience. Therefore, the underlying assumption within this study was that higher diversity is better, 

even though heterogeneity/diversity measures, used to assess the diversity of urban morphology, 

have been previously critiqued (Bourdic et al., 2012; Dovey and Pafka, 2017) because of the 

assumption that there should be an even distribution of urban elements. While this critique may have 

some value, Feliciotti (2018: 237) suggested that if more than one approach is used in the assessment 
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of diversity, the built-in bias may be minimised, as different measures use different variables, while 

also incorporating different underlying assumptions.  

The subsections to follow will provide the details of each of the metrics used to create the diversity 

directive. To begin, the two metrics related to the accessible functional mix, MXIA and functional 

evenness, will be discussed. This will then be followed by a description of structural diversity metrics 

of location type heterogeneity, accessible location density ratio and accessible built volume density 

ratio. 

5.2.2.1 Accessible mixed-use index 

The MXIA is the first of the two accessible functional mix indicators described and is the only qualitative 

metric used within this spatial resilience assessment protocol. As discussed in Chapter 3, the Mixed 

Use Index (MXI) was first developed by Van den Hoek (2008, 2009) as a means to describe how mixed 

urban functions are in terms of the extent (what proportion is mixed) and, importantly, the type of the 

mix (what is mixed). However, the MXI as proposed by Van den Hoek (2009), uses large areal units to 

summarise the proportional mix within an area. As discussed previously (Chapter 4), the use of large 

areal units is particularly susceptible to the MAUP as well as incorporating the implicit assumption 

that functional mix is evenly distributed within the areal unit. Because of these limitations, the MXI as 

proposed by Van den Hoek (2008, 2009) is not suitable for multiscale assessment. Dovey and Pafka 

(2017), recognising the limitations of the original MXI, have made large steps forward to improve the 

MXI by further redefining and clarifying what constitutes mixable uses, while also simplifying the 

terminology to three basic groups of Live, Work and Visit. Additional contributions made by Dovey 

and Pafka (2017) in furthering the MXI concept is that they (1) retained the plot as the lowest areal 

unit and that (2) they incorporated a multiscale assessment. However, as noted in Chapter 3, there 

are still noticeable limitations to the MXI method of Dovey and Pafka. The most notable of these 

limitations is their approach to multiscale assessment, which relies on an arbitrary grid instead of a 

functionally derived catchment area. As a way around the issues of the existing approaches to 

functional mix, the MXIA is proposed as a modified version of the MXI. The MXIA takes advantage of 

the benefits derived from using access-based assessments (as previously discussed) to create variable, 

functionally-based areal units, which are able to capture and aggregate data, while mitigating many 

of the issues associated with the MAUP.  

MXIA (Eq 5.19) captures accessible proportional mixing of each of the three main urban functions of 

Live, Work and Visit, where Live, Work and Visit are the grouped land uses as defined by Dovey and 

Pafka (2017) and discussed in Chapter 3. To assess the MXIA for a location (𝑖), the first step is to 

calculate the total units (area or volume) of each function which can be reached on the network. Next, 

the relative proportion of each function is calculated. However, as each function has varying 

importance, frequency and size requirements within a city, the functions need to be weighted to 
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account for this disparity (Dovey and Pafka, 2017). For example, Live functional areas (residential uses) 

tend to take up more usable areas than other uses; however, commercial uses (Visit) can generate 

more movement per area unit than that of residential areas (Dovey and Pafka, 2017). It is therefore 

necessary to balance the proportions of Live to Work and Live to Visit functions. In their assessment, 

Dovey and Pafka (2017) have applied a ratio of 1:2 and 1:5 for Live:Work and Live:Visit, respectively. 

However, the weighting used by Dovey and Pafka are somewhat arbitrary and based solely on 

experimentation. Indeed, when using the weightings suggested by Dovey and Pafka, the results 

proved unsatisfactory as the method of assessment used in this study for capturing the relative 

functional mix per location differs a great deal conceptually to that of Dovey and Pafka’s approach. In 

an attempt to find acceptable weightings of the functions which work within an access-based MXI 

approach, the existing ratios of the functions of the study area were used. The underlying assumption 

behind this decision is that a city, as a whole, will likely display the natural mix or ratios required for 

its specific context. Therefore, this study made use of the global ratios of the total Live area to the 

total Work and total Live to total Visit area (Weighted function Eq 5.20) as guidelines to assess the 

functional mix relative to the entire study area. As an example, if the ratio of Live:Work is 1:2 (meaning 

there is twice as much Live area to Work area), then the total accessible area of the Work is multiplied 

by 2 to create the weighted total accessible work area.  

MXIA 𝑀𝑋𝐼𝐴𝑖 =
∑𝐴𝑤𝐿𝑗,𝑙𝑖𝑣𝑒𝑓(𝑡𝑖𝑗,𝑙𝑖𝑣𝑒) 

𝐴𝑖,𝑡𝑜𝑡𝑎𝑙
;  
∑𝐴𝑊𝑊𝑗,𝑤𝑜𝑟𝑘𝑓(𝑡𝑖𝑗,𝑤𝑜𝑟𝑘) 

𝐴𝑖,𝑡𝑜𝑡𝑎𝑙
 ;  
∑𝐴𝑊𝑉𝑘,𝑣𝑖𝑠𝑖𝑡𝑓(𝑡𝑖𝑗,𝑣𝑖𝑠𝑖𝑡) 

𝐴𝑖,𝑡𝑜𝑡𝑎𝑙
 

Eq 5.19 
Total weighted 
accessible area 

𝐴𝑖,𝑡𝑜𝑡𝑎𝑙 =∑𝐴𝑤𝐿𝑗,𝑙𝑖𝑣𝑒𝑓(𝑡𝑖𝑗,𝑙𝑖𝑣𝑒) +∑𝐴𝑊𝑊𝑗,𝑤𝑜𝑟𝑘𝑓(𝑡𝑖𝑗,𝑤𝑜𝑟𝑘) +∑𝐴𝑊𝑉𝑘,𝑣𝑖𝑠𝑖𝑡𝑓(𝑡𝑖𝑗,𝑣𝑖𝑠𝑖𝑡) 

Access impedance 
function 

𝑓(𝑡𝑖𝑗) = {
1 𝑓𝑜𝑟 𝑡𝑖𝑗 ≤ 𝑡̅

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

Weighted 
function 𝑊𝐿=1

 ; 𝑊𝑤= 𝐿𝑇
𝑊𝑇

 ; 𝑊𝑉= 
𝐿𝑇
𝑉𝑇

 Eq 5.20 

Where 𝐴 is the accessible area; 𝑊𝐿 is the weight applied to the total accessible Live area; 𝑊𝑤 is weight 
applied to the total accessible Work area; 𝑊𝑉 is weight applied to the total accessible Visit area; 𝑡 is the total 
travel time (scale) between origin 𝑖 and destination 𝑗; 𝐴𝑖,𝑡𝑜𝑡𝑎𝑙 is the total weighted accessible area; 𝐿𝑇 = total 
Live, 𝑊𝑇 = total Work and 𝑉𝑇  = total Visit units (area or volume) within the study area. 

 

Once the weighted proportions of each function have been calculated, the results for all locations are 

plotted on a ternary graph (Figure 5.7) to visualise the type and extent of the functional mix for each 

location.  
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Figure 5.7: Accessible mixed-use index ternary classification 

Then using Table 5.1, the accessible functional mix of each location is classified into the proposed MXIA 

classification to aid in the mapping and visualisation of the results.The proposed MXIA classifications, 

as described in Table 5.1, are highly mixed, mixed, low mixed, bifunctional, semi-monofunctional or 

monofunctional, with the latter three differentiating between which function is dominant. For 

example, a location is classified as Bifunctional Live-Visit if it has less than 10% Work, but Live and Visit 

are between 10% and 80%. See Figure 5.1 [ternary] for the corresponding locations for each MXIA 

classification. Finally, once all locations have been classified based on the MXIA classification, the 

results are then mapped for the spatial interpretation.  

Table 5.1: Accessible mixed-use index classification 

MXIA Classification 
Live range % Work range % Visit range % 

Minimum Maximum Minimum Maximum Minimum Maximum 

Monofunctional Live 90 100 0 10 0 10 

Semi-monofunctional Live 80 90 10 20 0 20 

Bifunctional Live−Visit 10 80 0 10 10 80 

Monofunctional Work 0 10 90 100 0 10 

Semi-monofunctional Work 0 20 80 90 0 20 

Bifunctional Work−Live 10 80 10 80 0 10 

Monofunctional Visit 0 10 0 10 90 100 

Semi-monofunctional Visit 0 20 0 20 80 90 

Bifunctional Visit−Work 0 10 10 80 10 80 

Low Mixed 10 80 10 80 10 80 

Mixed 20 60 20 60 20 60 

Highly Mixed 30 40 30 40 30 40 
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5.2.2.2 Functional evenness index 

While the MXIA is a useful qualitative measure for studying diversity, the resulting classification cannot 

be easily combined into a single metric to be used in conjunction with other indexes in creating the 

diversity directive. Thus, an alternative diversity indicator is needed which can capture the accessible 

functional mix of an area that can be easily incorporated into creating the diversity directive. In 

response to this need, the Functional Evenness Index (FEI) is proposed as the second of the accessible 

functional mix indicators used within the spatial resilience assessment protocol. 

While there are several types of diversity indexes available, for the assessment of functional evenness, 

an entropy-based measure of diversity suited the needs of the study well. As discussed in Chapter 3, 

entropy-based measures of diversity capture the extent to which the frequency of groups (or functions 

in this case) are evenly distributed. In essence, the entropy-based diversity measures indicate how 

balanced the mix of functions are, and do not indicate the type or nature of the mix (Kockelman, 1997).  

For this study, the proposed FEI made use of a modified Shannon Evenness Index. The FEI captures 

the evenness of the distribution of the functions that are accessible within a specified distance of each 

location. For the FEI, the total accessible units (area or volume) for each function is calculated 

separately for each location. Once the access for each function is calculated, the Shannon Evenness 

Index (Eq 5.21) is applied to assess the evenness of the functional distribution for each location.  

 

FEI = 
−∑ 𝑝

𝑓
 . ln 𝑝

𝑓
𝐹
𝑓=𝑢

ln𝐹
 Eq 5.21 

 Where 𝐹 is the number functions = 3; 𝑝𝑓 is the proportion accessible units 𝑢 (area or volume) within 

the 𝑖th function 𝐹. ln 𝑝𝑓 is the natural logarithm of 𝑝𝑓; and ln𝐹 is the natural logarithm 𝐹. 

 
 

The assessed functions used in the FEI are the same as those used for the MXIA (Live, Work and Visit). 

The utilisation of the same functions as the MXIA is done intentionally, as the FEI (or any entropy-based 

measures of functional mix), in effect simply provides an indication of the extent to which all functions 

are equally present and, therefore, cannot differentiate between type of functions, which make the 

mix. For example, Krizek (2003: 274) noted that in an entropy-based assessment of functional mix, “a 

neighborhood with 10 percent residential and 90 percent commercial would rank the same as if the 

proportions were reversed”. For this reason, the results of the proposed FEI should be interpreted in 

relation to MXIA described previously, as the MXIA helps with the qualitative interpretation of the mix. 

5.2.2.3 Location type heterogeneity 

While accessible functional mix gives an indication of the spatial distribution and mixing of functions, 

an additional approach to diversity can also be taken. Here the focus is specifically on the variation in 

form, size and shape of plots and buildings. The approach taken by Bobkova et al. (2017), in what they 

call accessible plot size diversity, is to divide the plots of a study area into different categories based 
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on the plot area.3 The access to each plot category is then calculated and the Simpson Diversity Index 

(Eq 5.22) is then applied to calculate the diversity of plot area. In short, the accessible plot size diversity 

estimates “how different are plots in terms of sizes within certain reach” (Bobkova et al., 2017, p. 

47.7). 

 

𝐷𝑃𝑙𝑜𝑡 = 1− ∑(𝑝𝑖)²

𝐶

𝑖=1

 Eq 5.22 

 
Where 𝐷𝑃𝑙𝑜𝑡 is the accessible plot size diversity within a defined distance; 𝑝𝑖 is the proportion of plots 
within the 𝑖𝑡ℎ category C to the total number of accessible plots. The index is close to 1, when a plot 
has higher accessible diversity of plot size and close to 0, when the plot size diversity is low and 
therefore relatively homogeneous.  

 

While the accessible plot size diversity proposed by Bobkova et al. (2017) only looks at plot diversity 

through the lens of area, it is possible to incorporate more of the physical characteristics of plots or 

buildings into this classification method. This allows for an assessment of diversity of the geometric 

characteristics of a location which is not only limited to variations of area. The rationale for the 

incorporation of additional physical characteristics is, for example, that a plot or building may have a 

similar area but have very different shapes, as illustrated in Figure 5.8, where several plots have similar 

areas, yet have a large variation in shape. The size and shape of a plot, for example, can impact how 

the plot can be used (Gao and Asami, 2007; Wu et al., 2007) as well as impacting how easily the plot 

can adapt over time (Moudon, 1986).  

 

Figure 5.8: Four plots with similar areas within Manhattan but with vastly different forms 

Before being able to assess the accessible diversity to geometric variation in locations, it is first 

necessary to (1) decide which geometric properties should be considered and (2) to group the 

locations based on the geometric properties. There are many different approaches to describe the 

geometric properties of a plot or building. Some of these include the parcel shape index (Demetriou 

et al., 2013), fractal dimension (Batty and Longley, 1988), or the areal form factor (Gonzalez et al., 

2004). For this study, a combination of several basic geometric characteristics was used as they are 

easily computed and coincide with the general characteristics used for description of plot and building 

 

3  Their approach to classification is to bin plots into groups by area using a simple “geometric interval” classification 

method. 
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shapes within urban design. The geometric characteristics used were area, length, width, thickness, 

fractal dimension and height (for buildings only). Area refers to the geometric area of the location 

polygon and is calculated in square metres (m²). Length is calculated as the length (metres) of the 

longest axis of the bounding box of the location polygon, while width is calculated as the length of the 

shortest axis of the bounding box of the location polygon. Thickness describes how square or narrow 

a location polygon is and is calculated as the ratio of the location polygon area, compared to the 

location polygon’s minimum bounding square. A square will have a score of 1, while smaller values 

will indicate a thinner polygon. Fractal dimension indicates the complexity of the location polygon’s 

shape. The fractal dimension ranges between 1 and 2, with values closer to 2 indicating a more 

complex plot shape. The fractal dimension is calculated using the Box Counting method as described 

by Bourke (1993). Height refers to the geometric length (metres) of a building from the base (ground 

level) to the top of the building. All geometric characteristics, excluding height, were calculated using 

the ET GeoWizard tool from ET Spatial Techniques (2016). While other variables were tested, the 

selected variables returned the best results across the selected cast studies. 

Once the geometric properties for all locations (plots or buildings) have been computed, it is then 

necessary to classify the locations based on their geometric properties. In the case of this study, the 

classification was done by performing an unsupervised multivariate clustering on the locations using 

the ArcGIS Pro Multivariate Clustering tool (ESRI, 2019a). As described by ESRI (2019b), multivariate 

clustering is a statistical clustering method that identifies natural clusters or groups of features based 

only on the attributes or characteristics of the features. The aim of the clustering is to minimise 

variation within each group, so as to group all similar features, while at the same time trying to 

maximise the differences between each group. The ArcGIS Pro Multivariate Clustering tool was used 

for the grouping of location types as it is fast to implement and is able to determine the optimal 

number of clusters to group the locations into. Determining the number of clusters to use is one of 

the more challenging parts of any cluster analysis (Fraley and Raftery, 1998). To help select correct 

number of groups, the Multivariate Clustering tool runs a K-means cluster analysis on the input data, 

dividing the features into between 2 and 30 groups. Once completed, the Multivariate Clustering tool 

calculates the within-group and between-group variance for the full range of clusters with a Calinski-

Harabasz pseudo F-statistic. The pseudo F-statistic is a ratio of the within-cluster variance to the 

variance between each cluster (ESRI, 2019a). The number of clusters which have the highest pseudo 

F-statistic is then deemed the most apocopate for the input dataset (ESRI, 2019b).  

Once the multivariate clustering of the locations has been performed and each location has been 

classified into a group, the access to each group is then calculated for all locations using the 

Accessibility Toolbox developed by Higgins (2019c). In other words, the number of locations within 

each group, which is accessible along the pedestrian network for each assessment scale, is calculated 

for all locations. The pedestrian network is used over the multimodal network as it allows for a better 
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exploitation of the configurative morphological structure of the locational diversity, something which 

is distorted when public transport is incorporated into the assessment. Next the Location Type 

Heterogeneity (Eq 5.23) is calculated using a modified version of Bobkova et al.’s (2017) accessible 

plot size diversity metric. Finally, once the initial location type heterogeneity has been calculated for 

each scale, the scores are normalised [0−1] so that they can be used in creating the diversity directive.  

 

𝐿𝑇𝐻𝑖 = 1− ∑(𝑝𝑥)²

𝐶

𝑥=1

 Eq 5.23 

 Where 𝐿𝑇𝐻𝑖 is the location type heterogeneity of location 𝑖 within a defined distance (assessment 
scale); 𝑝𝑥 is the proportion of locations within the 𝑥𝑡ℎ category C to the total number of accessible 
locations. The index is close to 1 when a location has access to more different types of location and 
close to 0 when only a few different types of locations are accessible and therefore that location is in a 
relatively homogeneous area.  

 

5.2.2.4 Accessible location and built volume density ratios 

In addition to the Plot type, Bobkova et al. (2017) described a second method (called plot accessibility) 

to explore the impact of the configuration of the urban environment on the availability of options 

(configurative morphological diversity) available to people. Plot accessibility, or accessible location 

density ratio, as it will be referred to from this point, makes use of the concept of spatial capacity 

proposed by Marcus (2010). According to Marcus (2010: 35), spatial capacity refers to areas that has 

comparatively many plots and that “seems to have the potential to carry a higher amount of such 

actors and thereby a higher amount of strategies for action; in turn, it seems likely that this would 

produce a larger amount of diversity among these strategies”. Moreover, Marcus (2010) suggested 

that areas with more plots, and therefore higher spatial capacity, have higher spatial potential to 

develop a diverse set of functions, which would in turn increase the adaptive capacity and ultimately 

improve the resilience of an area. 

The measurement of the accessible location density ratio (ALDR) incorporates two aspects into its 

conceptualisation, namely access and efficiency. The ALDR metric is measured as the ratio between 

the (1) number of locations (plots or building) that can be reached on the pedestrian network within 

a specified distance, and (2) the number of locations that can be reached through an equivalent 

Euclidean (straight line) distance. The aim of this measurement is not to measure the access to 

locations, but rather to measure the access to different types of locations with the urban setting 

(Marcus, 2010). Therefore, the results of the ALDR metric give an indication of the extent to which the 

configuration of the street network is able to give access to locational opportunities.  

In higher density or volumetric cities, such as Hong Kong, the number of plots (or locations) may not 

provide an accurate induction of the potential locational opportunities available, as multistory high-

rise buildings have the potential to provide more opportunities over the same plot area. To 

compensate for this fact, an additional weighting of total built volume is applied to the accessible 
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location density ratio metric to create a new metric, called here the accessible built volume density 

ratio (ABVDR). According to Bruyns et al. (2021), built volume can be regarded as the potential to 

house activities and it therefore captures an additional perspective of locational opportunities 

available, which would have otherwise been overlooked. The modified version of Bobkova et al.’s 

(2017) plot accessibility metric is proposed in Eq 5.24 and is called the accessible location density 

(ALD).  

 𝐴𝐿𝐷𝑟𝑖 =  ∑
𝑊𝑖 +∑ 𝑊𝑗 ∙ 𝑓(𝑡𝑖𝑗,𝑟)𝑗

𝑊𝑖 +∑ 𝑊𝑘 ∙ 𝑓(𝑑𝑖𝑗,𝑟)𝑘
 

Eq 5.24 
 𝑓(𝑡𝑖𝑗) = {

1 𝑓𝑜𝑟 𝑡𝑖𝑗 ≤ 𝑡̅

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

 𝑓(𝑑𝑖𝑗) = √(𝑋𝑖 + 𝑋𝑗)2 + (𝑌𝑖 + 𝑌𝑗)2 

 𝑊 = {
1 for accessible ALDR; 

 𝑇𝑜𝑡𝑎𝑙 𝐵𝑢𝑖𝑙𝑡 𝑉𝑜𝑙𝑢𝑚𝑒 for ABVDR 
 

 

𝐴𝐿𝐷𝑟𝑖 is the accessible location/built volume density ratio for location 𝑖 within a distance 𝑟; 𝑓(𝑡𝑖𝑗) is 

the network distance 𝑟 between origin 𝑖 and destination 𝑗, while 𝑓(𝑑𝑖𝑗) is the Euclidean distance 𝑟 

between origin 𝑖 and destination 𝑘; 𝑊 is the weight applied and differs when measuring either the 
accessible locational density ratio (ALDR) or the accessible built volume density ratio (ABVDR).  

 

The ALD incorporates an additional weighting (W) parameter into is measurement. The results from 

the ALD range between 0 and 1, with scores closer to 1, indicating that the network provides better 

access to potential locational opportunities. The ALD is used within this study to assess both the 

accessible location density ratio (ALDR), where each location has a weighting of 1, and the accessible 

built volume density ratio (ABVDR), where locations are weighed by their total built volume.  

The implementation of the ALD is done by first using the Place Syntax Tool (PST), initially developed 

by Ståhle et al. (2005) and later expanded by Stavroulaki et al. (2019), to calculate the access to 

locations along a network and over Euclidean distance. Both the ALDR and ABVDR use the pedestrian 

network and assesses the network distance in metres instead of travel time. As with most metrics used 

within this study, the assessment of the ALDR and ABVDR was done over multiple scales, in this case 

the three distances used were: 800 m, 1 600 m and 2 500 m to represent a walk time of 10-, 20- and 

30-minutes, respectively. The results from the PST assessment were then imported into R (R Core 

Team, 2020), where the ratio between the access over the network and Euclidean distance was 

calculated. Finally, the scores for the ALDR and ABVDR assessments were normalised [0−1] so that 

they can be used in the creation of the diversity directive. 
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5.2.3 Urban potential directive  

The urban potential directive is the third structural characteristic within the spatial resilience 

assessment protocol and is also the only directive which uses a single metric for its assessment. 

Drawing from the discussion in Chapter 3, urban potential refers to the ability of an urban area to not 

only house activities and store capital, but also the ease with which the activities and capital can be 

accessed and made use of. Having easy access to spare capital and more activities is essential for the 

improved adaptive capacity of a city as this provides the city with more options and resources in times 

of need (Garcia and Vale, 2017).  

Urban potential can be approached from a multitude of perspectives, including but not limited to: 

population density, social capital, environmental capital and financial capital. However, in keeping 

with the focus of this study, namely, to understand the adaptive potential stored within the urban 

form, the concept of urban potential is limited to studying the intensity of built-up capital stored within 

the urban system that can be easily accessed. In this case, the built-up capital is conceptualised to be 

the built volume of buildings, as the volume of a building can be considered as a direct measure of the 

capacity of a location to house activities (Bruyns et al., 2020).  

As discussed in Chapter 3, one of the most common approaches to studying the intensity of capital is 

through the lens of density. However, as also noted in the same chapter, the more traditional 

conceptualisation of density (units of something [buildings] per areal unit [km²]) has been critiqued 

by several authors for being a confusing concept (Churchman, 1999) that is disconnected from the 

morphological properties of an area (Alexander, 1993; Berghauser Pont and Haupt, 2010; SA Forsyth, 

2003), while also being susceptible to statistical bias caused by the modifiable areal unit problem 

(Openshaw, 1984a). In response to these challenges, several researchers have attempted in a number 

of ways to overcome the issues associated with density. Berghauser Pont and Marcus (2014) assessed 

perceived densities, rather than conceived areal densities, by approaching density from the Space 

Syntax (Hillier and Hanson, 1984) or a human perception point of view, by calculating densities of 

buildings based on the number of buildings accessible within a selected number of axial steps. 

Hamaina et al. (2014) approached density from a spatial interaction perspective to capture the spatial 

configuration of density in cities through topological interaction. Bruyns et al. (2021) Sevtsuk (2010) 

and Sevtsuk and Mekonnen (2012b) have begun to incorporate network-based volumetric interaction 

methods in the assessment of the impact of the configuration of urban form on the intensity potential 

interactions.  

This study draws from the novel approaches cited above in an attempt to capture the urban potential 

that a location might have access to. More specifically, this study draws from the volumetric 

interaction approaches proposed by Bruyns et al. (2021) and Sevtsuk and Mekonnen (2012b) to 

describe the extent to which the urban movement network (including public transport) allows a city 
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to access its stored capital in the form of the built volume. For a city to be spatially resilient, requires 

it to be able to access and or direct its stored capital easily and effectively (Galderisi, 2014). Moreover, 

the volumetric interaction approach is used over traditional approaches, because while “high densities 

are indicative of a compact and compressed urban form, it is the intensity of interactions between 

people that occur within this form that reflects the urban vitality, dynamism and atmosphere 

associated with how a place functions” (Bruyns et al., 2020, p. 8). 

To implement the volumetric interaction approach, a gravity-type access measure is used to measure 

the total built volume which any location has access to. As with the ‘access to locations measure’, a 

modified Gaussian access function is used over the integrated public transport (IPT) network to 

measure the Access to Built Volume for all locations within the study area (Eq 5.25, adapted from 

Higgins (2019b)). Additionally, to account for the variable frictional effect of distance on accessibility, 

different β values are used depending on the scale of assessment. In this study, β = 40 for the 10-

minute scale; β = 100 for the 20-minute scale; and β = 180 for the 30-minute scale.  

 𝐴𝑖 =∑𝑉𝑒(−𝑡𝑖𝑗
2 /𝛽)

𝑗

 Eq 5.25 

 
Where accessibility, 𝐴, of origin 𝑖 is the sum of all built volume 𝑉 available at destinations 𝑗 accessible 
within travel time 𝑡 and weighted by the impedance function impedance parameter β that accounts for 
the cost of travel. Adapted from Higgins (2019b). 

 

The access to built volume metric is computed for all locations within the study area over the IPT 

network with the ‘Accessibility Toolbox’ (Higgins, 2019c) for all assessment scales. Once the access to 

built volume has been computed, the results are normalised [0-1]. The normalised results for each 

scale are also regarded as the final urban potential directive which will be used as an input into the 

final spatial adaptive potential assessment. 

5.2.4 Redundancy directive 

Redundancy is the fourth spatial directive within the spatial resilience assessment protocol and, as 

Chapter 3 described, redundancy implies the extent to which there is some form of duplication or 

backup of urban functions or components (Nel et al., 2018b) and where a “loss of redundancy in the 

system means a loss in resilience, which creates a brittle system that is unable to adapt or evolve to 

change and therefore becomes vulnerable to disturbances and collapse”(Peres, 2016: 173).  

Redundancy is a very broad concept with a multitude of potential elements to consider, thus, any 

attempt to measure redundancy may seem impossible or inadequate. However, according to Gharai 

et al. (2018: 25), implementable measures of redundancy in the city include identifying the multiplicity 

of alternative transit routes and urban services while Salat and Bourdic (2012a) argue that redundancy 

in the urban form is also related to having a multiplicity of available paths or route options available. 

Drawing from these guidelines, the redundancy directive aims to describe the extent to which the 
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urban form is able to provide access to duplication or backups, in terms of key urban functions and 

movement. Finally, redundancy can be built into the city network by having multiple movement 

options in the form of multiple modes of transportation, the benefits of which are well documented 

in terms of building more sustainable (Bertolini and le Clercq, 2003) and efficient (Gallotti and 

Barthelemy, 2014) cities. Consequently, the redundancy directive is created by assessing three types 

of redundancy within the urban setting, namely path redundancy, functional redundancy and 

transport redundancy. Path redundancy assesses the number of potential alternative routes available 

within a given area, while functional redundancy describes the extent of the multiplicity of key urban 

functions, such as hospitals, which are accessible. Finally, transport redundancy assesses the 

multiplicity of available transport modes for any given location.  

Shown in Figure 5.9, is the graphical representation of the process used to create the redundancy 

directive. Starting on the left side of the figure is the required (1) input data for the assessment. For 

the creation of the redundancy directive four different dataset are required, namely; the urban 

facilities (such as schools, hospitals and emergency service), assessment units (plots or buildings), 

pedestrian network and the location of public transport stops. Next, using the indicated input data, 

the (2) three directive metrics of path redundancy, functional redundancy and transport redundancy 

which are used for the creation of the redundancy directive are assess individually for the study area. 

Then, the results for each metric are (3) first normalised [0-1] and then combined with equal 

weightings through the weighed linear combination approach to create the redundancy directive. The 

process is then (4) repeated for each of the three assessment scales so that the final output is a 

redundancy directive for all assessed scales. 

 

Figure 5.9: Flow diagram of the proposed Redundancy Directive 

While this section has provided an overview of the formulation of the redundancy directive, the 

sections to follow will discuss the details of each of the thee metrics used in the formulation of the 

redundancy directive. To begin, the path redundancy metric will be discussed which will be followed 

by a description of the functional redundancy and transport redundancy metrics. 
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5.2.4.1 Path redundancy 

In the case of city movement network path redundancy is regarded as having a well-connected 

network with a multiplicity of alternative routes available. The increase in route options means that, 

should any path along a route become unavailable through random failure, an easily accessed 

alternative option is available (Nel et al., 2018a). Improved route options also implies that during peak 

traffic, congestion may be alleviated by using alternative routes which do not add too much to the trip 

length. Moreover, increased path redundancy also implies that that more potential route choices are 

available and that the possibility of combining trips becomes feasible, as more potential destinations 

can be accessed in a single trip. Finally, path redundancy improves the adaptive capacity of a city by 

offering improved options at reduced cost while also allowing resource to be re-directed if needed 

(Feliciotti, 2018).  

To assess the multiplicity of available routes, the path redundancy metric,4 adapts the global network 

metric of redundancy, called the cyclomatic number, sometimes called cyclomatic complexity (see 

chapter 3 for more details). The cyclomatic number provides an indication of the redundancy with in 

a network by calculating the theoretical number of possible loops or alternative routes within the 

network (Bourdic et al., 2012). However, as the cyclomatic number is a global network measure of 

redundancy, it is limited to working on a full network or a delineated part of a sub-network. Using 

zones or areal units to create sub-networks also means that the challenges associated with the MAUP 

come into play. The proposed adjustment to the cyclomatic number, called the path redundancy 

metric and shown in Eq 5.26, incorporates an access-based approach to delineating sub-networks 

within a given distance for all locations along the network. Essentially this approach creates an 

individual sub-network for each location within a specified distance and allows the number of 

theoretical alternative routes accessible to that location to identified at any given distance.  

 
𝜇𝑖 = ∑𝑒𝑗𝑓(𝑡𝑖𝑗) −∑𝑣𝑗𝑓(𝑡𝑖𝑗) + 1   

Eq 5.26 

 𝑓(𝑡𝑖𝑗) = {
1 𝑓𝑜𝑟 𝑡𝑖𝑗 ≤ 𝑡̅

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

 Where 𝑒 is the number of links and 𝑣 the number of nodes accessible within distance 𝑡 between origin 
𝑖 and destination 𝑗. 

 

The specifics of the application of the path redundancy metric applied to this study are to first calculate 

the number of links (streets) and nodes (intersections) accessible for all locations and at each 

assessment scale on the pedestrian network itself (as a line-based assessment) using the sDNA tool 

 

4  It should be noted that while the Urban Network Analysis (UNA) tool (Sevtsuk and Mekonnen, 2012b) provides a 

redundancy metric, tests conducted found that the tool takes extremely long run, and is only feasible when assessing a 

limited number of origins and destinations. Additionally, the tool often gives error or did not complete the calculations in 

the conducted tests, thus no results could be produced. While efforts have been made to fix the tool, they proved to be 

unsuccessful.  
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(Cooper and Chiaradia, 2015, 2020). Next, the path redundancy for all locations is calculated using Eq 

5.26. Once the path redundancy has been calculated on the network, transfer the results of the line-

based path redundancy assessment to the polygon-based assessment units (plots or buildings dataset) 

using the method described in Chapter 4. Finally, the results are normalised [0-1] so that the path 

redundancy results can be incorporated into the redundancy directive.  

 

5.2.4.2 Functional & Transport redundancy 

Having access to key urban facilities is vital for the functioning of any city, however, also important is 

for any location to have access to multiples of the same or similar facility type in the even that one 

facility is unable to provide a specific service. Access to more than one of the same types of facility not 

only improves competition, but it also improves the options available for any location and thereby 

improves the adaptive capacity (Ferreira, 2016). To assess the extent to which the distribution of key 

urban facilities provides locational redundancy, two metrics are proposed, functional redundancy and 

transport redundancy. 

Functional redundancy assessed the degree to which a location has access to multiple urban functions 

by counting how many facilities of each function can be reached within a given distance. The more 

facilities of each type which can be reached the higher the functional redundancy and more options 

available for that location. In many ways functional redundancy is similar to functional diversity, as 

both metrics assess the extent to which urban functions can be accessed. However, while the 

functional diversity was framed within the general urban functions of live work and visit, as described 

with the mixed use index (MXI), the functional redundancy assessment aims at capturing to what 

degree is a specific or specialised function is locationally redundant by assessing how many facilities 

which provide the same function are accessible for all locations. Like functional redundancy, transport 

redundancy also assesses the number of each facilities which can be accessed through the network. 

In the case of the transport redundancy metric, the number of each type of public transport stop which 

can be reached within a specified distance is calculated. 

Both the functional and transport redundancy metrics can be calculated using the facility redundancy 

(FR) assessment given in Eq 5.27. In the facility redundancy assessment, the number of each type of 

facility F accessible within a given distance t for a location 𝑖 is calculated separately using Eq 5.28. Then 

the results of the access to each location are normalised [0-1] and 𝑚𝐹𝐴𝑖
𝐹𝑘 added together to create 

the redundancy assessment for the type of facility (functional or transport). Finally, to use both the 

assessed functional and transport redundancy in the final redundancy directive, the results for the 

functional and transport redundancy assessment for each scale are normalised [0-1] again.  
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 𝐹𝑅𝑖 = 𝑚𝐹𝐴𝑖
𝐹1 + 𝑚𝐹𝐴𝑖

𝐹2 . . . + 𝑚𝐹𝐴𝑖
𝐹𝑘  Eq 5.27 

 
𝐹𝐴𝑖

𝐹 = ∑𝐹𝑗𝑓(𝑡𝑖𝑗) Eq 5.28 

 
𝑓(𝑡𝑖𝑗) = {

1 𝑓𝑜𝑟 𝑡𝑖𝑗 ≤ 𝑡̅

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
  

 
Where 𝐹𝑅 is the facility redundancy of an origin location 𝑖; 𝑚𝐹𝐴 is the normalised facility access 

𝐹𝐴 of the 𝑘ith facility type 𝐹 within a distance 𝑡. 𝐹𝐴𝑖
𝐹 is facility access 

 

5.2.5 Modularity directive 

The creation and assessment procedure for the modularity directive is the final spatial directive to be 

discussed. Modularity in complex urban systems is able to help build resilience because spatial 

modularity enables the spread and contain risks, spatially, temporally and hierarchically across a 

number of systems (Novotny et al., 2010). Moreover, modularity allows for parts of the system to be 

more adaptive because higher modularisation of the system allows the system to self-organise more 

easily, which also benefits the system by increasing the ability of the to respond to a shock more easily 

without affecting the larger system.  

Previous research that has attempted to study the modularity of urban form, has done so by equating 

modularity with the granularity/nesting (such as plots into blocks) of urban form, or alternatively 

through the clustering of urban elements. For example, the use of urban granularity to assess 

modularity can be seen in the study by Feliciotti (2018). Feliciotti (2018: 202) made use of a density 

based approach to examine the urban grain, and through that lens, the modularity of urban form by 

studying the number of ‘plots’ or ‘blocks’ per ‘street edge’ and ‘sanctuary area’ respectively. 

Alternatively, Garcia and Vale (2017) have utilised a spatial clustering approach to modularity by 

equating modularity with the clustering of green spaces. While these approaches to modularity are 

useful first steps, they do not respond to the common definitions of modularity of complex systems 

which are found within the literature (discussed in Chapter 3). The assessment of urban form 

modularity, through the modularity directive as proposed within this study, attempts to move the 

assessment of modularity of urban form to be more aligned with the general description of the 

characteristic’s modularity.  

As discussed in Chapter 3, modularity in complex systems can be described with four main 

characteristics. First, modularity, or modules, are created through strong, short-range, internal 

connections (Salingaros, 2000; Suárez et al., 2016). Second, modules are characterised by the 

clustering of urban elements at varying scales (Dhar and Khirfan, 2017). Third, modules can operate 

as semi-autonomous wholes, meaning that they can operate somewhat independently from their 

surroundings (Ahern, 2013). Lastly, there is an implicit nesting of modules into larger wholes (Suárez 

et al., 2016). To spatially capture the extent that these characteristics are exhibited by a location, the 

‘modularityness’ of a location in this study is assessed through three metrics, Internal Connectedness, 
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Spatial-functional Autonomy and Configurative Nesting. Each of these three metrics are first 

assessed individually before being combined to form the final modularity directive assessment. The 

graphical representation of the modularity directive assessment process is in Figure 5.10.  

 

Figure 5.10: Flow diagram of the proposed Modularity Directive 

As seen in the Figure 5.10, for the assessment of the modularity directive assessment, the required 

(1) input data for the assessment include the integrated public transport (IPT) network, the location 

of key urban facilities (the same as those used for the redundancy directive), the pedestrian network, 

the assessment units (plots or buildings), land use (live, work and visit used in the MXIA) and finally the 

urban blocks. The input data is then used to (2) assess the each of the three modularity directive 

metrics of internal connectedness, spatial-functional autonomy and configurative nesting. Once each 

of the individual metrics of the modularity directive have been assessed, they are (3) each normalised 

[0-1] and then combined with a weighed linear combination approach to form the modularity directive 

for a single scale. Finally, (4) the process is repeated for each of the three assessment scale to produce 

a multiscale assessment of the modularity directive.  

The next three sections will describe each of the three metrics used to assess and create the 

modularity directive for a study area. The internal connectedness metric is first of the metrics to be 

described. Next the method used to assess the spatial-functional autonomy of an area is discussed 

before finally introducing the configurative nesting metric.  

5.2.5.1 Internal connectedness 

The Internal Connectedness metric is used as an assessment in response to the modularity 

characteristic of strong short-range connections and is used as an assessment of the strength of the 

close range connections between locations. Locations which have strong internal connections are also 

the locations where information and opportunities between locations can be easily accessed which 

also improve the adaptive capacity of a location. Alternatively, weaker long range connections 
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between locations means that any disruptions which happen in one area will not extend outward and 

impact the surrounding areas.  

To assess the strength of the connections between locations, a gravity-type access measure is used. 

As discussed previously, in a gravity based measure, the access to a location is proportional to the 

number of locations ([un]weighted) that can be accessed within a given radius. Moreover, as the 

gravity measure also incorporates a distance decay function, access to a location is also inversely 

proportional to the travel costs involved in reaching that location (Sevtsuk et al., 2016). This ultimately 

translates into a metric which is able to capture the strength of the connections between locations, 

as locations which are far apart or poorly connected through the network will have poorer scores. The 

specific gravity-type access measure used is for the internal connectedness assessment is that of a 

Negative Exponential Function (Eq 5.29), which has a strong theoretical basis (Fotheringham and 

O’Kelly, 1989; Wilson, 1971) and is typically the most used measure of accessibility analysis (Higgins, 

2019c). The negative exponential function is used over the modified Gaussian access function for the 

internal connectedness assessment as the assessment is conducted only on the pedestrian network 

and does not use the public transport network. As a result, the conceptualisation of the distance decay 

of the trip needs to be adjusted to account for this change in mode. For this assessment, a β value of 

0.1813 is used to control the rate of distance decay, as this β value has been found to be a good 

approximation for walking trips (Handy and Niemeier, 1997).  

 𝐴𝑖 = ∑𝑂𝑗. 휀
(−0.1813 𝑡𝑖𝑗)

𝑗

 Eq 5.29 

 

 Where 𝐴 is the accessibility of origin 𝑖; 𝑂 opportunities available at destinations 𝑗; 휀(−0.1813𝑡𝑖𝑗) is 
the weighted function of the travel time 𝑡 where 0.1813, the 𝛽 value, is the is the impedance 
parameter which controls the strength of the distance decay. Modified from Higgins (2019c). 

 

Once the internal connectedness has been assessed for all locations and across all three assessment 

scales, the results are then normalised [0-1] so that they can be used in the formulation of the 

connectivity directive. For the internal connectedness assessment, the normalised scores closer to 

one indicate locations which are well connected to their surrounding locations and therefore have 

strong short-range connections.  

5.2.5.2 Spatial-functional autonomy 

Spatial-functional autonomy (SfA), the second modularity directive metric, responds to two of the 

properties which characterise modularity that is clustering of urban elements and partial autonomy. 

The SfA metric specifically seeks to capture the extent of to which urban functions are clustered 

together as well as the degree to which a location, supported by its surroundings, can function 

autonomously. The decentralisation and even spatial distribution of functions and facilities (such as 

hospitals) means that the larger system is less vulnerable should there be a disruption to a single 

facility (Novotny et al., 2010). When the decentralisation of functions is combined with a diversity of 
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functional types which cluster together, then the system as a whole is less vulnerable as it is more self-

sufficient and less dependent on other areas to function. At the same time, the area is also more 

adaptable as all key urban functions are more easily accessible from most locations (Novotny et al., 

2010). Therefore, through this process of decentralisation and local clustering of urban functions, 

modular spatial structures are able to form. Additionally, when modules aggregate to form higher 

level modular structures, some specialised functions can be introduced which function at higher urban 

scales (specialised medical facility for example). Through the process of aggregation and 

disaggregation of modules, the scale hierarchy within urban systems is formed (Salingaros, 2000) and 

which operates efficiently at all scales, provided no scale is prioritized over another (Bourdic et al., 

2012; Salingaros and West, 1999). 

To measure the extent of clustering and autonomy, the SfA metric assesses the extent to which urban 

functions (Live, Work and Visit as used in the MXIA) and key urban facilities (the key urban facilities 

used for the assessment of the functional redundancy) are accessible for all locations at a given scale. 

Locations where all functions and facilities are present will have higher SfA scores and are therefore 

able to function semi-independently from the larger system should the need arise (such as in a 

pandemic where social distancing is in place and long commutes are discouraged).  

The procedure to calculate the spatial-functional autonomy (SfA) indicator is expressed 

mathematically in Eq 5.30 and can be described in the following way. Initially, the number of each 

type of facility and the total usable area of each urban function (live, work and visit) accessible at a 

given scale is calculated separately for each location. Access to facilities is calculated using the facility 

access (FA) Eq 5.28 discussed previously, while the total usable area of each urban function is 

calculated using Eq 5.19 (from the MXIA). Next, the results for each metric are normalised [0-1] then 

added together using Eq 5.30. Finally, the combined result is again as normalised [0-1] so that the 

results can be used in the creation of the modularity directive.  

 

𝑆𝑓𝐴 =∑𝑓′𝑖 Eq 5.30 

 
Where 𝑆𝑓𝐴 is the Spatial-functional Autonomy score; 𝑓′ is the normalised access score of the 𝑖th 
function. Note: All functions are weighed equally.  

 

5.2.5.3 Configurative nesting 

The final metric used to help describe the modularity directive is the configurative nesting metric. The 

configurative nesting metric a assesses the extent to which the units which make up the urban form 

are subdivided and nested into each other, while also capturing the degree to which these units are 

coupled with each other. The approach to the configurative nesting is built from the concept that 

modules are formed through the coupling of elements from the bottom up (Salingaros, 2000). As plots 

and or buildings are typically the lowest level elements of urban form used in urban morphological 
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studies (Conzen, 1960; Kropf, 2017), it is logical then to investigate how plots or buildings aggregate, 

through coupling, to form higher level structures, such plots, together with their attached buildings, 

fit together to form blocks. A collection of blocks, with associated streets, also aggregate to form the 

larger scale neighbourhoods and districts (Kropf, 1996; Moudon, 1997). Therefore, it also makes sense 

to incorporate blocks into the assessment of configurative nesting5. Within this framework of 

aggregation and subdivision of urban space, the notion of urban granularity or grain becomes is a 

useful concept within which to frame the nesting of urban form. 

The concept of urban grain is not new and, in its simplest form, urban grain relates to the intensity of 

subdivision of plots and blocks, with more, smaller, plot subdivisions and more smaller blocks 

indicating a finer urban grain (Tarbatt, 2012), as illustrated in Figure 5.11. A finer urban grain not only 

improves walkability within an area (Pafka and Dovey, 2017; Sevtsuk et al., 2016), it also means that, 

because of the higher number of plots and blocks, more locations are potentially available within less 

distance (Marcus, 2010; Oliveira and Medeiros, 2015).  

 

Figure 5.11: Simplified example of different types of urban grain on the same scale  

(Left) fine, (centre) medium, and (right) course urban farm grain 

According to Marcus (2010: 35) the more locations which are available the more potential strategies 

can be employed by actors, thereby further increasing the diversity of the strategies available to an 

area, which also improves the adaptive capacity of an area. Furthermore, when the plot subdivision 

follows a power law distribution, with many smaller plots and a few large plots, the adaptive capacity 

of the area is further enhanced as the presence of such a distribution can also be regarded as one of 

 

5  As the scale of the analysis is focused on the lowest level units (plots and buildings), the aggregated scales 

(neighbourhoods and districts) are not directly included in the assessment of configurative nesting. Rather, through the 

assessment of the configurative nesting, neighbourhoods and districts might be able to be identified, as these will be the 

locations where buildings, plots and blocks are strongly coupled with each other.  
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the hallmarks of complexity and scale-hierarchy, which requires an effective nested set of modules to 

create an efficient hierarchy of scales (Batty, 2013; Salat et al., 2014; Salingaros and West, 1999).  

Most research studying urban grain tend to focus on permeability and walkability (Jacobs, 1961; Pafka 

and Dovey, 2017; Salat, 2011; Sevtsuk et al., 2016; UN-Habitat, 2013) or economic activity (Bobkova 

et al., 2019b; Long and Huang, 2019). Some potential approaches to studying granularity include those 

used by Oliveira and Medeiros (2015), who looked at two measures of granularity. The first is a density 

based measure which considers the number of plots per block, which they later adjusted to be 

normalised by the block area. The second measure which Oliveira and Medeiros (2015) considered, is 

simply the area of the blocks. Barthelemy (2017), on the other hand, focused on block and street 

characteristics by comparing the block area with the ratio of the block area and the circumscribed 

circle of the block. Alternatively, Sevtsuk et al. (2016) utilised an access-based approach to study 

potential block and plot configurations which maximises walkability, specifically focusing on areas with 

gridiron street patterns. While all approaches discussed here utilise metrics which relate to, and are 

impacted by the granularity, they do not specifically focus on context of modularity, nesting or 

hierarchies of urban form in terms of plots and blocks.  

Feliciotti (2018: 203), on the other hand, approached granularity from the perspective of the nesting 

of plots and blocks by measuring the average number of plots/blocks per street edge/sanctuary area 

and normalises the results by the area of the street edge/sanctuary area respectively (see Eq 5.31). 

Feliciotti’s (2018) aim is not to study the walkability of an area, as done in previously studies, rather 

her aim is to identify the extent to which the urban fabric is made up of progressively lower level 

components.  

 𝐺𝑋 = 
∑ (𝑛𝑖)𝑖∈𝑋

𝐴𝑋
 Eq 5.31 

 
Where 𝐺𝑋 is the granularity measure of 𝑋; 𝑛𝑖 is number of plots/blocks and 𝐴𝑋 is the area of the street 
edge/sanctuary area respectively. Modified from Feliciotti (2018) 

 

A simplified version of Feliciotti’s (2018) method is illustrated in Figure 5.12, which shows five 

hypothetical areas which contain varying configurations of the number of plot and block sizes. The 

effects of the variation in block size and plot count can be seen in the value of the normalised 

granularity measure (Ĝ), with larger values indicating a finer grain urban form. Worth taking note of 

in the figure, is that typically smaller blocks with more plots produce finer grain, small blocks with 

single plots (far right in the figure) do not produce a fine grain. Rather, a balance between the number 

and size of plots and blocks create finer grain urban structure.  
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Figure 5.12: Geometric measures of granularity for five different plot and block configurations 

Ĝ shows the normalised granularity score, with higher values indicating a finer grain 

While it is useful to take a geometric approach when studying a specific area, Feliciotti’s (2018) 

approach has a two prominent drawbacks. First, it ignores the interaction between elements (coupling 

between elements as described by Salingaros (2000)) by disregarding the impact that configuration of 

the elements has on potential interactions. Rather, Feliciotti’s approach describes the static nested 

geometric properties of the units within single scale. This lack of a measure of interaction becomes an 

issue when considering nestedness in terms of modularity, as when there are “Two elements that are 

simply juxtaposed, but which do not interact in any way, [they] do not couple. They remain unaffected 

by each other and fail to weave the urban fabric” (Salingaros, 2000: 295). Therefore, any approach 

seeking to understand the formation of modularity within urban form is best served by moving beyond 

studying the geometric subdivision of space and the relative proximity of urban units. Rather the focus 

should shift to studying potential interaction between nested locations and is best served through 

methods which are able capture potential interaction between locations. The second limitation of 

Feliciotti’s (2018) approach relates to the issues of scalability and the use of areal units which brings 

in the associated issue of the MAUP discussed previously. Due to these two major limitations, an 

alternative approach is needed to study the relative nestedness of the urban form of an area which is 

able to be scaled and incorporate the interaction between elements. The method proposed within 

this study favours a configurational over a geometric approach, as a configurational approach, by its 

very nature, incorporates potential interaction between locations into its conceptualisation (Hillier, 

1999). Furthermore, as discussed in previously, a configurational or access based approach allows for 

scaling of the analysis as well as reducing the impact of the MAUP problem (Berghauser Pont and 

Marcus, 2014; Bobkova et al., 2019a).  

The proposed approach, which is termed Configurative Nesting for this study, calculates the 

accessible granularity for each location and is shown mathematically in Eq 5.32. The configurative 
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nesting metric calculates the product of the interactions between the assessment unit (plots or 

buildings) and the blocks. In other words, the configurative nesting metric calculates the accessible 

granularity for an origin 𝑖, by calculating, through the pedestrian network, the number of accessible 

plots/buildings (𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛) multiplied by the number of accessible blocks. The normalisation through 

the use of area, as used by Feliciotti (2018), is dropped in favour of the embedded normalising effect 

of accessibility, which is able to summarise the number of plots and blocks for each location within 

the specified distance (𝑡) instead of within an areal unit (Berghauser Pont and Marcus, 2014; Sevtsuk, 

2010).  

 𝐺𝑖 =∑𝐿𝑗𝑓(𝑡𝑖𝑗,𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛)

𝑗

 ×∑𝐵𝑗𝑓(𝑡𝑖𝑗,𝑏𝑙𝑜𝑐𝑘)

𝑘

 

Eq 5.32 

 𝑓(𝑡𝑖𝑗) = {
1 𝑓or 𝑡𝑖𝑧  𝑡̅

0 otherwise
 

 
Where 𝐺 is the accessible granularity for origin 𝑖 at travel time 𝑡; 𝐿 number of locations (plot or building) 

available at destination 𝑗; 𝐵 number of blocks accessible; 𝑓(𝑡𝑖𝑗) is the weighted function for travel time 𝑡. 

 

Shown in Figure 5.13 is a simple example of the application of the proposed configurative nesting 

metric on an area within a suburb of Tshwane (formally Pretoria), South Africa. In the example, the 

areas with the highest values (blue) indicate the locations which have a finer grain of plots and blocks 

(higher configurative nesting score) within their context. The difference between the two highlighted 

areas, the regular grid of Brooklyn on the left and Lynwood on the right, can be clearly seen within the 

figure. Brooklyn has a much finer plot structure as well as smaller and more regular shaped block 

which, according to Salat et al. (2014), further enables more plot subdivisions. Lynwood, on the other 

hand, is characterised by an irregular or rectilinear street pattern, larger blocks and plots, which 

further decrease the accessible granularity. As shown in this simple example, the proposed approach 

is able to incorporate and identify the variation of the of urban network configuration as well the 

overall plot and block subdivisions into a single metric. Further application of this approach is 

presented within the two case studies used within this thesis.  
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Figure 5.13: Example of graduality index for a part of Pretoria, South Africa 

A 5-minute (400 m) walk time was used. The highlighted areas are (left) Brooklyn, which has a regular grid pattern 

and a finer plot subdivision, and (right) Lynwood, which as an irregular street pattern and much larger plots  

Source: Author (2021) 

The application of the configurative nesting metric, as with all the metrics within this study, is applied 

to all assessment units within each case study and at each of the three of the assessment scales (10-, 

20- and 30-minute travel time). Once the configurative nesting metric for each scale has been 

calculated, the results are then normalised [01] to so that they can be incorporated into the final 

modularity assessment. 

5.2.6 Hierarchic efficiency 

Resilient complex systems are efficient at all scales because of the interconnected and nested modules 

which form a collection of hierarchically efficient and connected sub-systems (Gunderson and Holling, 

2001; Salat, 2017; Salingaros, 2000). This form of efficiency across scales was termed hierarchic 

efficiency in Chapter 3 and is the final spatial-morphological resilience directive assessment protocol 

to be described.  

As discussed in Chapter 3, an effective way to study the hierarchic efficiency of elements of a system 

is by assessing if the elements under investigation exhibit a power-law distribution in terms of their 

relative frequency and size. This is because, as argued by both Salat (2017) and Salingaros and Wes 
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(1999), a departure from a power-law distribution, or where the scaling exponent deviates too much, 

can be regarded as having regulatory or fiscal difficulties which hinder the ability of a location to adapt 

to change. Additionally, when studying systems over multiple scales, any major deviation in the scaling 

exponent across the scales might be an indication of the prioritisation of one scale over the others. 

Moreover, if one scale is prioritised over others, it suggests that the system does not have an effective 

and efficient nested hierarchy and is therefore more vulnerable to disturbances which might move 

more easily between the scales and affect the larger system.  

The hierarchic efficiency assessment has three main aims. The first of these is to assess if the metric 

under consideration (for all scales where relevant) does indeed follow a power-law distribution for all 

assessment scales. If this metric under consideration, for all assessment scales, does have a power-

law distribution, them the second aim is to estimate the scaling parameter (exponent) of each scale’s 

distribution. The final aim is to determine if there are any differences between each scale’s distribution 

and exponent. These three aims can be better described through three hypotheses, which can be used 

to test all scales and metrics. The first hypothesis seeks to test if the assessed data, for each 

assessment scale, can be described by a power-law distribution and can be stated as:  

H0: the single scale metric follows a power-law distribution. 

H1: the single scale metric does not follow a power-law distribution. 

Next, provided that H1 of the first hypothesis for all assessed scales of the metric can be rejected and 

a power-law distribution can be assumed for all assessed scales, the second hypothesis compares the 

distributions of each assessment scale with each other and can be stated as: 

H0: all scales have similar distributions. 

H1: all scales have distributions differ from each other. 

The third hypothesis, which is also dependent on the rejection of H1 of the first hypothesis, examines 

the scaling parameter (exponent) of all the scales for similarities. As such, the final hypothesis which 

is tested as part of the hierarchic efficiency assessment can be stated as:  

H0: all scales have similar scaling parameters (α10 = α20 = α30; ±0.02). 

H1: all scales have different scaling parameters (α10 ≠ α20 ≠ α30; ±0.02). 

Of the three hypotheses to be tested, the second and third hypothesis can be easily assessed while 

the first hypothesis, identifying if a power-law distribution is truly present in the data, is the most 

difficult to test. This is because, for a power-law to be deemed true, the distribution must follow Eq 

5.33, or Eq 5.34 on a log transformed scale.  
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𝑝(𝑥) = 𝐶𝑥−𝛼 Eq 5.35 

 
ln 𝑝(𝑥) = −𝛼 ln𝑥 + 𝑐 Eq 5.36 

 Where 𝑝(𝑥) is the multiplicity of an object; 𝑥 is the size of the object; 𝐶is a constant and equal to 
exp (c); 𝛼 is the scaling exponent (a constant). 

 

Additionally, according to Stumpf and Porter (2012: 666), when looking for power law distributions in 

data, “As a rule of thumb, a candidate power law should exhibit an approximately linear relationship 

on a log-log plot over at least two orders of magnitude in both the x and y axes”. However, as Stumpf 

and Porter (2012:666) go on to state, when  

Trying to discern a power-law relationship by eyeballing straight lines (or even trying to find 

them using, for example, least-squares fitting) on log-log plots of data can be appealing, but 

the human ability to detect patterns from even the flimsiest of evidence might lead researchers 

to conclude the existence of a bona fide power law based on purely qualitative criteria.  

Moreover, recent studies have shown that power-law distributions are less common than what has 

been initially reported (see Clauset et al., (2009), Nilsson and Gil, (2019), Willinger et al., (2009) and 

Wright, (2005)), as “[n]umerous scholars have neglected to apply careful statistical tests to data that 

were reported to exhibit power law relationships” (Stumpf and Porter, 2012: 666). Additionally, few 

real-world distributions follow a power law over their entire range, and in particular not for smaller 

values of the variable being measured. Rather, the power-law normally only applies for values which 

are larger than some minimum value (𝑥𝑚𝑖𝑛) of the distribution in what is often called the tail of the 

distribution (Clauset et al., 2009). Finding the 𝑥𝑚𝑖𝑛 to be used can also be difficult, with small changes 

in the value of 𝑥𝑚𝑖𝑛 resulting in significant changes in the scaling exponent. Arbitrary methods used 

in the past to determine 𝑥𝑚𝑖𝑛 have also been a source of much critique (Newman, 2005).  

In response to the critiques by Stumpf and Porter (2012), and others (see Broido and Clauset, (2019), 

and Wright, (2005)), against the existence of the wide spread presence of power-law distributions in 

data, which Stumpf and Porter (2012) suggest have been found through questionable methods, 

several authors have suggested more robust methods of determining if data actually follow power-

law distribution (see Goldstein et al. (2004) Newman (2005) Virkar and Clauset (2014)). The paper by 

Clauset et al. (2009) is perhaps the most detailed in terms of collating and laying out a clear and 

implementable method for accurately assessing the presence of power-law distributions in data.  

The method proposed by Clauset et al. (2009) for analysing power-law distributed data has three main 

steps. The first step is to estimate the main distribution parameters (𝑥𝑚𝑖𝑛 and scaling parameter (α)) 

of the candidate power-law. The second step is to use a ‘goodness-of-fit’ test (p-value greater than 

0.1) to calculate the difference between the distribution of the data and a theoretical power-law 

distribution with the same parameters as the data. The third step is to compare the power-law 
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distribution with alternative heavy-tailed distributions through a likelihood ratio test to assess if the 

alternative distributions are favoured over the power-law hypothesis. 

This study makes use of the method proposed by Clauset et al. (2009) to test for the presences of 

power-law distributions across all scales within several metrics. The metrics assessed for power-law 

distributions are: (1) access to locations, (2) betweenness centrality, (3) urban potential, (4) 

configurative nesting, (5) modularity directive and (6) plot area/building volume.  

The implementation of Clauset et al.’s (2009) method is done within the R programming environment 

(R Core Team, 2020) using the ‘poweRlaw’ package developed by Gillespie (2015). The poweRlaw 

package was specifically developed to implement the method proposed by Clauset et al. (2009) and is 

a powerful tool which can aid in the investigation of the presence of power-law distributions within 

data. The poweRlaw packages is also able to test for and compare several other heavy tailed 

distributions which might better describe the distribution of the observed data as suggested by 

Clauset et al. (2009) and Stumpf and Porter (2012). Described below are the details of the method 

used to test the three hypotheses proposed to assess the hierarchic efficiency of different system 

elements through the presence of power-law distributions. The process is largely based on the paper 

by Clauset et al. (2009) but also draws from work by other authors (Goldstein et al., 2004; Newman, 

2005). 

1. Initial visual inspection of the log-log distribution  

The first step in the process is a visual inspection of the data. This is done by plotting the data on a 

log-log cumulative distribution (CDF) plot to see if the data approximates a straight line for at least 

two orders magnitude. If the data does not pass this initial visual inspection, the power-law hypothesis 

can immediately be ruled out. While a visual inspection of a log-log plot of the data to see if it 

approximates a straight line falls far short of definitive evidence of the existence of a power law, it is 

still a useful first step used to determine if the candidate data possibly follows a power-law distribution 

(Newman, 2005). However more advanced and statistically rigorous methods are needed to confirm 

if the power-law is actually present in the data. 

2. Determine distribution parameters 

The next step in the process is to determine the parameters of a candidate power-law distribution, 

namely, the lower value or tail of the distribution (𝑥𝑚𝑖𝑛) and scaling parameter (α). As mentioned 

previously, data typically only follows a power-law in the tail of the distribution, above some lower 

bound of 𝑥𝑚𝑖𝑛. The most common approach to determining 𝑥𝑚𝑖𝑛 is through a visual approach, where 

the cut-off point is determined at the point on a log-log plot where the distribution becomes a straight 

line. However, this approach is very subjective and susceptible to error (Gillespie, 2015). As an 

alternative and more robust method, Clauset et al. (2009) suggest that the 𝑥𝑚𝑖𝑛 of the distribution 

can be more accurately determined using the Kolmogorov-Smirnov (KS) statistic approach. The KS 
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statistic measures the “maximum distance between the data and fitted model CDFs” (Gillespie, 2015: 

4) and is used to determine the lower bound of 𝑥 (𝑥𝑚𝑖𝑛) where the power-law should appear within 

the distribution6.  

Once 𝑥𝑚𝑖𝑛 of the distribution has been determined, the next step is to calculate the scaling parameter 

(𝛼). The most common methods for determining the scaling parameter are based on variations of 

linear regression, which use a straight-line fit to determine the slope of a binned log-log plot or un-

binned CDF plot7 where the slope of the straight line is equal to the scaling parameter. However, as 

noted by Stumpf and Porter (2012), Clauset et al. (2009) and Newman (2005), this approach is 

susceptible to error. As an alternative, several authors (Clauset et al., 2009; Goldstein et al., 2004; 

Newman, 2017) argue that using the maximum likelihood estimator (MLE) to determine the scaling 

parameter (α) of the distribution is a more accurate approach8.  

3. Visual reinspection of the distribution 

Once the 𝑥𝑚𝑖𝑛 and scaling parameter have been determined, the data with the best fit line are plotted 

on a log-log CDF plot to perform a visual reinspection to see if the distribution of the data does indeed 

follow a power-law distribution. For the distribution to pass this step, the fitted line should align with 

the data for at least two orders of magnitude, in both the x and y axes. However, as noted by Stumpf 

and Porter (2012), a visual inspection is highly subjective and can be misleading. As such, additional 

more rigorous method test of the power-law hypothesis is required.  

4. Testing the power-law hypothesis in the data 

As a more rigorous approach, Clauset et al. (2009) suggest using a goodness-of-fit test through a 

bootstrapping procedure to test if the distribution under consideration does in fact follow a power-

law distribution. The bootstrapping procedure for the goodness-of-fit test generates multiple 

synthetic datasets from a true power-law distribution using the same parameters of the data being 

tested ( 𝑥𝑚𝑖𝑛 and α will be the same as the data being tested) and then compares the distance 

between the distributions of dataset being tested and the synthetic dataset using the KS statistic. For 

the results to be accurate to within two decimal places, Clauset et al. (2009) recommend generating 

at least 2,500 synthetic datasets for the bootstrapping procedure to minimise uncertainty. The output 

of the goodness-of-fit test is a p-value which is used to quantify the plausibility of the power-law 

hypothesis being true. In this case, a large p-value (p close to 1) indicates that the data is likely from a 

power-law distribution. Clauset et al. (2009) suggest that a p-vale threshold of p ≥ 0.1 should be used 

 

6  Interested readers wanting to see the details of how to determine the 𝑥𝑚𝑖𝑛 should see Clauset et al. (2009: 671–672) 
7  Newman (2005) argues that the un-binned CDF is the superior method of the two as it does not require the data to be 

binned, thus helping to remove uncertainty in the results. 
8  See Gillespie (2015: 5–6) for details about the computation of the MLE for continuous and discreet power-laws. 
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for confirmation of the power-law hypothesis, however, they also note that others have used smaller 

p-vales of p ≥ 0.05.  

5. Comparison of power-law distribution with other heavy tailed distribution 

If the dataset passes the goodness-of-fit test described in the previous step, then it is possible that the 

dataset does indeed follow a power-law distribution. However, it is also possible that another heavy 

tailed distribution might fit the data just as well or better (Clauset et al., 2009; Stumpf and Porter, 

2012). As such, the next step in the process is to compare the dataset with other heavy tailed 

distributions to rule out the possibility that the data are better described by some other distribution 

and not a power-law. The other heavy tailed distributions being compared with the power-law 

distribution in this study are the Log-normal, Exponential and Weibull distributions. For all assessed 

distributions, the 𝑥𝑚𝑖𝑛 and scaling parameter are calculated using the same method used for the 

power-law with the poweRlaw package. Next, a visual comparison between all the distributions is 

done to visually assess which distribution(s) are a better fit for the data.  

For a more rigorous comparison, a ‘likelihood ratio’ test is used to compare the power-law distribution 

with another distribution. Clauset et al. (2009) suggest to use the likelihood method proposed by 

Vuong (1989) to compare two distributions with each other and to generate a p-value. It should be 

noted that for the likelihood test, all distributions must have the same 𝑥𝑚𝑖𝑛. Therefore, all 

distributions are set to have the same 𝑥𝑚𝑖𝑛 as the power-law distribution, as this is the distribution of 

interest for this study. Gillespie (2015) has implemented two methods of testing Vuong likelihood test 

in the poweRlaw package. These methods are a two-sided and one-sided test, each of which produces 

a p-value. The two-sided method is used to test the hypothesis that both distributions are equally far 

from the data’s true distribution. Here, a small p-value indicates that at least one distribution is close 

to the true distribution. If the two-sided test has a small p-value, the one-sided test can then be used 

to identify which of the two distributions are closer to the true distribution of the data. As with the 

two-sided test, a small p-value indicates a better fit. While it is possible to compare both distributions 

used in the test (power-law and log-normal for example), the interest of this study is on determining 

if the power-law distribution is the better fit. As such, only the p-value of the power-law distribution 

will be assessed and reported.  

6. Determining if all assessment scales have similar distributions 

The method described above was used to test the first hypothesis – if there is a power-law distribution 

within the data. Provided that all, or at least two, scales pass the above tests and can be said to follow 

power-law distributions, the next step is to test the second hypothesis – if all scales have similar 

distributions. To test this hypothesis, the distributions of each scale will be compared with each other 

using a two-sample KS statistic. The KS statistic determines the distance between the two distributions 

produces a p-value, with a large p-value [p > 0.1] indicating that the distributions are similar. 
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7. Comparing the scaling exponents 

The final step in the assessment of the hierarchic efficiency is to test the third hypothesis – if all scales 

have similar scaling parameters. As with the previous hypothesis, this hypothesis is dependent on the 

fact that at least two scales pass can be said to flow power-law distribution. Provided that this 

requirement is met, the aim here is to determine if the exponents deviate a great deal from each 

other. As there is little guidance within the literature with respect to the comparison of exponents 

between distributions, a deviation of more than 0.02 in the α value is regarded as a significant 

deviation between exponents. As an additional examination, the exponents will be assessed to see if 

they are sub-linear (𝛼 < 1), linear (𝛼 = 1) or supra-linear (𝛼 > 1)9, which can give insights into the 

potential resilience of the system, especially if all scales deviate from each other.  

Finally, as an additional note to the analysis, before implementing the test of the power-law 

hypothesis, all the data to be tested is normalised and negative, null and zero values removed. 

Typically, normalisation of the data is not needed to test individual data distributions (i.e., a metric at 

a single scale). However, as one of the aims of this study is the comparison of the metrics distributions 

across different scales, the values need to be rescaled to have similar ranges [0 < 𝑥 ≤ 1]10 for 

comparison to be possible. In the case of this study the values are normalised using Eq 5.37.  

 
𝑊𝑛 = 

𝑤𝑖
𝑊𝑚𝑎𝑥

 Eq 5.37 

 Where 𝑊𝑛 is the normalised variable of 𝑊𝑖 in range 𝑊; 𝑊 𝑚𝑎𝑥 is the maximum value of range 𝑊.  

While the hierarchic efficiency determinant is the only non-spatial determinant used for this study’s 

spatial resilience assessment, the hierarchic efficiency determinant utilises the results of several of 

the spatial metrics discussed previously as inputs to assess the if the system displays hierarchic 

efficiency at all scales.  

5.2.7 Spatial adaptive potential assessment and interpretation 

As indicated in the beginning of Section 5.2, after all the individual metrics and directives have been 

created and assessed using the methods described in the previous sections, the five spatial directives 

are combined with each other to form the final spatial adaptive potential assessment. The 

combination of the normalised directives for each scale is done with a weighed linear combination 

(WLC) approach. Like the creation of each of the spatial directives, the creation of the spatial adaptive 

potential assessment applies an equal weighting to all the directives when applying the WLC. The final 

 

9  See Chapter 3 for details.  
10  A different normalisation method is used for the power-law assessment compared to the rest of the study as the logarithm 

of 0 is undefined. Therefore, values are normalised based on the proportional rank of the values in relation to the highest 

value, where the highest value will have a score of 1 while the lowest value will have a score 𝑥 > 0. 
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step once the spatial adaptive potential (SAP) assessment for each of the three scales has been 

completed is to normalise [0-1] the results for all scales so that the results of the assessment can be 

easily compared across all scales.  

From the results of the assessment, the locations with a high spatial adaptive potential assessment 

scores are the locations where the urban form allows for the majority of the spatial-morphological 

resilience directives to form in a significant way. Therefore, the primary outcome of the spatial 

adaptive potential assessment is to identify the locations, and clusters of locations, which have higher 

spatial capacity to facilitate change while also able to respond to threats.  

However, as the spatial adaptive potential assessment is made up of several sub-components, each 

of which contributes to the adaptive capacity of the city in a different way, the results of the evaluation 

need to be understood along the entire assessment process. Therefore, throughout the application of 

the spatial adaptive potential assessment protocol, the results of each of the metrics and directives 

are explored in several different ways. First, as far as possible, the results are shown spatially through 

mapping. All maps which visualise quantitative results are visualised using geometric interval class 

breaks, unless stated otherwise. A geometric interval classification is used to group continuous data 

into classes by grouping values using a geometric series. The results of the classification have classes 

with roughly equal classes widths and a consistent frequency of observations per class. A geometric 

interval classification is particularly useful for grouping data which is not normally distributed or very 

skewed (Esri, 2021; Frye, 2007). In addition to spatial visualisation of the results, basic descriptive 

statistics are used to summarise the results in terms of the minimum, maximum, median, mean (x̅) 

and standard deviation (σ). Next, as a graphical summary to aid in the interpretation of the results, 

boxplots, histograms and empirical cumulative distributions (eCDF) plots are also used to help 

describe the statistical distribution of the results. 

Finally, in response to RQ4, which seeks to understand the relationship between the directives, the 

following tools are used to explore the relationship between the five spatial directives and the spatial 

adaptive potential assessment. The first exploration of the relationship between the results is through 

scatterplots, which are used to graphically examine the relationship between two variables. In 

addition to scatterplots, a correlation assessment, through a correlation matrix, between all directives 

and spatial adaptive potential assessment for all scales is done. A correlation assessment describes 

the association between two variables through a correlation coefficient. For this study, a Spearman 

rank correlation is used. A Spearman correlation is used over a Pearson correlation, as the Pearson 

correlation requires that the continuous variables being assessed should be parametric, meaning that 

the data is normally distributed and without any outliers as well as having a near linear relationship 

when results are studied on a scatterplot. However, the Spearman correlation is able to work with 

non-parametric data (Schober et al., 2018). While the Spearman correlation has a weaker explanatory 

power, it is more robust and able to be used in a larger variety of situations.  
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While scatter plots and correlations are able to show the relationship between two separate variables, 

a correlation network is able to visualise the relationship between many variables. A correlation 

network visualises the relationship between all variables by conceptualising a correlation matrix as a 

network graph and the strength of the correlation (correlation coefficient) as the weighted edges 

between the nodes (variables). Therefore, through the use of a correlation network, clusters of 

correlated variables can be easily identified and the results can be shown graphically (Epskamp et al., 

2012; Epskamp and Fried, 2018). 

The final approach to studying the relationship between the directives is through bivariate choropleth 

mapping of the results. Bivariate choropleth mapping is a type of thematic mapping technique which 

displays two continuous variables on a single map by combining their legends into a matrix. Through 

bivariate mapping locations where one or both variables are abundant or scarce can be easily 

identified through the visualisation. Figure 5.14 shows an example of how two variables are combined 

to create a bivariate symbology.  

 

Figure 5.14: Interpretation of the bivariate map legend  

Source: Adapted from Stevens (2015) 

The top row of the figure shows two continuous variables which have each been grouped into four 

classes. In the case of this study, a geometric interval with four class breaks is used to group the two 
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variables into four groups. The middle row of the figure shows how the two variables are combined 

to form a matrix of sixteen possible combinations, with low-low value of both variables located on the 

bottom left and high-high values of both variables located in the top right of the matrix. The bottom 

row of the figure indicates how the results can be interpreted. In this case, where one variable is 

dominant, only light blue (bottom row) or pink (left most column) will be visible while in locations 

where there is a similar presence of both variables the colours will be a darker blue-purple as shown 

along the diagonal. Because of the nature of bivariate mapping, it is possible to spatially show the 

relationship between two spatial-morphological resilience directives and can therefore provide 

insights into the urban form which facilitates the simultaneous presence of more than one spatial-

morphological resilience directive. Alternatively, the bivariate mapping can also help to identify urban 

form which only favours the production of a single directive.  

5.3 Spatial adaptive urban typology 

The previous sections described the spatial adaptive potential assessment protocol which included a 

description of the method used for the creation and assessment of each of the five spatial directives, 

including the individual metrics used to formulate each of the directives. In addition to describing the 

assessment protocol for the spatial directives, the assessment method for the non-spatial directive of 

hierarchic efficiency was also described in detail. This section is focused on describing the final part of 

the Spatial Resilience Assessment Protocol and provides the details of the protocol used for the 

identification of the Spatial Adaptive Urban Typologies. The creation of the spatial adaptive urban 

typologies responds specifically to RQ 6 and RQ7, which asks if a series of typologies can be created 

which contain and exemplify the urban form characteristics which are most likely to promote spatially 

adaptive urban settlements. Ideally, by developing the spatial adaptive urban typologies insights into 

the genal characteristics of urban form which promotes spatially adaptive cities can be gleaned so as 

to be applied in current and future urban developments.  

In responding to the aims of the development of the spatial adaptive urban typologies, the purpose 

of the spatial adaptive urban typology protocol is threefold. First, the protocol aims to use the spatial 

qualities of urban resilience, identified in the spatial adaptive potential assessment protocol described 

previously, to identify, through classification, the different types of urban forms within a study area. 

Secondly, the protocol attempts to identify which of the identified types of urban forms are more 

likely to produce spatially adaptable urban areas. Finally, as the metrics used in the creation of the 

resilience directives and spatial adaptive potential metric capture the configurational characteristics 

and not the geometric characteristics of urban form. The original metrics are not able to provide clear 

guidance to urban planners and designers about which design considerations, in terms of the 

morphological units (one of the main mediums of spatial intervention for planners and designers), 

should be prioritised or encouraged. To respond to this limitation, the geometric properties of the 
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morphological units (buildings, plots, blocks, streets) are extracted from the identified spatial adaptive 

urban typologies. Moreover, by extracting the geometric properties of the morphological units, 

insights can be gained which can be used towards formulating spatial-morphological resilience urban 

design principles. 

Before providing the details of each part of the protocol, a general overview of the SAUT protocol is 

discussed first. A summary of the spatial adaptive urban typology protocol has been provided within 

Figure 5.15 and is used to guide the overview of the protocol description. From the figure, (1) the 

starting point of the SAUT protocol are the 10-minute scale directive metrics used in the creation of 

each of the spatial directive metrics discussed previously. The indicated directive metrics form the 

inputs for the creation of the (2) five latent constructs, with each latent construct representing a 

spatial directive. For example, the metrics used for the creation of the connectivity directive are used 

as inputs for the creation of the connectivity latent construct. A latent construct is a variable which 

captures the majority of the latent variability (information) of the all the input metrics into a single 

variable (details provided below). Once the latent constructs representing each of the five spatial 

directives have been created, they are used as inputs into a GMM cluster analysis, which is used to 

create the initial (3) urban type clusters for the study area. (4) The created urban type clusters are first 

ranked and then evaluated using the 10-minute spatial adaptive potential assessment to help select 

best performing urban type clusters which form (5) the final spatial adaptive urban types for the case 

study area. The spatial adaptive urban types are the urban typologies with which performed the best 

in relation to the spatial resilience metrics and are likely the types of urban that which have a higher 

probability of creating urban form which improves the adaptive capacity of the city.  

 

Figure 5.15: Graphical summary of the Spatial Adaptive Urban Type Protocol 



 

182 

The rest of this section is dedicated to providing the details of the protocol used to create the spatial 

adaptive urban types. To begin, the method of how the latent constructs are created is described. 

Next, the discussion moves to describing how the urban type clusters are created. In this part the 

details will be focused on the describing how the GMM cluster analysis is implemented within this 

study. The third part of the section will discuss the process of ranking and selecting the final the spatial 

adaptive urban types from the initial identified urban type clusters. Finally, the metrics used to 

describe the characteristics of the morphological units of the identified spatial adaptive urban types 

are discussed. 

5.3.1 Extracting latent constructs 

As indicated in the section 5.2, the aim of the spatial adaptive urban type protocol is the identification 

of urban forms which have the highest potential to contribute to spatially adaptive urban areas. For 

this thesis, the identification of the different urban type clusters within a study area is done through 

the use of a GMM cluster analysis (also called latent class or latent profile analysis). The details of the 

GMM cluster analysis are provided in the next section.  

Before the cluster analysis can be performed, the variables used in the analysis need to be selected. 

In the case of this study, the initial input variables for the cluster analysis are the directive measures 

used to create the five spatial-morphological resilience directives. The directive metrics are selected 

as they, by design, attempted to capture the underlying properties of urban form which contribute 

towards spatial-morphological resilience. More specifically, the 14 directive metrics at the 10-minute 

scale are used. The 10-minute scale metrics are selected as the lower scales is able to capture more 

of the local variability in the urban form, while at the same time also being more sensitive to the 

composition and configuration of the urban form. Therefore, the local, 10-minute, scale is the best 

studied for the purpose of identifying localised urban forms which facilitate spatially adaptive areas 

while also being the scale best suited to inform possible urban design guidelines. While only 14 of the 

possible 42 metrics (across all scales) are used, 14 variables are still a large number of variables to 

include in any type of cluster analysis. As a result, before the cluster analysis is performed it is 

beneficial to first perform a data reduction technique to reduce the number of variables while still 

aiming to retain the majority of the information within the original variables (Jochem et al., 2020).  

In an attempt to retain the majority of the variability (information) contained within the original 

metrics while also seeking to maintain the underlying logic within the spatial directives, a latent 

construct is created for each directive which retains the majority of the variability within the input 

metrics associated with that directive. A latent construct can be thought of as a theoretical proxy 

measure of a phenomenon which cannot be directly observed or measured. To measure a latent 

construct, indicators, derived from theory, which capture different qualities of the underlying 

construct can be used (Banerjee and Hine, 2016; Dahly and Adair, 2007; Gabe et al., 2018). In the case 
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of this study, the phenomenon to be represented by the latent constructs are the spatial-

morphological resilience directives (connectivity directive for example), with the metrics related to 

each directive (access to locations, betweenness centrality and straightness centrality for example) 

being used as the indicators to infer the construct. Unlike with the creation of the spatial directives 

(or the spatial adaptive potential assessment), which uses a weighed linear combination approach to 

combine the variables, the aim of creating the latent contracts is to reduce the number of variables 

from the initial fourteen metrics to five latent constructs, while still retaining the majority of the 

variability (information) contained within the original fourteen metrics. 

There are a multitude of different data reduction techniques available (see Huang et al. (2019); Reddy 

et al. (2020); Sorzano et al.(2014) and Van Der Maaten et al.(2009) for a review of the different 

methods). However, for this study a Principal Component Analysis (PCA) method has been selected as 

it is a widely used and accepted method of data dimension reduction and has also been used 

previously in the formulation of latent constructs (see Kemperman and Timmermans (2006) and 

Mohamed et al., (2016)). According to Everitt et al. (2011: 163), and as a first step before cluster 

analysis (see Serra (2014), Chang et al. (2017), Jochem et al. (2020) for examples).  

PCA is unsupervised data exploratory method which is often used as data a dimension reduction 

technique. In short PCA allows researchers to reduce the number of variables into the smallest number 

of principle components while still retaining the majority of the information from the original variables 

(Ringnér, 2008; Wold et al., 1987). PCA analysis is able to reduce the number of variables within a 

dataset by replacing the redundant information with a correlated [latent] compound variable, called 

a principal component, that is obtained from a linear combination of the original variables and which 

contains the majority of the original information (Tsiptsis and Chorianopoulos, 2011). Therefore, by 

using relatively few principle components, the majority of the variability within the data can be 

captured (Ringnér, 2008). Additionally, within a PCA, the first principal component (PC) captures the 

largest possible amount of variance (i.e. the first PC retains the most amount of the original data), 

while the second PC, being orthogonal to the first PC, captures the second most amount of the 

variability. The third PC is again orthogonal to the second PC and capture the third most variability 

(Ringnér, 2008)). This continues process continues until the all variability of the original data is 

captured11.  

As the first PC captures the majority of the original variability, and provided that enough of the orginal 

variability is captured (50% or more), the first PC can be used as a latent construct which embeds the 

qualities of the variables it represents (Mohamed et al., 2016). Therefore, for this study, the latent 

constructs are created by performing a PCA analysis on the assossiated inptut metrics related to each 

 

11  The total number of principle compounds found is always n-1, where n is the number of variables used in the PCA.  
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directive and the first PC is extracted to be the latent construct which represents that particular 

directive.  

Using Figure 5.16 and the connectivity latent construct as an example, the procedure to create the 

latent construct can be summarised with the following procudure. The (1) first step is to use the 

approprate input variables related to the spatial resilince directive which is being represented by the 

latent construct. In the case of this exaple, the access to locations, betweenness centrality and 

straightness centrality metrics at the 10-minute scale are used as inputs for the connectivity latent 

construct.  

 

Figure 5.16: Generalised process of creating the latent constructs 

The (2) next step in the process is to prepare the data by transforming the variables into standardised 

z-scores, where the data is rescaled so that the mean of the data has a value of 0, and the scaled data 

represents the varition from the mean. Standardised z-scores are used as they have an added benefit 

in cluster analysis of reduing the differences in measurement scales while also providing a clearer 

overview of the cluster stucutre (Tsiptsis and Chorianopoulos, 2011). As part of the data preparation 

process, the data is checked that it is suitable to perform a principal component analysis on. Firstly, 

there should be more than one variable of interest, as there would be no need to reduce the 

dimension of the data with only one variable since the first PC would contain the same information as 

the original variable. Therefore, if there is only one variable for a latent construct (the urban potential 

latent construct for example), then the standardised z-score is used. Next, there should be 

multicolinearity between variables as multicolinearity between variables is one of the main 

requirements to perform a PCA (Serra, 2014). Multicolinearity is typically tested in two ways. The first 

method is with the Kaiser-Meyer-Olkin (KMO) test, which tests the suitability of the sampling measure. 

The second method is the Bartlett’s Test of Sphericity (Constantin, 2014), which tests to see if the 

correlation matrix is an identity matrix and indicates that the variables are unrelated (IBM 

Corporation, 2014). The results from the KMO index range from 0 to 1, with results of KMO > 0.5 being 

regarded as suitable for PCA. The Bartlett's test should have a significance (p-value) of less than 0.05 

(p < 0.05) to be accepted for a PCA. For the purposes of this study both the KMO and Bartlett's test, 

which use a correlation matrix, have used a Spearman correlation coefficient in the tests, as not all 
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the variables meet the requirements for a Pearson Correlation (i.e. normal distribution of values and 

absence of outliers).  

The final step in creating a latent constuct is to (3) perform the PCA analyis using the standardised 

values as inputs. As a PCA analysis makes use of a correlation matrix to reduce the data (Wold et al., 

1987), for this study a the Spearman correlation coefficient was used for the PCA as it is a more robust 

approach to PCA when using non-parametric variables (Vásquez-Correa and Rodas, 2019). To perform 

the PCA analysis in this study, the ‘psych’ package (Revelle, 2019) was used in R (R Core Team, 2020). 

The psych package is able to easily perform the PCA as well as providing additional information and 

visualisation functionality which is useful for demining the quality of the results. From the PCA the first 

principal component (PC) is extracted (4) and forms the latent construct which contains the latent 

variability of the directive it respresents. In the case of the exaple, the connectivty latent construc is 

created. For this study, the first PC should ideally contain 50% or more of the variance from the oiginal 

data. In addition to checking the percentage of the variability retained by the latent constructs, each 

of the latent constructs is mapped to visually confirm that the created latent constructs retain the 

spatial logic of the original variables. As the original variables used to perform the PCA were rescaled 

to standardised z-scores, latent constructs are also in the same scale. As a result, spatially visualising 

the latent constructs is best achieved a through standard deviation class breaks, which divides the 

variables by a factor of the standard deviation. This visualisation method allows for values which are 

near, below or above the mean value to be easily identified. (5) Once all the latent constructs have 

been created and checked they are used as inputs into the Gaussian mixture modelling cluster analysis 

to create the urban type clusters.  

This section has provided the rationale and details of the method used to create the five latent 

constructs that capture the latent variability of each of the spatial-morphological resilience directives. 

The section to follow will provide the details of how the latent constructs are used within a Gaussian 

mixture modelling cluster analysis to identify the latent urban type clusters within a study area. More 

specifically, the next section will provide the details of how the Gaussian mixture modelling cluster 

analysis is implemented within this study. 

5.3.2 Identification of urban type clusters through cluster analysis 

The previous section described the method for reducing the number of variables to be used for the 

cluster analysis through the creation of the five latent constructs which capture the latent variability 

within the metrics used to assess the spatial-morphological resilience directives. This section provides 

the details of how the latent constructs are used as inputs into a cluster analysis to develop a 

classification of the latent urban forms (urban type clusters) within a study area in relation to the 

spatial-morphological resilience directives. Once the urban type clusters have been identified, they 

can then be ranked based on their qualities so that the best performing urban type clusters can be 
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identified and selected as the candidate urban forms (spatial adaptive urban types) which are more 

likely to encourage an area to be more spatially adaptive.  

Cluster analysis, like principal component analysis (PCA), is a form of unsupervised data exploration 

which is often used within the machine learning process (Pardo, 2020). However, unlike a PCA, which 

seeks to reduce the number of variables within the data to a set of principal components, the aims of 

a cluster analysis is to group “observations together in such a way that the internal group variance is 

minimized while the intergroup variance is maximized” (Anselin et al., 2013, p. 160). In other words 

and shown graphically as an example in Figure 5.17, cluster analysis is a type of statistical analysis 

which attempts to meaningfully group observations in a way where the values of the observations 

within each group are more similar to each other, while being as different as possible to the 

observations of other groups as possible. In the case of this study, the cluster analysis is used to group 

the locations (plots or buildings) into a set of classes or types based on their attributes (latent construct 

values). In addition to grouping similar values together, an added advantage of cluster analysis is that 

it provides a generalised description of each cluster, which allows for a better understanding of the 

underlying internal characteristics (Everitt et al., 2011; Kantardzic, 2019). Given that one of the aims 

of this study is to identify which urban forms perform the best in terms of spatial-morphological 

resilience, the ability to have a description of the underlying characteristics of each type of urban form 

is a great benefit to the study.  

 

Figure 5.17: Example of how a cluster analysis groups similar variable together based on their values 

There are many approaches to cluster analysis, the most popular methods being K-means and 

hierarchical clustering (Hennig et al., 2015; King, 2015; Nadif and Govaert, 2010). Clustering methods 

such as K-means and agglomerative hierarchical clustering are considered as ‘hard clustering’ 

methods, where each value is allocated into a group. In contrast, the Gaussian mixture modelling (also 

called finite mixture modelling (FMM), Latent Class Analysis (LCA) or Latent Profile Analysis (LPA)) 
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cluster analysis method approaches cluster allocation from a probabilistic or fuzzy perspective 

(Vermunt, 2010), where each value is grouped into a cluster (also called component in the text) based 

on its probably of belonging to that group. This is because the GMM clustering approach assumes that 

each cluster can be described by a multivariate Gaussian distribution (Scrucca et al., 2016) and that 

these distributions can overlap in some places (Fraley and Raftery, 1998). Because a probability 

assignment is used in GMM group allocation, it is also possible to explore in which alternative cluster 

group(s) an observation might fall, and what the probability of belonging to each of those groups is.  

An additional limitation with both K-means and hierarchical clustering approaches, is that they are 

unable to easily address one of the main challenges faced within any cluster analysis, namely, deciding 

how many clusters to group the data into (Fraley and Raftery, 1998). While some guidelines have been 

developed to demine how many clusters should be use for K-means and hierarchical clustering, more 

often than not, the decision on the number of clusters to retain is an arbitrary one, which can only be 

guided by theory, convenience or at times intuition (Higgins and Kanaroglou, 2016). In contrast to K-

means and hierarchical clustering, model based clustering, such as GMM, makes use of information 

criterion to help select the number of clusters to divide the data into (Vermunt, 2010). Finally, as 

shown by Fraley and Raftery (1998) and Magidson and Vermunt (2002), GMM also tends to provide 

better classification when compared to other clustering algorithms such as K-means. However, GMM, 

which are initialised through the EM (expectation-maximization) algorithm, can be computationally 

demanding which limits their application to large dataset. Nevertheless, due to the benefits 

highlighted in the discussion, GMM can be considered to be a superior clustering method and is 

therefore the selected method used for identifying the latent urban types within this study.  

With the goal of identifying the latent urban form types within a study area, for this study the GMM 

cluster analysis is implemented within in the R software environment (R Core Team, 2020) using 

version 5 of the ‘mclust’ package (Scrucca et al., 2016). Mclust is a powerful package specially 

developed for implementing Gaussian finite mixture models. The mclust package uses fourteen 

different models which describe the within-group covariance structural characteristics of the cluster 

ellipses in term of their ‘Volume’, ‘Shape’ and ‘Orientation’. A simplified version of the covariance 

structural characteristics has been illustrated in the Figure 5.18, with Table 5.2 providing the details 

of the annotations for the figure. For the covariance structural characteristics, Scrucca et al. (2016) 

make use of the notations ‘E’ and ‘V’ to denote equal and varying cluster characteristics respectively. 

Through this naming convention, a model which is called ‘EEV’ denotes a model with whose ellipses 

have equal volume, equal shape but varying orientation. Similarly, a model with ‘VVV’ will have varying 

volume, shape and orientation of the cluster ellipses. Models which are restricted to be spherical and 

equal volume (EII) have the same covariance structure as Ward’s clustering and standard K-means 

clustering algorithms (Wehrens et al., 2004). 
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Figure 5.18: Example of the covariance structural characteristics of the cluster ellipses  

and annotations used within the mclust package 

Source: Adapted from Scrucca et al. (2016) 

Table 5.2: Description of the annotations used to describe the different covariance models  
within the mclust package  

Model Distribution Volume Shape Orientation 

EII Spherical Equal Equal — 

VII Spherical Variable Equal — 

EEI Diagonal Equal Equal Coordinate axes 

VEI Diagonal Variable Equal Coordinate axes 

EVI Diagonal Equal Variable Coordinate axes 

VVI Diagonal Variable Variable Coordinate axes 

EEE Ellipsoidal Equal Equal Equal 

EVE Ellipsoidal Equal Variable Equal 

VEE Ellipsoidal Variable Equal Equal 

VVE Ellipsoidal Variable Variable Equal 

EEV Ellipsoidal Equal Equal Variable 

VEV Ellipsoidal Variable Equal Variable 

EVV Ellipsoidal Equal Variable Variable 

Source: Scrucca et al. (2016) 

When applying GMM cluster analysis, two of the main questions asked are, which model should be 

used and how many clusters should be included. To answer these questions information criteria can 

be used to evaluate the quality of the solution of each of the models as well as the number of clusters. 

The most commonly used of the information criteria is the Bayesian Information Criterion (BIC). 

According to Scrucca et al. (2016: 8), information criteria, such as the BIC, use “penalised forms of the 

log-likelihood. As the likelihood increases with the addition of more components, a penalty term for 

the number of estimated parameters is subtracted from the log-likelihood”. While the BIC method is 

the default method for model selection in mclust, Scrucca et al. (2016: 9) also note that “BIC tends to 
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select the number of mixture components needed to reasonably approximate the density, rather than 

the number of clusters”. For this reason, alternative information criteria for selecting the number of 

clusters have been proposed. One of these alternative information criterion which has been proven 

to be successful at selecting the correct number of clusters is the Integrated Complete-data Likelihood 

(ICL) criteria proposed by Biernacki et al. (2000). The ICL method uses an entropy function to measure 

cluster overlap, this intern also places a penalty on the BIC score and thereby providing an alternative 

measure of the correct number of clusters which fits the data (Scrucca et al., 2016). Through extensive 

testing during the formulation of the method used within this study, using the ICL tended to produce 

more meaningful cluster results when compared to those selected with the BIC. Therefore, models 

which maximise the ICL criteria where regards as providing a better cluster solution. The specific 

method implemented for the GMM cluster analysis for this study is described below. 

The first step in the cluster analysis process is to identify (a) how many clusters (components) and (b) 

what model (covariance structures) suits the data best. To answer these questions the five created 

latent constructs are used as inputs. The GMM analysis is then initialised using the EM algorithm on 

the 14 different covariance models available within the mclust package for a range 1-25 different 

cluster options, which results in 350 model cluster combinations being tested. Next, using a similar 

method to that applied by Jochem et al. (2020), the top six candidate models (covariance structure 

and number of clusters) are selected by identifying those with the highest ICL criteria scores. The GMM 

cluster analysis is then implemented on the full dataset using the top six candidate models. Finally, 

the top model which maximises the log-likelihood is selected to be the GMM cluster solution. The 

results of the selected cluster solution are termed the Primary Urban Type Clusters.  

The results of the Primary Urban Type Clusters (P-UTC) are checked in several ways. First, the 

scatterplots between the latent constructs with the applied classification are checked to ensure that 

the cluster solution adheres to a clear visual logic within the scatterplots. Next, the results of the 

cluster analysis are mapped spatially by first mapping the cluster allocation (P-UTC) for each location 

and looking that the result have a clear and consistent spatial logic. Second, the uncertainty of the 

classification for each location is mapped and areas with high uncertainty are identified and checked. 

Finally, the mean values per latent construct for each cluster is visualised on a parallel plot to assess 

if there is a clear separation between the different cluster solutions (i.e. to check the between-group 

difference). As part of the process of visualising the result of the P-UTC in the parallel plots, the P-UTC 

were ordered and ranked based on the sum of the mean normalised [0-1] score for each latent 

construct, however, the visualisation of the parallel plots is done with the standardised scores of each 

latent construct. 
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5.3.3 Selecting the spatial adaptive urban types 

The results of the primary urban type cluster analysis are not the final urban type clusters. This is 

because, as noted by Jochem et al. (2020), the use of information criteria like BIC or ICL can often 

result in a larger number of clusters than what actually suits the data. It is therefore sometimes 

necessary to aggregate the results into a set of secondary clusters. While methods exist to aggregate 

the clusters statistically, such as the method of hierarchically merging clusters with the method 

proposed by Baudry et al. (2010), the results of such methods did not produce meaningful results, 

especially when the results were studied spatially. Therefore, for this study, a manual approach was 

used to aggregate the clusters. The aggregation was done by considering to main aspects. First, the 

similarity of mean values for each construct per cluster. Second, the spatial distribution of clusters. 

The rules used in the aggregation were that clusters which have values similar to each other (for 

example, high connectivity and low diversity) were grouped together, unless spatially distant from 

each other. Additionally, clusters which have similar mean values to each other and are spatially 

adjacent or near to each other were combined. Exceptions were made for those clusters in which the 

spatial logic made sense to combine them even though the cluster values were more varied.  

The aggregated clusters formed what is termed in this study the Secondary Urban Types. To further 

aid in the interpretation of the secondary clusters, the aggregated secondary clusters were ranked 

based on the sum of the mean values per cluster of the original directive metrics (access to plots, 

betweenness, transport redundancy, etc.). Checking the results of the cluster solution against the 

original variables, which form the background variables of the analysis and which are not used directly 

within the analysis, helped to identify if any issues, caused through statistical interference, are present 

within the results (Leisch, 2008). An additional benefit of using original variables, the directive metrics, 

to rank the secondary clusters is that they allow for the results to be compared back with the results 

from the spatial adaptive potential assessment. For example, if the top ranked cluster does not fall in 

areas which generally performed well in the spatial adaptive potential assessment (including the 

individual metrics and directives in the assessment) then this issue can be easily identified and the 

cluster analysis process checked. The final ranked secondary clusters are considered to be the Urban 

Type Clusters (UTC) for the study area and represent the urban forms which produce a particular set 

of spatial adaptive potential combinations. The results of the UTC are checked by mapping the results 

spatially and examining their spatial logic while also looking for any obvious misclassifications. 

Additionally, the mean values of the original directive metrics per UTC are plotted on parallel plots to 

assess if there is still a clear separation between each cluster. In addition to exploring the mean values 

of each metric per cluster with parallel plots, which only provide a summary and are therefore only a 

part of the picture, ridgeline plots are also used to study the internal distribution of the observations 

for each of the UTC and across all metrics. 
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The urban type clusters for each study area only provide a description of the underlying characteristics 

of the urban form in relation to the spatial-morphological resilience directives. The urban type clusters 

do not, in themselves, give a direct indication of the urban form types which are more likely to 

encourage an area to be spatially adaptive. To evaluate which of the UTC have the potential to improve 

spatial-morphological resilience of an area, it is necessary to relate the UTC back to the spatial 

adaptive potential (SAP) metric and then select the best performing UTC based on those which have 

the highest SAP scores. To identify the best performing UTC, the mean SAP metric values per urban 

type cluster for all three assessment scales (10-, 20- and 30-minunte) are calculated and compared. 

An additional multiscale SAP metric is also calculated by computing the mean SAP metric value for all 

three scales per UTC. The use of all three scales and the multi-scale assessment allows for the 

performance of the identified urban type clusters to be compared against all assessment scales and 

the UTC which perform well across all (or some) scales to be identified. The UTCs which perform the 

best across all scales are selected and are considered to be the urban forms which are most likely to 

encourage the formation of cross-scale spatially resilient urban areas and are therefore called the 

Spatial Adaptive Urban Types for the case study area.  

Once the best performing urban types, the Spatial Adaptive Urban Types (SAUT), have been selected, 

it is possible to explore the characteristics of each SAUT in terms of their morphological units. The 

extracted morphological characteristics can then be used as a basis to help inform future urban design 

strategies through the formulation of design principles for generating spatially resilient urban forms. 

The next section will describe the metrics used to study the morphological characteristics of the 

selected Spatial Adaptive Urban Types in term of their building, plot, block and street characteristics. 

5.3.4 Studying the geometric properties of the spatial adaptive urban typologies  

The previous section described the details of the proposed protocol for creating and identifying the 

SAUT for a study area. This section describes how the identified SAUT can relate back into urban design 

by outlining the metrics use to describe the geometric characteristics of the morphological units within 

each SAUT. The intention of the description is to use the generalised characteristics inform urban 

design principles that can create urban forms which encourage spatially resilient urban settlements. 

The use of geometric properties to describe morphological units is common practice within urban 

morphological studies. Typically, characteristics such as the size and shape of the morphological units 

are used as descriptors, however, additional measures such as ratios or densities are also prevalent 

within the literature (see Berghauser Pont and Haupt (2010), Dibble (2016), Kropf (2017) and Marshall 

(2005)).  

This section will outline the basic metrics used to describe the geometric characteristics of the 

morphological units within each SAUT. The metrics use to describe the geometric characteristics have 

been grouped into two categories, namely, polygon and line type metrics. The polygon metrics are 
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used to describe the characteristics of the buildings, plots and blocks. The line metrics are used to 

describe the street characteristics. A description of each metric used to describe the morphological 

units will be provided in the section to follow, however, a summary of the metrics has been provided 

in Table 5.3 while Figures 5.19 to 5.21 show graphic representations of the metrics.  

Table 5.3: Summary of metrics used to describe the geometric properties of the morphological units with each 
Spatial Adaptive Urban Typology 

Metric Description Assessment units Morphological unit 

Area Geometric area of a polygon  Square meter (m²) Building | Plot | Block 

Length The length of the longest axis of the polygon Meter (m) Building | Plot | Block 

Width (Polygon) The length of shortest side of the bounding 
rectangle aligned with the longest axis 

Meter (m) Building | Plot | Block 

Building Height The distance of between the base of a building 
and the top of the building  

Meter (m) Building 

Thickness ratio The ratio of the area of the polygon in relation 
the area of the polygons minimum bounding 
square 

Ratio (∝) Building | Plot | Block 

Street Length Geometric length of a street section Meter (m) Streets 

Street Density The total length of streets (km) per area (km²) Km/km² Streets 

Intersection Density Number of street intersections per area (km²) Int/km² Streets 

Link-Node Ratio Ratio between the number of street sections 
and number of intersections within an area 

Ratio (∝) Streets 

Intersection Type The number of X+ intersections, T-intersections 
and Cul-de-sacs within an area  

No. of each 
intersection 

Streets 

 

5.3.4.1 Metrics to describe the geometric characteristics of buildings, plots and blocks. 

Beginning with the polygon metrics which are used to describe the geometric characteristics of 

buildings, plots and blocks within each SAUT. Area is the first and most basic of the polygon metrics. 

For this study, area refers to the geometric area of the morphological unit (building, plot or block) and 

is calculated in square meters (m²). The area of buildings, plots and blocks are important design 

metrics which are often used within urban design as a geometric design guideline for urban 

development (Long and Huang, 2019; Siksna, 1997). Moreover, the size of plots and blocks, for 

example, has been found to play an important role in the adaptive capacity of an area (Moudon, 1986). 

Like area, height is a basic measurement. For use within this thesis, Height, which is only used as a 

description for the buildings, is defined here as the distance (meters) between the base of the building 

on the ground and the top of the building’s roof.  

As polygon type morphological units can take a variety of shapes, a simplified description of the length 

and width of the polygons have been used to portray of their overall shape. The Length of the polygon 

is calculated as the length (meters) of the longest axis of the bounding box of the polygon while the 

Width is calculated as the length of the shortest axis of the bounding rectangle of the polygon, which 

is aligned with the longest axis. Shown in Figure 5.19 is graphical illustration of how the metrics are 

calculated. Related to the length and width of a polygon is the thickness of the polygon, which 
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describes how square or narrow a polygon is. The Thickness Ratio, which is similar to the compactness 

index as described by Bobkova et al. (2019), is calculated as the ratio of the polygons area compared 

to the polygons minimum bounding square12 (See Figure 5.19). A square polygon will have a score of 

1, while smaller values indicate that the polygon is narrower. To calculate the polygon characteristics 

of length, width and thickness ratio, the ET GeoWizard tool from ET SpatialTechniques (2016) was 

used as it is able to automatically and quickly calculated the described polygon characteristics. The 

results of the assessed metrics are reported in terms of the general descriptive statistics as well as 

through maps and boxplots. Additional charts and diagrams are provided where necessary to convey 

the results. 

 

Figure 5.19: Graphic example how the polygon length, width and thickness ratio 

are calculated for the buildings, plots and blocks 

 

12  Bobkova et al. (2019) use the minimum bounding rectangle while this study uses the minimum bounding square in the 

measure of compaction or thickness. 
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5.3.4.2 Metrics to describe the geometric characteristics of the streets 

The first and most basic geometric characteristic of a street is the street length, which is defined as 

the geometric distance (meters) between two intersections (see Figure 5.20). Street density is the 

next metric used to describe the street characteristics for a SAUT. Street density is described as sum 

of the street length (km) divided by the study area (Km²). In the case of this study, the study area is 

the total area of the SAUT. Intersection density is similar to street density, however, in this case, 

intersection density is defined as the total number of intersections per study area. The Link-node 

ratio, also called the beta index as discussed in Chapter 3, is one of the most basic measures of network 

connectivity. Link-node ratio is calculated as the total number of street sections divided by the total 

number of intersections and is a measure of the connectivity of the network. The larger the number 

the better connected the network and values smaller than 1 represent disconnected areas. 

 

Figure 5.20: Example of the elements of the street network within a sample area 

Street sections, intersections and the different intersection types – cul-de-sac, T-junctions, X-intersections 

and X+ intersections  
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The final street network measure relates specifically to the types of intersections present within a 

SAUT and draws from the seminal work Streets and Patterns by Stephen Marshall (2005). In his book, 

Marshall shows it is possible to describe the overall configuration of an area by studying the 

composition of the intersection types within the area. In describing the configurational properties of 

an area Marshall (2005: 97) initially defines two types of basic street intersections, X-junctions and T-

junctions, with which he argues it is possible to describe most street network configurations. X-

junctions (or cross-roads), as shown in Figure 5.20, can be defined as the point where two streets 

intersect and cross over each other. T-junctions on the other hand, are defined as the point where 

two roads intersect but one road does not cross the other (see Figure 5.20). While not a street junction 

per se, Marshall (2005) also includes Cul-de-sacs as an additional descriptor of the street configuration, 

given the prevalence of cul-de-sacs in more recent street configurations. As seen in Figure 5.20, a cul-

de-sac can be described as the end point of a street and which does not interest with any other street.  

Marshall (2005: 97) argues that when the relationship between three different types of intersections 

are compared with each other, it is possible to provide a general description of the configuration of a 

street pattern within an area. Marshall (2005: 100) shows the relationship between the intersection 

type and configuration by plotting the proportion of each type of intersection on a ternary plot, in 

what he calls a ‘nodegram’ (see Figure 5.21 for an example of a nodegram). Within the nodegram, an 

area with a pure grid pattern will fall within the bottom right corner while an area which has a more 

curvilinear or rectilinear configuration, with many cul-de-sacs, will be located near the top of the 

ternary plot. By using the nodegram it is possible to provide a simple but accurate description of an 

area’s street configuration. 

 

Figure 5.21: Example of a nodegram 
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This study made use of the nodegram as described by Marshall (2005), however, with a small 

alteration. While Marshall only includes junctions, which streets intersect at four (X-junctions), three 

(T-junctions) and one (cul-de-sac) point, in reality, it is possible to find junctions where there are more 

than four points of intersections. To accommodate for reality, while still maintaining the logic within 

the nodegram, this study made use of the T-junctions and cul-de-sac, as defined by Marshall (2005) 

within the nodegram, but changes the traditional X-junctions to be, what is termed in this study as X+ 

Intersections. The X+ intersections (as shown in Figure 5.20) are defined as the junctions which have 

at least four or more points where streets intersect. To apply the nodegram as a description of the 

general configuration of a SAUT for a case study area, the proportion of each type of intersection 

within each SAUT area (and urban type cluster) is calculated and then plotted on a ternary diagram. 

For example, using the intersections within the area demarcated as the ‘study area’ in Figure 5.20, it 

is possible to plot the proportion of X+ intersections (45.5%), T-junctions (45.5%) and cul-de-sac (9%) 

on the nodegram (shown in blue in Figure 5.21). From the location of the point in the nodegram, it is 

easy to tell that the area has very few cul-de-sacs and has an even distribution of X+ intersections and 

T-junctions, meaning that this area likely has a type of grid with rectilinear elements within its 

configuration (Marshall, 2005).  

Once all the different morphological units have been described in terms of their general 

characteristics, the results from both case studies were used to extract some general design principles 

which might be used towards generating more spatially adaptive urban landscapes. 

5.4 Summary and next steps 

Described in this chapter is the proposed Spatial Resilience Assessment Protocol which aims to provide 

a detailed method which can be used to (a) evaluate the potential spatial adaptive capacity for a 

location or area within a city at multiple scales; and (b) to use the spatial-morphological resilience 

directives to identify the urban forms which promote spatial adaptive potential on multiple scales.  

To achieve these aims, two subprotocols were proposed, the Spatial Adaptive Potential Assessment 

(SAP) subprotocol and the Spatial Adaptive Urban Typology (SAUT) subprotocol. The SAP protocols 

includes a description of the fourteen spatial metrics used in the creation of the five spatial directives 

as well as a description of how the relationship between the directives can be explored. Additionally, 

the SAP protocol uses the five spatial-morphological resilience directives to produce a proxy indicator 

of the spatial adaptive potential of a location. Finally, the SAP protocol also includes a description of 

the method use to evaluate the non-spatial directive of hierarchic efficiency by assessing if the 

selected metrics follow a power-law distribution.  

The aim of the SAUT subprotocol is different to the SAP protocol as it uses the results from the SAP 

protocol as inputs to identify a range of urban typologies within a study area. Next, using the identified 
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typologies, the SAUT protocol describes how the best performing urban types (SAUT), which have the 

highest spatial-morphological resilience directive and spatial adaptive potential scores, can be 

selected. Finally, the SAUT protocol also describes how the characteristics of the morphological units 

can be extracted.  

The value of the proposed protocol is that it can be potentially applied to any urban setting with 

limited alterations. Moreover, the protocol can be changed to include an assessment at only a single 

scale or, alternatively, include additional or varied scales, which makes the protocol flexible to 

different urban settings. Additionally, the protocol has the potential to be partially automated, which 

would mean that future studies could be conducted relatively quickly and over larger areas. 

To ensure that the proposed protocol is able to be implemented, two case studies, Manhattan and 

Hong Kong, are used as tests of the protocol in the next section. Moreover, as the selected case studies 

represent two types of emerging complex urban forms, vertical and volumetric forms, the successful 

application of the protocol within these two complex contexts would also imply that the protocol can 

be applied in more general, flat, urban settings and thereby improving the overall generalisability of 

the protocol. 
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Chapter 6  

Manhattan – Spatial Resilience Assessment 

 

Chapter 5 introduced the proposed SRA protocol which included the details of the two subprotocols: 

the spatial adaptive potential and spatial adaptive urban typology subprotocols. Protocols describe 

the methods used to assess the spatial adaptive potential of locations within a study area and to 

identify urban form types that are more likely to improve the spatial adaptive capacity of an urban 

area. The aim of this chapter and Chapter 7 was to showcase the implementation and testing of the 

proposed protocols through two case studies, namely Manhattan (New York City, USA) and Hong Kong 

special administrative region (China). 

For both case studies, Chapters 6 and 7, a brief introduction of the case study area is provided. 

Additionally, the specific data sources and data preparation methods for each case are covered. This 

is then followed by a discussion of the results of the assessment for each directive and associated 

metrics. After presenting the individual results of each directive, a description of the spatial adaptive 

potential and the relationship between each directive are discussed for each case study. Finally, the 

spatial adaptive urban types for the selected cases are introduced before the details of the 

morphological characteristics of each spatial adaptive urban type is discussed.  
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6.1 Introduction to the Manhattan case study 

 

Map 6.1: Manhattan case study area 



 

200 

The Island of Manhattan (Map 6.1) is the first and smallest of the two case studies discussed in this 

thesis. Manhattan is an island and a borough within New York City (NYC), USA, and is bound by the 

Hudson River (west), the East River to the east, Spuyten Duyvil Creek (north) and Harlem River (north-

east). Manhattan was first settled in 1625 by the Dutch (Dutch West India Company) who named their 

settlement New Amsterdam (Britannica, 2018). The settlement of New Amsterdam was located on 

the southern tip of the Island (now called Lower Manhattan) and was characterised by an irregular 

street pattern that ended with a wall to the north, which is now Wall Street (Oliveira, 2016). By 1664, 

the British had taken over the settlement and renamed it to New York (History.com Editors, 2010). By 

1811, the masterplan for Manhattan (the Commissioners’ Plan) had been created and laid out (Salat, 

2017). This new plan laid out the Island in a rectangular grid consisting of 12 avenues (running 

north−south) and 155 streets (east−west), with the long side of the blocks orientated perpendicular 

(east−west) to the length of the Island (Oliveira, 2016). Manhattan’s original plan subdivided the 

blocks into about 300 000 plots (Salat, 2017). Over time, the original grid pattern has changed with 

the addition of Broadway Street, Lexington Avenue and Madison Avenue, as well as the creation of 

several superblocks (New York Public Library, Grand Central Terminal) and new parks and open spaces 

(for example, Central park, Union Square, Bryant Park). In the early 1900s, the first skyscrapers started 

to appear and have eventually given rise to the iconic Manhattan skyline which has helped to 

transform the city into what is called a vertical city (Bruyns et al., 2021).  

Manhattan, whose street pattern is predominantly a grid pattern, is an intriguing case study, as a 

continuous grid would imply little spatial variation within the urban form. However, as described in 

the pages to follow, there is indeed a great deal of variation within Manhattan’s urban form. This 

chapter discusses the results of the implemented spatial resilience assessment (SRA) protocol, which 

includes the results of the spatial adaptive potential (SAP) assessment and spatial adaptive urban 

typology (SAUT) subprotocols described in Chapter 5. To describe the results of the assessment, this 

chapter is broken up into several sections. Sections 6.2 describes the sources of geodata used and how 

the data was prepared for analysis. Sections 6.3 to 6.7 give the results of the assessment for each 

directive, including the results of the individual metrics which were used to create the directives. 

Section 6.8 describes the evaluation of the hierarchic-efficiency of Manhattan through the assessment 

of the presence of power-law distributions in several metrics. Using the results from the assessments 

of the spatial resilience directives, Section 6.9 shows the results combined in the SAP assessment 

before unpacking the relationships (statistical and spatial) between each of the directives. Section 6.10 

then describes the process of identifying Manhattan’s SAUT, which are then discussed in detail in 

terms of their morphological characteristics. The summary of the findings of the Manhattan case study 

as well as a discussion of some of the implications for the SAP for Manhattan is discussed in Chapter 

8.  
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Throughout the Manhattan case study, the results of the assessment are presented in several ways. 

The spatial results are provided in two-dimensional (2D) and three-dimensional (3D) maps, with the 

3D maps being extruded and scaled, based on the values of the metric being presented. Additionally, 

all maps, except for the latent construct maps, use a geometric interval class break to group the values 

into 10 classes. The statistical results are presented in two ways: First, the basic descriptive statistics 

(minimum, maximum, median, mean (x)̅ and standard deviation (σ)) are given for each metric. Second, 

the distribution of the results for the assessed metrics are shown graphically through histograms, 

boxplots and empirical cumulative distribution function (eCDF) plots. 

6.2 Data sources and preparation  

Before the results of the assessment can be presented, it is necessary to first give a description of the 

sources of the data, as well as the case-specific methods used to prepare the data for the different 

assessments. This section first outlines the sources of the primary, or ‘raw’ (as is), data which are used 

as the main assessment inputs for the Manhattan case study. Next, the details of the how primary 

data was cleaned, transformed and prepared for use in the SRA are discussed. To make it easier to 

describe, the data preparation methods are grouped in terms of the data type (polygon, polyline and 

point-based data types), as similar methods to prepare the data are used within each type of data.  

6.2.1 Data sources 

For the assessment of Manhattan, the elements which form the base units of traditional urban 

morphology studies (buildings, plots, blocks, streets and land use) are used as the primary units of 

analysis. However, for the purpose of this study, which aims to go beyond pure urban morphological 

studies, additional data was also required. The additional data included the public transport network, 

topology or terrain as well as urban facilities. This section provides the details of where each of the 

sources of data used for this case study were obtained and collated into a single spatial database.  

The Buildings data (NYC Department of Buildings, 2019) is a polygon dataset which contains the 

building footprints for all buildings within the NYC. Each building contains additional attribute data 

about the building, such as ground elevation, building height, year constructed and building area. The 

study area of Manhattan Island contains 45 189 buildings with a mean building height of 22.6 m and 

a mean building footprint area of 412.6 m². In addition to the building footprints, 3D building data 

(NYC Department of Information Technology & Telecommunications, 2018b), was obtained through 

the NYC OpenData platform in the form of an ESRI Multipatch file format. The 3D building dataset, 
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which was primarily used for visualisation purposes, contains level of detail (LOD) 1 and 2 buildings,1 

without any additional building attribute information. 

The Plots (called tax lots in NYC) and Land Use dataset is a combined polygon dataset which was 

published by the NYC Department of City Planning (2018) and contains more than 70 fields describing 

various attributes for each land parcel. The fields of interest for this study include those which describe 

the primary land use, lot (plot) area, building area, building type, number of floors per building and 

estimations of the floor area dedicated to commercial, residential, office, retail, garage (parking) and 

factory uses. The study area contains 42 342 individual plots with an average plot area of 9 078 m². 

Like the buildings and plot dataset, the Facilities dataset (NYC Department of City Planning, 2019) was 

obtained through the NYC OpenData portal. The facilities database is a point-type feature dataset and 

contains a list of the various types and names of facilities within the NYC. These facilities include, for 

example, schools, hospitals and public spaces. This study made use of 20 208 individual points from 

the facilities database.  

To incorporate the impact of the terrain on the analysis, a Digital Elevation Model (DEM) was obtained 

from the NYC Department of Information Technology and Telecommunications (2018a) through the 

NYC OpenData portal. The DEM is a raster grid that has a spatial a resolution of one ft (±30 cm) and 

covers the entire area of the NYC. From the DEM, the mean elevation for NYC is 5.6 m (18.3 ft), while 

the maximum elevation is 125 m (410 ft).  

The Pedestrian Network is a polyline-type dataset which was sourced from OpenStreetMap 

(OpenStreetMap contributors, 2019) through the OSMnx packaged for Python (Boeing, 2017c). The 

OSMnx package is able to split the OpenStreetMap (OSM) network into different networks based on 

different modes of travel, being drivable (car network), walkable (pedestrian network), bikeable (cycle 

network) or the full street network. For this study, the pedestrian network, derived from OSMnx, was 

used. While the study area was Manhattan Island, the network used for the analysis included the 

entire NYC area. This was done to minimise the impact of the edge effect2 on the analysis results.  

The Public Transportation Network for the entire NYC area was obtained from the Metropolitan 

Transport Authority (MTA, 2019) in New York City as a General Transit Feed Specification (GTFS) 

dataset. The GTFS data comprises a collection of files which contain information about the location of 

public transport stops, routes, schedules, and modes of public transport. The GTFS for NYC contains 

the travel information for four modes of travel, namely bus, ferry, rail and subway/metro.  

 

1  Interested readers, see Biljecki et al. (2016) and Bonczak and Kontokosta (2019) for a more detailed discussion on Level 

of Detail (LOD). 
2  The presence of an edge effect means that higher values tend to cluster around the weighted geometric centre of an area 

as they are the most central, and are therefore closest to all locations (Crucitti et al., 2006b). 
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Finally, all the datasets described above were reprojected into a Transverse Mercator UTM Zone 18N 

projection [EPSG 26918, linear unit = metres] before being imported into an ArcGIS file geodatabase. 

This geodatabase formed the base dataset which contained the raw (as is) data. However, this raw 

data was not in a format which could be used for analysis. Described in the next section, is the 

processes used to prepare the data for use in the analysis of the SAP of Manhattan.  

6.2.2 Data preparation 

The previous section described from which sources the raw data was obtained, this section is 

dedicated to describing the details of how the raw data was processed and prepared for use in the 

analysis described in the next sections. This section is divided into three parts. The first part describes 

the methods used to prepare the polygon data. Here the preparation of the blocks and land parcels, 

including the associated land use data and identification of the different plot types, are discussed. The 

second part describes how the polyline data was prepared by giving a detailed description of the 

method for the preparation of the pedestrian network and the creation of the integrated public 

transport network (IPTN). Finally, the third part discusses the preparation of the point-based data, 

focusing on the facilities dataset.  

6.2.2.1 Polygon preparation  

The polygon dataset, and specifically the plots, form the base unit of analysis for this case study, 

meaning that all results of the Manhattan study are stored within the plots dataset. As such, the 

preparation and management of this dataset was handled with care. The first step in preparing a plot 

data dataset is to ensure that the dataset is topologically correct. This entails checking that all polygon 

features are geometrically sound and that there are no overlaps or stacking of polygons. To clean the 

plot dataset, an ET GeoWizards tool (ET SpatialTechniques, 2016) was used within ArcGIS 10.8. The ET 

GeoWizards tool checks the geometric correctness of the polygons as well as that there are polygons 

stacked on top of each other. Additionally, the ET GeoWizards tool also corrects overlaps between 

polygons. The result is a geometric and topologically correct polygon dataset. 

 Plot-type classification 

As previously discussed in Chapter 5, to calculate the accessible plot type heterogeneity, it is first 

necessary to divide the plots into different groups. However, before the plots can be grouped, 

geometric characteristics of the plots used to make the groupings should first be determined. For the 

case study of Manhattan, the following plot characteristics were selected to form the groups: Plot 

area, plot length, plot width, plot thickness and plot fractal dimension. Plot Area refers to the 

geometric area of the plot and is calculated in square metres (m²). Plot Length is calculated as the 

length (metres) of the longest axis of the bounding box of the plot, while Plot Width is calculated as 

the length of the shortest axis of the bounding box of the plot. Plot Thickness describes how square 
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or narrow a plot is and is calculated as the ratio of the plot area compared to the plot’s minimum 

bounding square. A square will have a score of 1, while smaller values will indicate a thinner plot. The 

Plot Fractal dimension indicates the complexity of the plot’s shape. The fractal dimension ranges 

between one and two, with values closer to two indicating a more complex plot shape. The fractal 

dimension is calculated using the Box Counting method as described by Bourke (1993). All plot 

characteristics where calculated using the ET GeoWizard tool from ET SpatialTechniques (2016). Other 

variables were tested, but these five variables gave the best results.  

Once the input plot characteristics for the groupings were decided upon, the Multivariate Clustering 

tool of the ArcGIS Pro was used to group the plots into the appropriate number of clusters. More 

specifically, the Multivariate Clustering tool was implemented using a K-means clustering method and 

no number of classes were selected (i.e., the field was left blank). This allows the tool to identify the 

ideal number of classes to group the plots into. The tool identifies the ideal number of classes by 

finding the number of classes (between 2 and 30) with the highest pseudo F-statistic (ESRI, 2019a). As 

shown in Figure 6.1, for the case of Manhattan, the highest pseudo-F-statistic was found when six 

clusters were used. Table 6.1 shows the summary statistics for each input variable. The table also 

includes an R² value which indicates how much of the variation within the original data was retained 

after the clusters were formed. The R² values also indicate the effectiveness of each of the inputs at 

dividing the plots into groups, with higher values indicating that variable as being better at 

discriminating between groups. From the table it is clear that the plot fractal dimension was the least 

effective variable for grouping the plots. This is likely because the majority of the plots were 

rectangular and would therefore have similar fractal dimensions. The results show that six clusters 

were the optimal number of clusters for this dataset. 

 

Figure 6.1: Pseudo-F-statistic results for 2-30 clusters for the multivariate clustering of plot types  
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Table 6.1: Summary statistics for each input variable for the plot type multivariate clustering 

Variable Mean 
Standard 
deviation 

Minimum Maximum R² 

Plot area 908.00 17 500.23 0.07 339 2526.29 0.951 

Plot length  40.26 51.11 0.53 4168.70 0.801 

Plot thickness 0.318 0.118 0.007 0.929 0.717 

Plot width  24.85 24.42 0.25 1580.91 0.716 

Plot fractal dimension 1.0162 0.0076 1.0000 1.1625 0.433 

 

In the case of Manhattan, plot area and length were the two variables which best divided the plots 

into groups. For the sake of simplicity, the clusters are labelled by number (i.e., type 1, 2, 3 to 6) and 

have not been given a specific name. Figure 6.2 shows the boxplots per plot type for each input 

variable. Map 6.2 shows the spatial distribution of the final result of the plot type cluster analysis. 

From the results of the analysis and seen in the map (Map 6.2) and the boxplots (Figure 6.2), Plot 

Types 1 and 2 are typically characterised by small thin plots, while Plot Type 6 represent medium-sized 

plots, which tend to have a more square shape. Plot Type 4 describes the large plots within Manhattan, 

which tend to have more complex shapes (based on the fractal dimension) than the other plot types, 

except for Plot Type 3. Plot Type 3 represents the extra-large plot types within Manhattan. In addition 

to being extra-large, plots belonging to Plot Type 3 also tent to be thin and have more complex shapes. 

Finally, Plot Type 5 is represented solely by one extra-extra-large plot, Central Park, which is so large 

compared to the other plots that it has been grouped into its own class. 

 

Figure 6.2: Boxplots for each input variable and separated by plot type  

Values are converted to standardised Z-scores to allow for comparison  
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Map 6.2: Multivariate clustering of plot types 
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 Plot subdivision: The centroid problem 

Due to the large sizes and shapes of some of the plots in Manhattan, for example, Central Park, as well 

as the fact that many of the analysis methods utilised in the study used the centroids of the polygons 

(and not the boundary), it was deemed necessary to subdivide the larger plots into smaller units. 

Without this alteration, the relative access to these larger plots would be greatly distorted due to what 

is termed here as the centroid problem. The centroid problem is an issue related to the over-

simplification of a polygon feature and occurs when the centroid of a very large or long plot is used 

for analysis purposes. In these instances, the distance from the centroid to the adjacent features may 

be very large (even though the polygon boundary may be directly adjacent) and, when conducting a 

distance-based analysis, the interaction between the locations may be distorted or lost. To illustrate 

the centroid problem, Central Park in Manhattan is used as an example. Figure 6.3 shows Central Park 

as the blue polygon in the centre of the image and its centroid shown as the black point. Additionally, 

three buffers (400 m, 800 m and 1 200 m) were created from the centroid to showcase the issues 

related to using the centroids from both very large and long plots. 

 

Figure 6.3: Example of the centroid problem created by the size and shape of Central Park 
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As shown in Figure 6.3, the land parcels located to the east and west of the park are more than 400 m 

away from the centroid (but within 800 m), while the plots to the north and south of Central Park are 

more than 1 200 m away from the centroid. Yet, in both cases (north−south and east−west), the plots 

are spatially very close to the boundary of the park. This disparity between the boundary and the 

centroid of a polygon creates an issue when performing a spatial interaction analysis (Lahoorpoor and 

Levinson, 2020). As a result of the centroid problem, when conducting interaction analysis, the plots 

which are further away from the centroid would be assessed as having less potential access or 

interaction with Central Park due to the distance from the polygon centroid.  

Therefore, to mitigate the issues related to the centroid problem, the large or very long plots were 

broken into smaller units. The alterations to these plots were primarily made to plots whose land use 

is classified as open space, as they these are mostly large plots with unusual shapes. When splitting 

the plots into smaller units to further reduce the impact of the centroid problem, the pedestrian 

network (discussed in more detail below) was used to guide how the plot would be split. As far as 

possible, the centroid of the new subplot would fall on or close to the centre line of the pedestrian 

network. Connectors to the pedestrian network were created where this was not possible for 

subplots. An illustration of a section of the Manhattan plots that was split into subplots, is shown in  

(Source: Author, 2021) 

. In addition to splitting the large plots, the quantitative values of the original plot, such as the total 

estimated commercial area, were distributed according to the relative proportion of the subdivided 

plots. Overall, the subdivision of the plots allows for a better and more accurate assessment of the 

impact of distance in the assessments to follow.  

 

Figure 6.4: Example of the process used for the division of large plots into subplots 

 Note: (a) original plots, (b) how the new plots align with the pedestrian network and  

(c) the final subdivision (subdivided plots shown in red) (Source: Author, 2021) 
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 Urban block creation 

As discussed in Chapter 3, blocks form a fundamental unit of urban form. Furthermore, blocks can be 

considered to form part of a compositional hierarchy, as they are largely created by the aggregation 

of plots into a larger whole (Kropf, 2017). Thanks to this part−whole relationship between plots and 

blocks, it is possible to aggregate plots to form blocks. In practical terms, the aggregation of the plots 

to form blocks was done using the cleaned plot dataset as the input features which were then 

aggregated with the ArcGIS ‘Dissolve’ tool. The Dissolve tool works by first removing the boundaries 

of adjacent polygons and then merging them to form an aggregate polygon. A simplified example of 

the process is shown in Figure 6.5, where plots from Manhattan were converted into blocks. The 

aggregation of the plots into blocks resulted in 2 875 blocks and an average block area of 13 500 m² 

for the Manhattan study area. 

 

Figure 6.5: Example of the conversion of plots to blocks 

 Land use to functional use preparation 

Functional mix is assessed in terms of three primary urban functions, namely Live, Work and Visit as 

described in Chapter 3. However, as is often the case, land use data is typically not captured within 

these functional categories. Therefore, the existing land use data (floor area per land use) for 

Manhattan needed to be regrouped into the Live, Work and Visit functions and the available area for 

each function need to be calculated for each plot. As previously indicated, the plot dataset which was 

sourced from the NYC Department of City Planning (2018) included an estimation of the usable floor 

area (ft²) for commercial, residential, office, retail, garage (parking) and factory uses. These land use 

areas were then grouped into the categories using the classification guidelines created by Dovey and 

Pafka (2017) and shown in Chapter 3. For example, the residential area was grouped into the Live 

function, while the office and factory usable areas were grouped into the Visit area.  
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While these primary land uses provided a good starting point, they did not give the full picture, as they 

did not include estimates of many other important urban land uses. For example, according to Dovey 

and Pafka (2017), education facilities such as schools and universities, should fall under the Work 

function, while hotels would be considered to be a Live function. Additionally, cultural facilities such 

as museums, or public spaces such as parks and plazas, would be considered as being part of the Visit 

function.  

To overcome missing information, the estimated residential, office, factory and retail floor areas were 

subtracted from the total floor area for each building (included in the original dataset). What was left, 

was the total building floor area dedicated to other land uses per plot. Next, using a combination of 

the land use category and building class information (both found within the original dataset), the total 

floor area for the different land uses per building was redistributed into the Live, Work and Visit 

functions using the guidelines provided by Dovey and Pafka (2017). Lastly, the total plot area of land 

parcels which were classified as open space or recreation, such as Central Park, were then added to 

the Visit function. The result was an estimation of the total usable area (ft²) for the functions of Live, 

Work and Visit. It should also be noted that land uses which do not fall into the broad Live, Work and 

Visit groups, such as parking and transport, were not included in the Live, Work and Visit assessment. 

A summary of how the floor area for each land use class was grouped into the Live, Work and Visit 

functions is shown in Table 6.2. Maps 6.3 to 6.5 show the spatial distribution of the estimated total 

floor area of Live (Map 6.3), Work (Map 6.4) and Visit (Map 6.5) functions. 

Table 6.2: Regrouping of land use into the Live, Work and Visit functions 

Function Land use Notes 

Live Residential area  Mixed residential and commercial buildings where double-checked  

Hotel building class Hotel area was calculated on plots which had a hotel building class 
and the total hotel floor area was calculated as: Hotel area = total 
building floor area – commercial and office area 

Work Office area  The building class for commercial and office buildings and mixed 
residential and commercial buildings were double-checked 

Factory area  Mixed residential and commercial buildings were double-checked 

Education  Education area was calculated on plots which had buildings 
classified as education a: Education area = total building area – 
public facilities and institutions [with education building class] 

Visit Retail area   

Open space and outdoor recreation Where no other land use or building information were available, 
the total area of the plot (ft²) was used  

Public facilities and institutions 
[Education building class] 

Includes facilities such as museums, art galleries and health 
facilities. However, plots which had an education classification 
were not included 

Commercial and office buildings Office area was excluded from the total 
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Map 6.3: Estimated Live floor area (m2) 
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Map 6.4: Estimated Work floor area (m2) 
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Map 6.5: Estimated Visit floor area (m2) 
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6.2.2.2 Polyline preparation 

This part describes how the polyline data was prepared by giving a detailed description of the method 

for the preparation of the pedestrian network and the creation of the IPTN.  

 Pedestrian network 

The pedestrian network is a polyline type of data feature that was obtained from the OpenStreetMap 

(OpenStreetMap contributors, 2019) database. To download and prepare the network, the OSMnx 

package (Boeing, 2017c) for Python 3.x was used. The OSMnx package is able to download and prepare 

various spatial geometries from the OpenStreetMap (OSM) database. These spatial geometries 

include the building footprints and street network. Of specific value for this study, is the ability of the 

OSMnx package to separate the OSM network into different modes of travel along the network. In 

this case, OSMnx was used to download and prepare a walkable (pedestrian network) for the entire 

NYC area. In addition to downloading the network from OSM, OSMnx is also able to simplify the 

network while correcting topology errors and consolidating intersections.3 In addition to using OSMnx, 

extensive manual checks and testing were done to ensure that the network was correct. The result of 

the process was a base network that is topologically correct and able to be used for network analysis.  

This base network, however, is still a ‘flat’ network and cannot incorporate the impact of topography 

on the way people can move through the city. To compensate for the effect of the terrain, the base 

network was converted into a slope-aware 3D network using the 3D Network Toolbox for ArcGIS 

developed by Higgins and Chan (2018). Using a 2D network as the basis, the 3D Network Toolbox 

interpolates the 3D shape of the network from a DEM. Next, the tool splits the network into smaller 

segments and calculates the mean slope for each segment. Finally, the tool calculates the expected 

walking travel time (minutes) with and against the slope (i.e., in both directions of the line) using 

Tobler’s Hiking Function (Tobler, 1993). Tobler’s Hiking Function (1993) estimates the impact of a slope 

on walking speed, with uphill slopes slowing walking speed and, conversely, downhill slopes increasing 

walking speed. The 3D Network Toolbox uses a flat ground (no slope), pedestrian walking speed of 

1.4 m/s or 5 km/h and has a maximum downhill speed of 1.67 m/s (6 km/h).4  

 Integrated public transport network 

The Manhattan IPTN consists of a multimodal transport network that incorporates walking, bus, ferry, 

rail and subway/metro modes of transport into a single network. The pedestrian network forms the 

backbone of the urban mobility network and was used as the starting point for the creation of the 

IPTN.  

 

3  See Boeing (2017), or https://osmnx.readthedocs.io for more detail on this process. 
4  For an example of an additional application of this tool, interested readers should refer to Higgins (2019a).  

https://osmnx.readthedocs.io/
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Using the pedestrian network as the basis, the public transport network was created from the GTFS 

data obtained from the MTA (2019) and prepared in ArcGIS using the Add GTFS to a Network Dataset 

tool (ESRI, 2018a). This tool uses the information contained within the GTFS dataset to create a point 

layer representing the transit stops; this includes for example, the bus stops, rail stations and ferry 

terminals. The transit stops are then connected to form the public transit network. Finally, the public 

transit network is joined with the pedestrian network at the transit stops with connector lines to form 

the IPTN. For the Manhattan case study, the MTA (metro) station entrances and connectors were 

added manually.  

In addition to the method of creating the IPTN with the Add GTFS to a Network Dataset described in 

Chapter 5, additional preparation for the creation of the IPTN was required for the Manhattan case. 

This is because, as mentioned in the plot preparation section above, many of the analysis methods 

used in this study make use of the polygon centroids; this is particularly true for the analysis which 

uses the Accessibility Toolbox (Higgins, 2019b). Thus, because of the centroid problem, some large 

plots were broken into smaller subplots whose centroids were, as far as possible, on or close to the 

pedestrian network. However, it is not possible for all subplots to have their centroids close to the 

pedestrian network. As an additional precaution to ensure the accuracy of the results, additional 

connectors were created for all the subplots as well as for plots which have an area larger than 

5 000 m². It should be noted that not all connectors to plots were used as this would increase the 

network size by 490% and greatly increase the network complexity, while requiring more 

computational time for the analysis. Map 6.6 shows an example of the public transport routes with 

Manhattan. The final step in the process is to create a network feature class within ArcGIS that 

combines the network lines and points (stops and intersections) into a seamless network that, when 

combined with the Accessibility Toolbox created by Higgins (2019b), will be able to calculate access 

on both the pedestrian network and the IPTNs. 

While the full pedestrian network of the NYC was used for most metrics, in two instances, namely the 

betweenness centrality and straightness centrality metrics, a smaller part of the network was used. 

This was done in a large part because the focus of this case study was on Manhattan and not the entire 

city. The network for the analysis was reduced by creating a 5 km buffer around the Island and then 

only performing the analysis using the network that falls within that distance. Through this process, 

the focus of the results remained on Manhattan, while at the same time also reducing the potential 

impact of the edge effects.  
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Map 6.6: Public transport network  
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6.2.2.3 Point-based data preparation 

The facilities dataset (NYC Department of City Planning, 2019) for the entire area of NYC was obtained 

through the NYC OpenData portal as a CSV file format. The database contains several fields, including 

the facility name, address, facility type and subtype (i.e., school or hospital), facility name and XY 

coordinates (longitude and latitude).  

The first step was to use the XY coordinates to create a point feature class with the geolocation of 

each facility. Next, using the facility type and subtype classifications from the original dataset, the 

facilities were grouped into eight classes for the purpose of the analysis. The classes used for the 

analysis were day-care facilities, schools, higher education, cultural and historical, emergency services, 

hospitals and clinics, community facilities, and public space. Several facility types were excluded from 

the analysis, which included transportation, cemeteries and crematoriums, police services, soup 

kitchens and food pantries. The details of the grouping used are shown in Table 6.3. The ‘NYC facility 

type’ and ‘NYC subfacility type’ columns indicate the facility classification within the original dataset 

while the ‘Analysis grouping’ column indicating the final facilities classification used. The spatial 

distribution of the facilities is shown in Map 6.7. 

Table 6.3: Reclassification of New York City facilities 

New York City facility type New York City subfacility type Analysis grouping 

Education Day care and pre-kindergarten Day-care 

Schools (K-12) Schools 

Higher education 
Higher education 

Vocational and proprietary schools 

Cultural institutions Historical societies 

Cultural and historical 
Museums 

Other cultural institutions 

Historical sites 

Emergency services Fire services 
Emergency services 

Other emergency services 

Health care Hospitals and clinics Hospitals and clinics 

Human services Community centres and community school programmes 
Community facilities 

Libraries 

Parks and plazas Gardens 

Public space 

Parks 

Preserves and conservation areas 

Privately owned public space 

Recreation and waterfront sites 

Streetscapes, plazas, and malls 
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Map 6.7: New York facilities, excluding public space 
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To ensure the quality of the Manhattan case study dataset, extensive spot checks and manual editing 

were conducted. Additionally, topological checks on the polygons and networks were also done to 

ensure that no errors would occur when performing the analysis. Yet, despite all the extensive quality 

control measures implemented, errors within the data inevitability occurred. This was largely due to 

the use of multiple sources of data, different data types, the size and complexity of the combined 

dataset as well as the number of steps required to prepare the data. However, through careful steps, 

and extensive manual spot checks, the errors within the data were minimised.  

The rest of the chapter is dedicated to the implementation of the SRA protocol for the Manhattan 

case study area. To begin, the results of the SAP subprotocol are shown by first discussing each of the 

directives with their associated metrics. After discussing the results of the resilience directives, the 

results of the SAP metric as well as the relationship between all the directives are discussed. Following 

the results of the SAP assessment, the results of the SAUT assessment are discussed, including how 

the best performing SAUT are identified. Finally, the characteristics of the morphological units of each 

of the selected types are discussed.  

6.3 Connectivity assessment  

Connectivity, as explained in Chapter 3, is not only vital for building general resilience (Anderies, 2014), 

it is also essential for the effective functioning of a city as it dictates and directs the access, flow and 

efficiency of movement (Neal, 2013; Salat, 2011). Furthermore, through the study of connectivity, it 

is possible to unravel the complexity of an area by uncovering the hidden order of a city’s structure 

(Porta et al., 2006b). This section presents the results of the connectivity assessment for the 

Manhattan case study using the connectivity assessment protocol described in Chapter 5. The 

connectivity assessment describes and measures the three qualities of connectively as outlined in the 

connectively protocol, namely access, flow and efficiency, before using these three qualities to create 

the connectivity directive index for each assessment scale.  

The section begins by first assessing the connectivity quality of access, through the access to locations 

metric. Next, the flow connectivity quality is examined through the network betweenness centrality 

metric. This is then followed by an evaluation of the network efficiency through the straightness 

centrality metric. Finally, once all three connectivity qualities are described, the results from the 

created connectivity directive are discussed.  

6.3.1 Access to locations 

The access to locations (plots) metric evaluates the number of plots (i.e., locations) which can be 

reached through the IPTN for each scale. As described in Chapter 5, the access to plots metric is 

calculated using a gravity-type access metric, which is able to measure the quality of the network 

through the number of locations accessible, and the effort or cost required to reach each destination 
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into a single value. More specifically, a modified Gaussian assess function was implemented for the 

access to plots metric, as it has a slower initial rate of decline (distance decay penalty) close to the 

origin and does not decline as rapidly when compared to other popular gravity-type functions (Kwan, 

1998), and has been suggested to be a superior type of gravity function (Ingram, 1971). The strength 

of the distance decay is controlled through the impedance parameter β (beta), which regulates the 

cost of travel. The β values used for the access to plots metric for the Manhattan case study were 40, 

100 and 180 for the 10-, 20- and 30-minute travel time scales, respectively.  

The summary statistics for the access to plot assessment for all three scales are given in Table 6.4. The 

maps of the normalised results of the access to plot assessment are shown in Maps 6.8 and 6.11 for 

the 10-minute scale, Maps 6.9 and 6.12 for the 20-minute scale and Maps 6.10 and 6.13, for the 30-

minute scale, while the histograms, box-plots and eCDF for all assessed scales are shown in Figure 

6.6a-c.  

Table 6.4: Summary statistics for the access to plot assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  42 854 42 854 42 854 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 18 005 21 307 21 764 

Median 0.42 0.5 0.53 

Mean (x̅) 0.42 0.5 0.51 

Variable 0.03 0.03 0.02 

Standard deviation (σ) 0.16 0.16 0.15 
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Map 6.8: Access to plots, 10-minute scale 
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Map 6.9: Access to plots, 20-minute scale 
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Map 6.10: Access to plots, 30-minute scale 
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Map 6.11: 3D view of access to plots, 10-minute scale 
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Map 6.12: 3D view access to plots, 20-minute scale 
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Map 6.13: 3D view access to plots, 30-minute scale 

 

   

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 6.6: Access to plots (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

The mean normalised score for the access to plots metric for the 10-minute scale is x̅10 = 0.42, with a 

standard deviation (SD) of σ10 = 0.16. While the overall statistical distribution of the results for the 10-

minute scale, seen in the Figure 6.8, appears to have a dispersed, slightly skewed Gaussian (normal) 

distribution, the spatial distribution of the values tells a different story. As seen in the Maps 6.8 and 
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6.11, generally the areas with the highest access to plot scores are located in the southern part of 

Manhattan Island (south of 14th Street) and to the immediate north, west and east of Central Park. 

There are, however, several clusters within Manhattan which have high access to plot scores. Most 

notable of these clusters are the plots in the area around West Greenwich Village (south-east part of 

Manhattan), which generally have the highest scores (x̅ ≈ 0.72). Additionally, plots in central Harlem 

(north of Central Park) tend to have the second highest scores (x ̅≈ 0.59). Furthermore, due to the 

geometric, rectangular shape of the blocks and the overall configuration of the grid, plots located 

along the edge of the short end of a block tend to have higher access scores to those in the middle of 

a block (midblock) (Sevtsuk, 2014). As a result, the plots running along the length of Manhattan (north-

east−south-west) form ridgelines of higher access along the length of the Island. This observed effect 

was particularly pronounced in the areas which had overall higher access scores. An additional 

observation is the U-shape of high scores in the south of Manhattan which starts in West Greenwich 

Village, moves down towards SoHo and ends in East Village. The NoHo area, which is in the centre of 

the southern part of the Island, forms a low ‘low score valley’ (mean score of ≈ 0.43) around the 

otherwise high-scoring areas (this is seen clearly in Map 6.11). Interesting to note is the Midtown area 

of Manhattan (south of Central Park) which, despite being in the centre of the Island and having access 

to a large number of public transport stops (see section 6.6.3 for more on this), has relatively low 

scores. Finally, as may be expected due to the natural edge effect of the Island, the plots located along 

the edge of Manhattan Island, which are often larger, also tend to have lower access scores.  

Moving to the 20- and 30-minute scales (Maps 6.9 and 6.12), in both cases, the number of small 

clusters of high access locations has decreased, with many of the smaller clusters either dissipating 

(Upper West Side and Midtown West clusters) or merging together (large cluster in the southern part 

of Manhattan). Moreover, as the clusters merge together, the ‘bulge’ of the cluster (variation between 

values) flattens as the scale increases, as seen in the change of the shape of the large cluster in the 

southern part of Manhattan (Maps 6.12 and 6.13). Furthermore, as would be expected, the mean 

access to plot scores increases as the scale increases, with the mean normalised score for the 20-

minute scale being x2̅0 = 0.5 (σ20= 0.16), while the 30-minute scale has a mean score of x3̅0 = 0.51 (σ30 

= 0.15). Additionally, as seen in Figure 6.6 [particularly the eCDF], the distributions of the 20-minute 

and 30-minute scales are very similar; however, as reflected in the slightly smaller standard deviation, 

the 30-minute scale has somewhat less variation in the scores. As indicated previously, how this 

translates back into the spatial context is that as travel time increases, spatial variation is lessened and 

the distribution of access to plots becomes more even. Likewise, with the increase in scale and overall 

improved access, the observed ridgeline access effect also decreases and is less pronounced as scale 

increases. Also seen in the 20- and 30-minute scale results are the impact of the public transport on 

the overall accessibility of locations. This is specifically seen along the corridor of Park Avenue and 
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Madison Avenue which runs the length of the eastern side of Manhattan and has a high density of bus 

stops. 

The following paragraphs offer some explanations for the observed results. The impact of the 

configuration of the network on the potential accessibility stands out for the 10-minute scale. In 

particular, smaller blocks in combination with an irregular grid pattern appear to improve access on 

the local scale. Additionally, the size of plots also appears to have an impact on the outcomes of the 

results of the analysis, as smaller plots also imply that more locations (opportunities) can be fitted 

within the same area and therefore requiring less travel time to reach the same number of 

opportunities (Marcus, 2010). For example, at the 10-minute scale analysis (see Maps 6.8 and 6.11 

[10]), the West Greenwich Village area, which has the highest access to plot score, has a mean plot 

size of x ̅ ≈ 378 m², in addition to having an irregular grid pattern. While the NoHo area, which is 

spatially close to West Greenwich Village, has a mean access to plot scores below the overall average 

of Manhattan, but which has a mean plot size of x̅ ≈ 809 m², as well as a more regular rectangular grid 

configuration. While these finding were not unexpected, and were in fact consistent with findings 

from other studies of different cities (Berghauser Pont and Marcus, 2014; Sevtsuk, 2014; Bobkova, 

2019), it is still important to take note as they are explored in more detail in later sections, with 

particular focus on the relation to spatial adaptive potential.  

Next, when looking at the results of the analysis at the 20- and 30-minute scales compared to the 10-

minute scale, the immediate impact of configuration is somewhat reduced (but not negated). This can 

be attributed to two things. First, as the scale increases, the impact of distance, due to the 

configuration, is somewhat reduced as more locations are now accessible within the threshold travel 

time (Sevtsuk, 2014), Second, the improved accessibility gained by using public transport becomes 

more beneficial the longer the travel time. This is because, in terms of travel time, it is often faster 

and more direct to walk to close-by locations, than it would be to walk to a public transport stop, 

which is going in the correct direction (Djurhuus et al., 2016; McConville et al., 2011). Third, the results 

reveal the clear impact of the Island’s natural edge effect, which means that plots near the centre of 

the Island will naturally have higher access scores due to the fact that they are in the centre of the 

Island. However, the edge effect only really becomes prominent at the higher 30-minute scale (Gil, 

2017). 

What the above may mean for the SAP of a city is that, at the lower scales, the configuration of urban 

form plays a larger role for people’s ability to access opportunities. However, as the scale increases, 

the importance shifts towards public transport. Therefore, urban form, in combination with public 

transport, which provides good access at local, meso- and macro-scales, provides a diverse array of 

opportunities with lower costs, which then improves their overall adaptive capacity. 
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6.3.2 Betweenness centrality  

Betweenness centrality, as discussed in Chapter 3, is a measure of the potential flow along a route 

using the shortest distance between locations. Betweenness gives an indication of the ease a location 

can be accessed en route to another location. As such, it indicates the relative through-movement a 

location may expect (Kirkley et al., 2018), with high betweenness values also identifying locations that 

have higher chances of interaction between actors. In the case of this study, due in large to the process 

of transferring the line-based results onto the polygons, the betweenness centrality metric scores 

presented here, are best described as betweenness centrality densities. Nevertheless, the results of 

the analysis supply a clear picture of the trends in the results, which are shown spatially in Maps 6.14 

to 6.19, with Figure 6.7a-c, and Table 6.5 providing the statistical summaries of the results. 

Table 6.5: Summary statistics for the betweenness centrality assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  42 854 42 854 42 854 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 12 601 10 702 7 941 

Median 0.28 0.24 0.18 

Mean (x̅) 0.29 0.25 0.19 

Variable 0.01 0.01 0.01 

Standard deviation (σ) 0.12 0.11 0.09 
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Map 6.14: Betweenness centrality, 10-minute scale 
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Map 6.15: Betweenness centrality, 20-minute scale 



 

232 

 

Map 6.16: Betweenness centrality, 30-minute scale 
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Map 6.17: 3D view of betweenness centrality, 10-minute scale 
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Map 6.18: 3D view of betweenness centrality, 20-minute scale 
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Map 6.19: 3D view of betweenness centrality, 30-minute scale 

 

 

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 6.7: Betweenness centrality (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

With a mean betweenness centrality score of x̅ = 0.29 and a standard deviation of σ = 0.12 for the 10-

minute scale, Maps 6.14 and 6.17 show a clear tendency for locations which have access to high 

betweenness routes, to be clustered in the southern part of Manhattan (termed here the southern 

cluster, which is the area south of 14th Street), with the exception of the southern section of Central 
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Park and East Harlem. While the higher betweenness values for southern Central Park and East Harlem 

may be explained by the higher density of links from the original network, the same is not true for the 

southern cluster. Within the southern cluster, there are no clear dominating routes as the 

betweenness scores are relatively evenly distributed within the cluster. Some explanations for this 

even distribution within the cluster include the fact that this section of Manhattan has shorter, more 

square blocks, which distribute betweenness more evenly (Ratti, 2004), as well as the fact that this 

section of Manhattan has more diagonal routes which break the symmetry in the network. 

Furthermore, there are three pedestrian bridges which cross the East River at the south-western tip 

of Manhattan, which would also ‘pull’ the betweenness values more towards an east−west 

orientation. These three factors, when linked to the way that the distance is measured for the 

betweenness, as a combination of topological (least angular choice) and metric (metres), means that 

there is no single route that, in this cluster and at this scale, dominates completely. Nevertheless, the 

routes running east−west in the southern cluster tend to have slightly higher scores, which can be 

clearly seen in Map 6.17.  

As the scale of analysis moves from the 10-minute, through the 20-minute and into the 30-minute 

scale, the betweenness values become less dispersed and high values tend to concentrate along 

specific routes. Excluding the southern cluster and the cluster in East Harlem, the vast majority of the 

high betweenness routes form along the avenues which run along the length of Manhattan 

(north−south). This north−south orientation is likely due to the hybrid distance measure (for 

calculations using the shortest distance) as well as the geometric, rectangular shape of Manhattan, 

which means that the routes running along the length of the Island are longer and straighter, and 

therefore are more likely to be on the shortest route between locations. As a result of this process, 

and as seen in the access to plots assessment, but more pronounced with the betweenness 

assessment, the plots which are along the short end of a block tend to have much higher betweenness 

values than those in the midblock and form a clear north−south ridgeline which is seen clearly in Maps 

6.18 and 6.19. 

This concentration of high betweenness values to fewer routes is also reflected in the statistical 

distribution of the data shown in Figure 6.7a-c and Table 6.5. As the scale increases, the overall mean 

and standard deviation of the betweenness score decreases (10-minute scale: x̅ = 0.29, σ = 0.12; 20-

minute scale: x ̅= 0.25, σ = 0.11; 30-minute scale: x̅ = 0.19, σ = 0.09). Moreover, as Figure 6.7a-c shows, 

the distribution of values moves way from a more Gaussian distribution at the 10-minute scale and 

tends towards a heavy-tailed distribution. Heavy-tailed distributions, especially scale-free or power-

law distributions (explored in more detail in Chapter 3), are not uncommon in the analysis of 

betweenness centrality assessments (Barthélemy, 2004).  

To summarise, from the results, some routes serve much more local movement, while others carry 

movement for all scales. Additionally, as the scale of analysis increases, some other routes become 
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more prominent, so that fewer routes tend to be on the shortest distance between locations. 

Therefore, it is possible to say that as the scale increases, the important routes become more 

important and the discrepancy between the important macro routes and the local routes becomes 

larger. While this trend hints toward an efficient network (Salat, 2017; Salat and Bourdic, 2012b), if 

the network structure is too hierarchical without enough alternative routes (assessed later), the 

network can be vulnerable to disruptions. 

6.3.3 Straightness centrality  

The final connectivity metric to be assessed is that of straightness centrality. As a measure of network 

efficiency, straightness centrality, as discussed in Chapter 3, assessed how direct a route between two 

locations is. More specifically, straightness centrality is a measure of the ratio between the distance 

of the route taken and that of a straight line, with lower values indicating more direct, and therefore 

more efficient network configurations. However, as explained previously (Chapter 5), to make the 

score more intuitive and easier to combine with the other two connectivity metrics discussed 

previously, the straightness centrality scores were inverted before normalising them. The results of 

the analysis are shown in Maps 6.20 and 6.23 for the 10-minute scale, Maps 6.21 and 6.24 for the 20-

minute scale and Maps 6.22 and 6.25 for the 30-minute scale. Figure 6.8a-c shows the statistical 

distributions of the results for all scales, while Table 6.6. contains the summary statistics for each scale.  

Table 6.6:  Summary statistics for the straightness centrality assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  42 854 42 854 42 854 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 6 723.11 11 145.15 12 261.95 

Median 0.15 0.25 0.27 

Mean (x̅) 0.16 0.26 0.29 

Variable 0 0 0.01 

Standard deviation (σ) 0.04 0.07 0.07 
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Map 6.20: Straightness centrality, 10-minute scale 
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Map 6.21: Straightness centrality, 20-minute scale 
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Map 6.22: Straightness centrality, 30-minute scale 
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Map 6.23: 3D view of straightness centrality, 10-minute scale 
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Map 6.24: 3D view of straightness centrality, 20-minute scale 
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Map 6.25: 3D view of straightness centrality, 30-minute scale 

 

Figure 6.8: Straightness centrality (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

In all three scales, locations which are on, or near, a diagonal road (for example, Broadway), tend to 

have higher scores as a result of diagonal streets providing more route options by making blocks 

shorter. Conversely, areas which have an unbroken regular grid street pattern, generally have lower 

straightness scores, albeit the distribution of the scores tends to be more even, as can be seen in the 

   

(a) Histogram (b) Boxplots (c) eCDF 
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area in the Upper East Side of Manhattan (east of Central Park). Moreover, as seen on all three scales, 

but less pronounced on the 10-minute scale, the mid-block plots tend to have lower scores compared 

to those located along the shorter edge of the block. This variation in scores between the centre and 

edge plots is particularly noticeable for longer blocks (see blocks on either side of 14th Street, between 

5th and 6th Avenues) and can be clearly seen on the assessment for all three scales.  

As reflected in Table 6.6.6 and Figure 6.8a-c, the global mean score increases as the scale increases 

(10-minute scale: x1̅0 = 0.16, σ10 = 0.04; 20-minute scale: x̅20 = 0.26, σ20 = 0.07; 30-minute scale: x3̅0 = 

0.29, σ30 = 0.07); however, the variation between high and low values also increases with scale. This 

increase in variation with scale is also reflected in the spatial distribution of the areas of high and low 

scores, which become more distinct with the higher analysis scale. This trend can be clearly seen as 

stronger and clearer clusters form at the higher scales. 

To summarise, areas which have a regular grid and or long blocks, tend to have a lower but more even 

distribution of straightness. However, in areas where the grid is broken and thus have shorter blocks, 

the values of straightness are higher. Furthermore, as the assessment scale increases, the locations 

which perform better, at the lower scale tend to have disproportionately better scores. This hints at 

the importance of variation in the grid pattern, for example, through diagonal streets, as well as the 

impact of shorter blocks for more direct and, therefore, efficient movement. 

6.3.4 Connectivity directive 

Shown in the sections above were the results of the assessments of the three qualities of connectivity 

(access, flow and efficiency) which were done through the assessment of access to plots, betweenness 

centrality and straightness centrality for Manhattan at the three assessment scales. The discussion 

also illustrated how the patterns of connectivity change as the scale of assessment increases. While 

the previous assessments have given insights into the individual connectivity qualities at each scale,  

they do not provide the full picture. Consequently, the connectivity directive attempts to capture all 

three qualities by combining the three metrics of connectivity so as to provide a more holistic overview 

of the relative connectivity for each plot. More importantly, the connectivity directive aims to identify 

the areas that perform well or poorly at each assessment scale. The incorporation of multiple scales 

also allows for insights to be gleaned about how connectivity changes over scales and which types of 

urban form provide good connectivity at all scales.  

The results of the created connectivity directive can be seen in Maps 6.26 to 6.29 for the 10-minute 

scale, Maps 6.27 to 6.30 for the 20-minute scale and Maps 6.28 to 6.31 for the 30-minute scale. Figure 

6.9a-c shows the statistical distributions, while Table 6.6.7 contains the summary statistics for each 

scale.  
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Table 6.7: Summary statistics for the connectivity directive assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  42 854 42 854 42 854 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 18 939 22 916 21 465 

Median 0.44 0.53 0.5 

Mean (x̅) 0.44 0.53 0.50 

Variable 0.01 0.02 0.02 

Standard deviation (σ) 0.12 0.13 0.12 

 

 

   

(a) Histogram (b) (Boxplots (c) eCDF 

Figure 6.9: Connectivity directive (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 
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Map 6.26: Connectivity directive, 10-minute scale 
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Map 6.27: Connectivity directive, 20-minute scale 
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Map 6.28: Connectivity directive, 30-minute scale 
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Map 6.29: 3D view of connectivity directive, 10-minute scale 
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Map 6.30: 3D view of connectivity directive, 20-minute scale 
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Map 6.31: 3D view of connectivity directive, 30-minute scale 

Generally, as the scale increases, the overall mean connectivity score also increases; however, and 

interesting to note, the mean normalised connectivity score peaks at the 20-minute scale (x2̅0 = 0.53), 

before reducing slightly at the 30-minute assessment scale (x3̅0 = 0.50) (see boxplots in Figure 6.9 for 

visual representation).  

Furthermore, as seen in Figure 6.9a, as the analysis scale increases, the statistical distribution becomes 

more Gaussian (normal), while spatially, the connectively values become less dispersed and more 

focused around a few dominant clusters. Spatially, locations which do well on the local level, also tend 

to perform better on the higher levels. However, many of the local – small – clusters dissipate as the 

scale increases and higher connectivity values tend to concentrate along the central axis of 

Manhattan. This trend can likely be attributed to the natural edge effect created by the Island and is 

also reflected in the way that the statistical distribution moves to a more normal (Gaussian) 

distribution as the scale increases. Furthermore, due to the combination of the three metrics 

(predominantly the betweenness metric), several routes become prominent at all three scales. These 
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routes primarily form along the north−south streets, which run along the length of Manhattan, with 

the exception being in the large cluster in the southern section of the Island which also has east−west 

routes that stand out.  

For all three scales, as seen in the individual connectivity assessments, the southern section of 

Manhattan (below 14th street) had the overall highest scores for all assessment scales. In particular, 

the West Greenwich Village area stands out as having consistently high scores for all connectivity 

assessments at each scale. This result for West Greenwich Village is likely due to a combination of 

small plots and blocks, narrow streets as well as the irregular, broken grid street pattern which makes 

walking easier (Dovey and Pafka, 2019). Other noteworthy locations which performed well at all 

scales, include the blocks along Houston St (between Mercer St and Avenue A) and the southern part 

of Harlem. Also worth noting, are the locations where diagonal or cross-cutting streets are present, as 

these locations also tend to perform well across scales, largely due to the added connectivity through 

having shorter blocks. Finally, areas which have shorter or smaller blocks are more likely to have better 

overall connectivity scores. The results found in this study supports the ongoing argument for shorter 

and smaller blocks for improved walkability made by Dovey and Pafka (2019). 

6.4 Diversity assessment  

Diversity is the second of the three structural characteristics of spatial resilience. Structural diversity 

is an essential element for a spatially adaptive city, as variation in the distribution, size, shape and use 

of urban form allows urban areas to more easily cope with stress, while also adapting to a larger 

variety of changing circumstances (Feliciotti, 2018). This section describes the results from the 

diversity assessment for Manhattan. This assessment was done by studying the functional and 

configurative structural diversity of urban form through five metrics. The Accessible Mixed-Use Index 

(MXIA) and the evenness index were used to evaluate the functional diversity, while location type 

heterogeneity, accessible location ratio and the accessible built volume ratio metrics were used to 

assess the configurative aspects of spatial diversity. These metrics (excluding MXIA) were then used to 

create the diversity directive that aimed to provide a holistic view of the diversity that locations have 

access to. The results of the assessment of each metric and the diversity directive are presented in the 

section to follow.  

6.4.1 Accessible functional mix 

As discussed in Chapter 3, traditional approaches to assessing functional mix rely of some type of areal 

unit; however, these approaches were critiqued as being inadequate. As a result of the critique, 

alternative measures of functional diversity were developed. These metrics are the MXIA assessment 

and the functional evenness index. These metrics were developed with the aim of describing how well 

urban land uses – grouped into three main functions – are mixed. The results of the accessible 
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functional mix assessment for Manhattan are presented below. Moreover, as the MXIA and the 

evenness index both describe the degree of functional mix, they are discussed together. The results 

of the MXIA assessment are discussed first.  

6.4.1.1 Accessible functional mix-use index assessment 

The diversity protocol (Chapter 5) describes how urban functions could be simplified into three main 

groups: Live, Work and Visit. Furthermore, as shown previously (Section 6.2.2) in Map 6.3 – 6.5, the 

plot scale estimated the total usable square feet of the functions of Live, Work and Visit for each plot 

within Manhattan. Maps 6.32, 6.33 and 6.34) provide a compilation of several maps that show, for 

each function, the total accessible floor area (ft²), the (unweighted) percentage of the total accessible 

fictional area and the weighted percentage accessible for each function. Weightings are used as, for 

example, Live functional areas (residential uses) tend to take up more usable areas than other uses; 

however, commercial uses can generate more movement per area unit than that of residential areas 

(Dovey and Pafka, 2017). It is therefore necessary to balance the proportions of Live to Work and Live 

to Visit functions. As no standards exist to help guide the weighting, the ratio of the total Live area to 

the total Work and Visit area for Manhattan was used (see Table 6.8). This resulted in a final ratio of 

1:1.85 for Live to Work and 1:3.8 for Live to Visit.  

Table 6.8: Live, Work and Visit ratios  

Function Total area of function (ft²) Ratio of function to Live 

Live 931 708 630 1:1 

Work 501 665 937 1:1.85 

Visit 244 019 275 1:3.8 

 

 

Figure 6.10: Functional mix histograms 
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Map 6.32: Access to Live, Work and Visit, 10-minute scale 
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Map 6.33: Access to Live, Work and Visit, 20-minute scale 
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Map 6.34: Access to Live, Work and Visit, 30-minute scale 
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Studying the MXIA results for the 10-minute assessment (Map 6.32 and 3.38), clusters of areas with 

high Live values (Live >60%) can be seen in the areas of the Upper East Side, Upper West Side, Northern 

Harlem and area around East Village and Lower East Side. Conversely, areas of noticeable low Live 

values (Live <26%), which form a bowl shape (Map 3.38), can be seen in Midtown (south of Central 

Park) and Lower Manhattan (Financial District). In a near mirror to the Live values, the Work values 

for the 10-minute scale are highest (Work >30%) in Midtown and Lower Manhattan and lowest (Work 

<14%) in the areas around the Upper West Side, Northern Harlem and Washington Heights area 

around East Village and Lower East Side. Unsurprisingly, the high Visit values (Visit >30%) tend to 

cluster in Central Park, but also in the northern most part of Manhattan, the southern part of Upper 

East Side, Harlem and along a band, which starts in the southern part of Lower East Side and moves in 

a north-westerly direction where it ends near Union Square. Noticeably low Visit values are seen in 

Midtown East, the easternmost edge of Upper East Side and in Lower Manhattan. When the Live, 

Work and Visit values are combined into the MXIA classification (Maps 6.35 to 6.40 and Figure 6.11 

[ternary diagrams]), the results provide insights into the overall functional mix within Manhattan. At 

the 10-minute scale, the largest cluster of Highly Mixed functions forms in the centre of Chelsea with 

other smaller clusters scattered around Manhattan. Owing to the high Work values, the Midtown area 

is classified as predominantly semi-monofunctional Work, while a strong band of bifunctional 

Live−Visit forms between Upper West Side and Upper East Side.  

For all three urban functions, as the assessment scale increases, the number of very low and very high 

percentage values decreases, as location are able to access a larger variety of functions (See Maps 

6.36, 6.37, 6.39 and 6.40). This trend towards a more even distribution of functional mix is also 

reflected in the statistical distributions of the values (Figure 6.10 [Histogram]), where the range in the 

values become less spread out and moves towards having a range between 25% and 50%. Studying 

Maps 6.36 (20-minute) and Maps 6.37 (30-minute), the large cluster of Live values decreases as the 

ratio of accessible functions become more even with the increase in scale. Also noteworthy, and seen 

in the 3D maps (Maps 6.38 to 6.40), which have extruded the plots by the total accessible area of all 

three functions, as the total accessible floor area increases, so does the quality of mixing and the 

likelihood of a location falling within the Mixed or Highly Mix MXIA classification.  

This same trend is also evident in the ternary diagram representations of the MXIA shown in Figure 

6.11 [weighted]. In the weighted ternary diagrams for the 10-minute scale, the values are more 

dispersed compared to that of the 20- and 30-minute scales. However, two bands of clusters are 

visible in the 10-minute ternary diagram. The first band is comprised predominantly of high Live values 

(20% < Live < 80%) along the Live axis. The second band moves diagonally from the midpoint of the 

high Live band towards the corner of the high Work section of the ternary diagram. The second band 
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mostly consists of the locations which were classified as having various degrees of high functional 

mix.5  

Finally, as the assessment scale increases, the points in the ternary diagrams become less dispersed 

and form two clusters of Live−Visit and Mixed, which are also reflected spatially in the maps. Also 

noticeable in Figure 6.10 for the 30-minute scale, are the bimodal distributions which form close to 

the 30% and 40% ranges. These reflect clusters of Mixed and Highly Mixed areas as classified in the 

maps and Figure 6.11 [ternary diagram]. 
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Figure 6.11: Ternary plots for accessible mixed-use index assessment 

 

5  When comparing the results of this study of Manhattan to those of Dovey and Pafka (2017), who used their version of 

the MXI to assess Manhattan on a 100 ha grid, the results found by Dovey and Pafka showed a similar pattern to that 

seen in the 10-minute scale in this study. This suggests that while different methods of assessments were used, similar 

patterns are still observed through the MXIA method proposed in this study. 
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Map 6.35: Accessible mixed-use index assessment, 10-minute scale 
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Map 6.36: Accessible mixed-use index assessment, 20-minute scale 



 

261 

 

Map 6.37: Accessible mixed-use index assessment, 30-minute scale 
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Map 6.38: 3D view of accessible mixed-use index assessment, 10-minute scale 
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Map 6.39: 3D view of accessible mixed-use index assessment, 20-minute scale 
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Map 6.40: 3D view of accessible mixed-use index assessment, 30-minute scale 

6.4.1.2 Functional evenness index 

While the MXIA provides a qualitative understanding of the type and quality of the functional mix, for 

the same reason, the MXIA cannot be used in the creation of the diversity directive. Therefore, for a 

quantitative assessment of the functional mix, the evenness index is used. The evenness index uses 

the three values of Live, Work and Visit as inputs into an entropy-based diversity index to create an 

assessment of the evenness of the distribution of access to functional mix. The results of the 

assessment are show spatially in Maps 6.41 to 6.46 and graphically in Figure 6.12a-c. Table 6.9 shows 

the summary statistics for the evenness index assessment of Manhattan.  
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Table 6.9: Summary statistics for the functional evenness index assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  42 853 42 853 42 853 

Minimum 0 0 0.02 

Maximum 1 1 1 

Range 1 1 0.98 

Sum 29 795.41 35 291.15 33 631.59 

Median 0.73 0.82 0.93 

Mean (x̅) 0.7 0.82 0.78 

Variable 0.03 0.01 0.04 

Standard deviation (σ) 0.17 0.12 0.21 

 

The 10-minute histogram (Figure 6.12a) shows a multimodal distribution pattern which is also 

reflected in the spatial distribution in the form of clusters of high, medium and low values which are 

distributed throughout Manhattan. As scale increases, the statistical distribution becomes more 

bimodal with values of relatively high and low scores clustering together with fewer medium values. 

This same pattern is also reflected spatially on the 30-minute scale (Map 6.43), where the southern 

half of Manhattan’s evenness scores becomes higher overall. While the northern half of Manhattan’s 

evenness score increases, the overall evenness score seldomly exceeds 0.58. The 20-minute scale 

(Map 6.42) appears to have the most even spatial distribution of evenness scores, with few values 

below 0.58. As a result of the evenness of the distribution, the 20-minute scale has the highest mean 

score (x2̅0 = 0.82), while also having the lowest standard deviation (σ20 = 0.12) of the three scales. 

Additionally, the 20-minute scale reflects the expected trend of high values, focusing on the centre of 

the Island; however, the 30-minute scale produces a unique pattern of high values (forming a Ƨ shape) 

which is lost in the MXIA assessment. A possible explanation of this pattern is the location of the MTA 

subway stations, which provide greater access along certain routes. Finally, on the 10-minute scale 

there is an area of low mix which forms in the Midtown district and is surrounded by values of high 

evenness scores (See Map 6.41). From the MXIA analysis indicated previously, this area was identified 

as being classified as semi-monofunctional Work and reflects the area of Manhattan which has the 

most high-rise office buildings with few other uses.  
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Map 6.41: Functional evenness, 10-minute scale 
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Map 6.42: Functional evenness, 20-minute scale 
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Map 6.43: Functional evenness, 30-minute scale 
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Map 6.44: 3D view of functional evenness, 10-minute scale 
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Map 6.45: 3D view of functional evenness, 20-minute scale 
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Map 6.46: 3D view of functional evenness, 30-minute scale 

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 6.12: Functional evenness (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

6.4.2 Plot type heterogeneity  

As discussed previously, variation in plot characteristics is regarded as an important quality for the 

effective functioning and improved adaptive capacity of an urban area. Plot type heterogeneity 

describes the extent to which the plots are the same within a specified travel time. Section 6.2.2.1 

previously described how, through multivariate cluster analysis, the individual plot type groups used 
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in the plot type heterogeneity assessment were derived. These plot types were then used to assess 

the access the plot type heterogeneity for all three scales. The summary statistics of the plot type 

heterogeneity assessment are provided in Table 6.10, while Figure 6.13a-c shows the spatial 

distribution of the results of the assessment. 

Table 6.10: Summary statistics for the plot type heterogeneity assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  42 854 42 854 42 854 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 37 103.59 38 441.84 41 262.16 

Median 0.88 0.91 0.97 

Mean (x̅) 0.87 0.9 0.96 

Variable 0 0 0 

Standard deviation (σ) 0.05 0.04 0.04 

 

For all three scales, plot type heterogeneity can be regarded as being very high, as the mean 

normalised score for all three scales are x1̅0 = 0.87 for the 10-minute scale; x2̅0 = 0.90 for the 20-minute 

scale; and x3̅0 = 0.96 for the 30-minute scale, with very few locations, at all three scales having scores 

of below 0.75. Additionally, there is very little variation in the global scores, as the standard deviation 

is also very low for all three scales (σ10 = 0.05; σ20 = 0.04; σ30 = 0.04). Furthermore, for all three scales, 

the northernmost, and narrowest, section of Manhattan (Washington Heights), consistently has the 

lowest scores. This indicates that there is low variation in the type of plots. This disparity in low values 

is likely also further intensified due to the general size and narrow shape of the area. 

The 10-minute scale (Maps 6.47 and 6.50) has several small clusters of high values which form on the 

western and southern parts of Manhattan. Also seen is a long corridor of high values which forms 

along the eastern section of Manhattan in the areas of Midtown East and Upper East Side. Moreover, 

as the scale increases, the high values tend to become less dispersed and focus towards the Midtown 

West and Lower Manhattan (Financial District) areas. Likewise, for all three scales, the area of East 

Village has lower scores than the surrounding areas. This is likely due to the presence of many block-

sized plots in this region of Manhattan. Finally, the areas of Manhattan located south-west of Central 

Park generally perform better across scale in terms of plot type heterogeneity. However, as seen in 

the previous section, the same areas also tended to perform well in terms of functional mix that 

suggests a relationship between plot type heterogeneity and functional mix.  
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Map 6.47: Plot type heterogeneity, 10-minute scale 
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Map 6.48: Plot type heterogeneity, 20-minute scale 
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Map 6.49: Plot type heterogeneity, 30-minute scale 
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Map 6.50: 3D view of plot type heterogeneity, 10-minute scale 
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Map 6.51: 3D view of plot type heterogeneity, 20-minute scale 
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Map 6.52: 3D view of plot type heterogeneity, 30-minute scale 

 

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 6.13: Plot type heterogeneity (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 
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6.4.3 Accessible plot density ratio 

The accessible plot density ratio assessment gives an indication of the effectiveness of the urban form 

at providing access to unique destinations. Moreover, the accessible plot density ratio captures how 

well the network is able to provide access to locations by comparing the number of locations 

accessible through the network to those accessible through Euclidian distance.  

For the Manhattan case study, the statistical distributions of the results from all three scales are 

skewed to the left, with the 30-minute scale having a very spread-out distribution (σ30 = 0.13), in 

addition to the lowest mean normalised score (x̅30 = 0.66), as seen in Table 6.11. The 20-minute scale 

has the highest mean score (x2̅0 = 0.75, σ20 = 0.08), while the 10-minute scale has the second smallest 

standard deviation (x1̅0 = 0.75, σ10 = 0.08), as well as having the distribution which is the most Gaussian 

in shape.  

Table 6.11: Summary statistics for the accessible plot density ratio assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  42 854 42 854 42 854 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 28 698.86 32 024.76 28 346.4 

Median 0.68 0.75 0.67 

Mean (x̅) 0.67 0.75 0.66 

Variable 0.01 0.01 0.02 

Standard deviation (σ) 0.1 0.08 0.13 

 

Spatially at the local, 10-minute scale (Maps 6.53 and 6.56), there are many small clusters of high 

values scattered throughout Manhattan. The most notable of these the areas are West Greenwich 

Village, the eastern part of Lower Manhattan, parts of the Upper West Side and Washington Heights, 

while the medium to low values are evenly distributed throughout Manhattan. In relation to the urban 

form on the 10-minute scale, the accessible plot density ratio scores are highest where blocks are also 

small (especially true for the Lower Manhattan and Washington Heights clusters). Additionally, small 

plot sizes and narrow roads also contribute significantly, as seen in the clusters of the Upper West Side 

and Upper East Side. Furthermore, the presence of diagonal streets also tends to further enhance the 

scores; however, this is only true in locations where plot size is also small, as diagonals tend to break 

up the grid into smaller blocks and provide more efficient route options.  

As with the local scale, the meso, 20-minute scale (Maps 6.54 and 6.57), also reflects the same 

association between block and plot size. However, the results appear to be less sensitive to the 

configuration of the grid, as plot size, or rather the plot density, appears to be the major contributing 
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factor on this scale. Also seen on the 20-minute scale is the presence of the large clusters in the Upper 

West Side and Upper East Side, which were not present on the 10-minute scale but also tend to have 

small plots with medium block sizes. The same in true for the clusters in Harlem and the southern 

section of Manhattan.  

While the results correspond well with locations where both plot and block size remain small, for the 

10- and 20-minute scales (see maps 6.59 and 6.60 for plot and block size respectively), the 30-minute 

scale (Maps 6.55 and 6.58) tends to reflect the greater impact of the improved access as a result of 

the increase in scale. Consequently, the natural edge effect created by the Island also plays a larger 

role in the results, as high values tend to be more focused along the central north−south axis of the 

Island, but particularly focusing in the northern and southern areas of Manhattan. While the areas in 

the northern parts of Manhattan do indeed have smaller blocks, if not small plots, the area with the 

highest scores in the centre of the southern cluster of Manhattan, at the 30-minute scale, do not have 

small plots but have medium-sized blocks.  

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 6.14: Accessible plot density ratio (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 
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Map 6.53: Accessible plot density ratio, 10-minute scale 
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Map 6.54: Accessible plot density ratio, 20-minute scale 
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Map 6.55: Accessible plot density ratio, 30-minute scale 
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Map 6.56: 3D view of accessible plot density ratio, 10-minute scale 
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Map 6.57: 3D view of accessible plot density ratio, 20-minute scale 



 

286 

 

Map 6.58: 3D view of accessible plot density ratio, 30-minute scale 
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Map 6.59: Plot size (m2) 
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Map 6.60: Block size (m2) 
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6.4.4 Accessible built volume density ratio 

In a similar fashion to the accessible plot density ratio, the accessible built volume density ratio 

captures how effectively the network is able to provide access to destination in relation to the total 

number of potential destinations accessible through a straight-line distance into a single ratio. 

However, the accessible built volume density ratio also gives an indication of the potential diversity of 

activities housed within the built environment by incorporating access to built-up volume in the 

assessment. This then gives an alternative description of the potential usable space diversity that can 

be reached from each location. The results of the accessible built volume density ratio assessment are 

shown in Maps 6.61 and 6.64 for the 10-minute scale, Maps 6.62 and 6.65 for the 20-minute scale and 

Maps 6.63 to 6.66 for the 30-minute scale. Figure 6.15a-c and Table 6.12 provide the statistical 

distribution and summary for all three scales, respectively.  

Table 6.12: Summary statistics for the accessible built volume density ratio assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  42 854 42 854 42 854 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 27 215 30 749 28 923 

Median 0.64 0.71 0.67 

Mean (x̅) 0.64 0.72 0.67 

Variable 0.01 0.01 0.02 

Standard deviation (σ) 0.08 0.08 0.13 
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Map 6.61: Manhattan’s accessible built volume density ratio, 10-minute scale 
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Map 6.62: Accessible built volume density ratio, 20-minute scale 
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Map 6.63: Accessible built volume density ratio, 30-minute scale 
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Map 6.64: 3D view of accessible built volume density ratio, 10-minute scale 
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Map 6.65: 3D view of accessible built volume density ratio, 20-minute scale 
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Map 6.66: 3D view of accessible built volume density ratio, 30-minute scale 

 

   

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 6.15: Accessible built volume density ratio (a) histogram, (b) boxplots and (c) empirical cumulative distribution 

functions 
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Due largely to Manhattan’s grid pattern, few locations do exceptionally bad at any scale, as the mean 

normalised score for all three scales is above 0.64 (x1̅0 = 0.64; x̅20 = 0.72; x3̅0 = 0.67). Statistically, the 

10- and 20-minute scales have Gaussian-like distributions, whereas the 30-minute scale has a 

multimodal distribution, which results in a distribution that is very evenly spread out with a high 

overall standard deviation when compared to the other two scales (σ10 = 0.08; σ20 = 0.08; σ30 = 0.13). 

The evening of the distribution created as the scale moved beyond 20-minute travel time, is also 

reflected in the spatial distribution of values on the 30-minute scale, which has a more gradual 

transition between areas of high and low values.  

On the 10-minute scale, locations which have a low to medium plot-level built volume, but also have 

smaller plots and blocks, tend to perform better than locations with a medium to high plot-level built 

volume and large blocks. From this, one may extrapolate that on the local level, the configuration and 

plot size play a bigger role than large building volumes in terms of potential access to stored 

opportunities. This reasoning, however, does not hold true at the 20- and 30-minute scales. This is 

because, as can be seen in Maps 6.62 to 6.63 and 6.65 to 6.66, the results are less sensitive to the 

configuration and composition of the urban form. Possible reasons for this include the fact that the 

actual plot-level building volume plays a bigger role as the potential access increase and the difference 

between the network distance and the Euclidian decreases at the higher scales (Sevtsuk and 

Mekonnen, 2012a). Nevertheless, as seen in Map 6.63, even on the 30-minute scale, some locations 

(such as West Greenwich Village), which have small plots, small blocks and lower plot-level built 

volumes, still perform well on all scales when compared to those locations with high built volumes but 

large plots and blocks (see, for example, Upper East Side and Lower East Side on the 30-minute scale). 

These results indicate that the accessible built volume density ratio is not strictly reliant on the 

abundance of plot-level built volume for good performance. Instead, this ratio is also sensitive to the 

number and size of plots and blocks, as well as the configuration and composition of the urban tissue. 

This fact is particularly true on the lower scales but also plays a noticeable role at higher scales.  

The final observation is the noticeable impact which Broadway Street seems to have on the results, 

particularly on the southern part of Manhattan (below Central Park). Across all three scales, high 

values tend to form along the length of Broadway. This is likely due to the fact that it is the main street 

in the southern part of Manhattan which breaks the otherwise uniform grid pattern by creating areas 

with smaller blocks and thereby improving the route directness for those locations. 

6.4.5 Diversity directive 

The sections above provided the results of the individual diversity metrics of accessible functional mix, 

plot type heterogeneity, accessible plot density ratio and accessible built volume density ratio. While 

each of these metrics provides insights into the diversity and functioning of Manhattan, individually, 

they still only provide a limited understanding of overall structural diversity. For a more wholistic view 
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of the structural diversity within Manhattan, the diversity metrics are combined to create the diversity 

directive as described in the diversity directive protocol in Chapter 5. Through the process of creating 

diversity directive, locations which performed well in all metrics and across all scales, become 

enhanced, while those which performed poorly on some metrics but better in others have their scores 

averaged out. Therefore, the results of the diversity directive metric discussed below gives an 

indication of the overall spatial diversity of Manhattan.  

Beginning with the statistical perspective of the results from the created diversity directive (Table 6.13 

and Figure 6.16a-c), all three scales have high normalised mean scores (x1̅0 = 0.80; x̅20 = 0.82; x̅30 = 

0.76). Moreover, as expected, the global mean score increases from the 10- to the 20-minute scales; 

yet, as scale increases beyond the 20-minute scale towards the 30-minute scale, the mean normalised 

global diversity score decreases. This is likely a result of the smoothing effect the increased travel time 

has on the outcomes and which results in the general urban form diversity becoming more evenly 

distributed across space. This smoothing out of the scores is further reflected in the statistical 

distribution of all three scales. Both the 10- and 20-minute scales have a very tight distribution with 

low standard deviations (σ10 = 0.07; σ20 = 0.06), while the 30-minute scale has a more spread-out 

distribution which is also reflected in the higher standard deviation (σ30 = 0.11). 

Table 6.13: Summary statistics for the diversity directive assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  42 854 42 854 42 854 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 34 105 35 114 32 548 

Median 0.8 0.83 0.76 

Mean (x̅) 0.8 0.82 0.76 

Variable 0 0 0.01 

Standard deviation (σ) 0.07 0.06 0.11 

 

Next, the spatial aspects of the diversity directive are explored. At the 10-minute scale (Maps 6.73 and 

6.76), the overall variation in the results is relatively low (few results are below 0.52), while the 

locations with high diversity directive scores (above 0.82) are mostly scattered in the southern parts 

of Manhattan (specifically West Greenwich Village, Tribeca, Soho and the Financial District), with 

noticeable diversity voids or diversity valleys in the Midtown and Lower East Side areas. The Midtown 

low-diversity valley is particularly intriguing as, despite being surrounded by areas with higher 

diversity scores and having a high amount of built volume, this area still scores lower across the 

majority of metrics at the 10-minute scale. While greatly reduced, the Midtown diversity valley is also 

noticeable at the 30-minute scale (Maps 6.75 and 6.78). This finding can be explained by a few factors. 
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First is the fact that the Midtown area is largely monofunctional, comprised mostly of the work 

function. Next, the Midtown area has some of the longest blocks in Manhattan, while also having 

relatively large plots. The combination of these factors means that the urban form and functional 

diversity within this area is relatively low when compared to its surrounding areas, which have smaller 

blocks and plots as well as having a more diverse functional mix.  

Worth remarking on, is the trend within the Upper West Side area which performs relatively poorly 

on the 10-minute scale but has a better overall score on the 20-minute scale. Yet, on the 30-minute 

scale, this area has the lowest score of all areas, despite having relatively small blocks and small to 

medium plots. One possible explanation for this may be because the area is relatively narrow, while 

also being wedged between Central Park to the East and Riverside Park to the West, which, due to 

their large size and mono-functions, do not contribute to the urban form diversity. 

At the 20-minute scale (Maps 6.74 and 6.77), the combined effect of all the diversity metrics reveals 

four clusters of high values. The largest and most prominent of these is the large cluster in the 

southern part of Manhattan. This cluster has lower scores in its northern section, which increase 

towards the south and peak in the Financial District of Lower Manhattan. The second largest cluster 

forms a semicircle to the south of Central Park and has two subclusters on either side. This cluster is 

largely a result of the combined results from the functional evenness index, accessible built volume 

density ratio and the plot type heterogeneity metrics. Furthermore, the peaks of this cluster form 

where plot size is small (western subcluster) or the blocks are relatively short and small (eastern 

subcluster). On the 30-minute scale (Maps 6.75 and 6.78), block size in combination with the boundary 

conditions created by the Island, appear to be the largest contributing factor to the location of high-

diversity directive scores.  
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Map 6.67: Diversity directive, 10-minute scale 



 

300 

 

Map 6.68: Diversity directive, 20-minute scale 
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Map 6.69: Diversity directive, 30-minute scale 
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Map 6.70: 3D view of diversity directive, 10-minute scale 
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Map 6.71: 3D view of diversity directive, 20-minute scale 
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Map 6.72: 3D view of diversity directive, 30-minute scale 

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 6.16: Diversity directive (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

In summary, Manhattan has a strong repeating grid pattern over large parts of its area. However, the 

variation in both functional mix and plot size appears to be a major contributing facture in the results 

across scales. Additionally, locations which have smaller blocks, or where there is a deviation in the 

grid pattern, also tend to perform well, provided that the plots and block sizes are also smaller. 

Moreover, the results also indicate that a location’s context (the surrounding urban form) and the 
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quality of the network also play a large role in the type and quality of potential diversity which can be 

accessed. Furthermore, the locational context also has an impact across scales. 

6.5 Urban potential assessment  

In Chapter 3, the concept of urban potential was introduced as the ability of an urban area to house 

activities and store capital, but also the ease at which the activities and capital can be accessed. Having 

easy access to spare capital and more activities is essential for the improved adaptive capacity of a 

city as this provides the city with more options in times of need. In terms of urban form, urban 

potential in this study has been conceptualised as the density of building volume, in other words, the 

volume of a building can be considered as a direct measure of the capacity of a location to house 

activities (Bruyns et al., 2021). More specifically, urban potential is described as the quantity and ease 

at which the building volume can be accessed at a specified distance. As described in Chapter 5, the 

urban potential directive is measured through a single metric, accessible built volume, and like the 

access to plots metric described previously, the access to the built volume metric makes use of a 

modified Gaussian assess function to help capture to spatial interaction and effort required to access 

the built volume within Manhattan, along the integrated public transportation network.  

The results of the access to built volume assessment for Manhattan are shown spatially in Maps 6.73 

and 6.76 for the 10-minute scale, Maps 6.74 to 6.77 for the 20-minute scale and Maps 6.75 to 6.78 for 

the 30-minute scale, and statistically in Table 6.14 and Figures 6.17a-c.  

Table 6.14: Summary statistics for accessible built volume assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  42 854 42 854 42 854 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 8 169 9 040 10 746 

Median 0.15 0.17 0.21 

Mean (x̅) 0.19 0.21 0.25 

Variable 0.02 0.02 0.03 

Standard deviation (σ) 0.15 0.15 0.17 
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Map 6.73: Urban potential directive, 10-minute scale 



 

307 

 

Map 6.74: Urban potential directive, 20-minute scale 
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Map 6.75: Urban potential directive, 30-minute scale 
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Map 6.76: 3D view of urban potential directive, 10-minute scale 
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Map 6.77: 3D view of urban potential directive, 20-minute scale 
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Map 6.78: 3D view of urban potential directive, 30-minute scale 

 

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 6.17:  Urban potential directive (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions  
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Map 6.79: Built volume per plot 



 

313 

Generally, the results reflect the expected outcomes of the assessment, as the overall mean and sum 

of the normalised values increase with the increase in scale. Furthermore, areas where building 

volume was already high and clustered together (see Map 6.79 with plot-level building volume), are 

also the locations which have the highest scores for the accessible building volume metric. While the 

results indicate that the clustering of high building volumes plays the dominant role in the outcomes 

of the assessment across all scales, the 10-minute scale (Maps 6.73 and 6.76) shows some sensitivity 

of plot size on the results of the accessible building volume. An example of this sensitivity to plot size 

at the local level can be seen in the Midtown district cluster (Maps 6.73 and 6.76), that have the 

highest mean accessible building volume scores within Manhattan. Furthermore, the blocks between 

7th Avenue, 5th Avenue, 51st Street and 46th Street, stand out as they are among the plots which have 

some of the highest building volumes per plot in Manhattan but whose plot size is very large (some 

plots are the size of half a block or larger). For these plots, the normalised accessible building volume 

score is below 0.68, while the surrounding plots have higher accessible building volume scores (this is 

clearly seen in Map 6.76). 

Apart from the Midtown cluster, there is a second cluster located in Lower Manhattan’s Financial 

District. This cluster is most prominent on the 10- and 20-minute scales but becomes dispersed at the 

30-minute scale as the total accessible building volume for the surrounding areas becomes more 

evenly distributed. This leaves the Midtown cluster as the only prominent cluster visible for all three 

scales. Moreover, the Midtown cluster grows in importance as the scale of the assessment increases, 

as benefits derived from access through public transport further compound the access to building 

volume across the Manhattan Island. The impact of improved access through public transport can also 

be seen in the results of the areas of the Upper East Side and Upper West Side, which both generally 

have lower plot-level building volumes; yet, still score well due to the access provided by public 

transport. 

Focusing on the statistics of the results, for all three scales, the statistical distributions are very similar 

(Figure 6.17a-c); yet the results reflect trends which cannot be seen within the spatial assessment. To 

begin, all scales have a multimodal distribution. Of the multimodal distributions, the first and largest 

noticeable peak is at the score of around 0.10 for all scales. Spatially, these scores likely reflect the 

areas north of Central Park, which tend to consistently have the lowest scores for accessible built 

volume for all scales. The next noticeable aspect of the distributions for all three scales is the very 

even distribution of values between 0.125 to 0.25 (for the 10- and 20-minute scales and 0.125 to 0.3 

for the 30-minute scale). Spatially, these areas are evenly distributed throughout Manhattan but are 

mostly focused along the Upper East Side and Upper West Side and East Village and West Greenwich 

Village. Finally, the distribution of values from 0.25 slowly decreases to 1.0. This highly skewed 

distribution indicates that there is an uneven distribution of access to building volume within 

Manhattan, and that only a few locations have a normalised score above 0.30. Furthermore, from the 
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overall results, the cumulative access of the surrounding built volume, in combination with access to 

public transport, takes precedence over other aspects such as plot and block size. The latter is 

especially true at the higher assessment scales.  

6.6 Redundancy assessment  

Redundancy can be described as the extent to which different elements of the city are able to provide 

the same or similar functions with the aim of achieving similar goals (Anderies, 2014). Therefore, 

redundancy implies some form of duplication and provides back-ups and alternatives to the system. 

In respect of urban form, and as described in Chapter 5, redundancy is assessed through three metrics 

which are then combined to create the redundancy directive. The first metric assessed is path 

redundancy, which assessed the number of alternative paths or routes available at each location. This 

is followed by an assessment of the functional redundancy provided by key urban facilities. The third 

metric is that of transportation redundancy, which evaluates the number of public transportation 

options available for each location. These three metrics are then combined with to form the 

redundancy directive. The results of each metric and directive are described below.  

6.6.1 Path redundancy  

The path redundancy index is used to assess the number of alternative routes available at each 

location. A high path redundancy score implies that there is a greater combination of possible route 

choices available and that, with the increased number of route options, comes a decrease in 

vulnerability of the network to random failures. Path redundancy is greatly influenced by the 

configuration of the network and, because of how path redundancy is measured (see Chapter 5), it is 

also a good indicator of the walkability of an area, as more potential destinations become available at 

reduced effort. The results of the path redundancy assessment for Manhattan are discussed below.  

To begin, the results of the assessment for the 10-minute scale are shown in Maps 6.80 and 6.83, 

while the results for the 20- and 30-minute assessments are shown in Maps 6.81 to 6.84 (20-minute 

scale) and Maps 6.82 to 5.85 (30-minute scale). As with the betweenness and straightness indexes, 

path redundancy is measured on the network itself; thus, plot size will not impact the results. Rather 

block size and the configuration of the network are the factors which have the largest influence in the 

results. Table 6.15 gives the summary statistics for path redundancy assessment of Manhattan. 
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Table 6.15: Summary statistics for path redundancy assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  42 854 42 854 42 854 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 8 078 11 732 13 046 

Median 0.15 0.24 0.28 

Mean (x̅) 0.19 0.27 0.30 

Variable 0.01 0.02 0.02 

Standard deviation (σ) 0.12 0.14 0.13 

For all scales, the scores are lowest in locations where there is little variation in the rigid grid (Midtown 

West, Chelsea and the eastern part of Upper East Side), the blocks are large or long, and where 

Manhattan is very narrow (Washington Heights). While this is true for all scales, it is most evident on 

the 10-minute scale. In addition to block size and shape, the results also reflect network density. 

Locations that have a large number of paths in close proximity (southern part of Central Park and 

northern part of Upper East Side) also have higher scores, reflecting more route options in a short 

distance and therefore giving more options to pedestrians in these locations.  

As with betweenness centrality, the locations which are on the edge of the short edge of blocks and 

along the north-south roads of Manhattan also tend to have higher path redundancy scores. The 

exception to this is in the southern parts of Manhattan, where the locations along the east−west roads 

also have a high degree of path redundancy. Moreover, as seen across all scales, the southern parts 

of Manhattan consistently have the highest path redundancy scores. In terms of the urban form, this 

can be explained by the fact that the southern part of Manhattan is also the area which, on average, 

has the smallest block sizes as well as having the most variations in the grid pattern. The combination 

of these two factors means that more route options are available within less distance.  
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Map 6.80: Path redundancy, 10-minute scale 
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Map 6.81: Path redundancy, 20-minute scale 
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Map 6.82: Path redundancy, 30-minute scale 
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Map 6.83: 3D view of path redundancy, 10-minute scale 
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Map 6.84: 3D view of path redundancy, 20-minute scale 
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Map 6.85: 3D view of path redundancy, 30-minute scale 

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 6.18: Path redundancy (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

The 10-minute scale has the largest spatial variation between the locations of high and low values; 

yet, this scale has the lowest global standard deviation (σ10 = 0.12; σ20 = 0.14; σ30 = 0.13), as well as 

lowest mean standardised score (x1̅0 = 0.19; x2̅0 = 0.27; x̅30 = 0.30) of all the scales. Furthermore, all 

three scales have their statistical distributions skewed to the right (Figure 6.18a), with the 10-minute 

scales distribution diverging the most when compared to the 20- and 30-minute scales (Figure 6.18c).  
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Finally, for the 10-minute scale, the combination of small blocks and additional streets in close 

proximity to each other provides a great deal of route options within a short distance. However, as 

the scales increases (Maps 6.80 to 6.85), the overall path redundancy for Manhattan becomes 

averaged out and the scores become more evenly distributed. In addition to this, the north−south 

streets become more important at higher scales, especially those which are near the centre of the 

north−south axis of the Island. This indicates that at local level, the urban form, in terms of block size 

and shape as well as the configuration, play a major role in improving path redundancy. However, as 

the scale increases, path redundancy shifts to the network centre. 

6.6.2 Functional redundancy  

The functional redundancy assessment attempts to measure the surplus of accesses to key urban 

functions. More specifically, the functional redundancy metric seeks to capture the duplicative extent 

of certain functions with the notion that having easy access to more than one of the same type of 

function improves the options available should one of the facilities (for example, a hospital) cease to 

function for some reason (for example, when all beds in the hospital are full). For the functional 

redundancy metric, the urban functions assessed are day-care facilities, schools, higher education, 

cultural and historical, emergency services, hospitals and clinics, community facilities and public space. 

The results presented in this section are the combined functional redundancy metric, as described in 

the functional redundancy protocol (Chapter 5). 

The results of the combined functional redundancy index are shown in Maps 6.86 and 6.89 for the 10-

minute scale, Maps 6.87 and 6.90 for the 20-minute scale and Maps 6.88 and 6.91 for the 30-minute 

scale. The summary statistics for the functional redundancy index are given in Table 6.16, and Figure 

6.19a-c illustrates the statistical distributions of the results. 

Table 6.16: Summary statistics for functional redundancy assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  42 854 42 854 42 854 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 17 484.13 21 881.51 25 032.94 

Median 0.39 0.51 0.58 

Mean (x̅) 0.41 0.51 0.58 

Variable 0.02 0.03 0.03 

Standard deviation (σ) 0.15 0.18 0.18 
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Map 6.86: Functional redundancy, 10-minute scale 
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Map 6.87: Functional redundancy, 20-minute scale 
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Map 6.88: Functional redundancy, 30-minute scale 
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Map 6.89: 3D view of functional redundancy, 10-minute scale 
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Map 6.90: 3D view of functional redundancy, 20-minute scale 
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Map 6.91: 3D view of functional redundancy, 30-minute scale 

 

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 6.19: Functional redundancy (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

The 10-minute scale shows a statistical distribution which is skewed to the right. Because of the 

skewed distribution, the overall mean standardised score for the 10-minute scale is x̅10 = 0.41, which 

is much lower than the other two scales (x2̅0 = 0.51, x̅30 = 0.58). Furthermore, only 25% of the locations 

in Manhattan have a normalised functional redundancy score above 0.5 for the 10-minute scale 

(Figure 6.19c). This, however, improves as the scale increases, as in the 20-minute scale, 50% of the 
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locations have scores of 0.5 or higher. While at the 30-minute scale, this increase to be 75% of the 

locations in Manhattan.  

The spatial distribution of the functional redundancy score for all three scales shows that facilities 

tend to cluster in three locations in Manhattan. The first and most prominent cluster for all three 

scales is the Midtown cluster. The second cluster is located in the south-eastern part of Manhattan. 

More specifically, on the 10-minute scale, a cluster forms a corridor which starts in Lower Manhattan 

and moves north towards the eastern side of Lower East Side. At the 20-minute scale, the south-

eastern cluster moves westwards and also links with the Midtown cluster along Broadway avenue. At 

the 30-minute scale, the Midtown and south-eastern clusters merge to form a single long cluster, with 

Broadway Avenue forming the axis of this corridor cluster. The final main cluster is located in the 

northern part of the Upper East Side and extends into Harlem. As the scale increases, the centre of 

this cluster shifts from the Upper East Side (10-minute scale) to be more centred in the southern part 

of Harlem (30-minute scale). For all three scales, Broadway Street appears to play an important role 

in terms of both the location and access to facilities for the southern part of Manhattan. However, 

future investigations would be required to confirm this relationship. 

In summary, the results of the analysis appear to be impacted by two main factors, namely the spatial 

distribution of the facilities and the configuration of the network. Of these two factors, the former 

plays the more significant role in the results, particularly at the lower scales, as at the higher scales, 

the overall access to facilities generally improves. In terms of resilience, the uneven distribution of 

facilities, particularly at the local level, would likely affect the ability of citizens in functional 

redundancy-poor locations to respond easily if, for example, one of the facilities such as a clinic, school 

or day-care, have to close. This would drastically increase the burden of local citizens in terms of time 

and cost, to get access to a facility which is able to fulfil the same functional role.  

Worth noting is that the locations that tend to have the lowest functional redundancy scores (Upper 

East Side, Upper West Side and Washington Heights) are also the locations that were classified as 

bifunctional Live−Visit at the 10-minute scale (see section 6.4.1) and, overall, had the lowest functional 

diversity scores for Manhattan. This trend suggests that these locations may be less adaptable to long-

term changes.  

6.6.3 Transport redundancy  

The transport redundancy metric seeks to describe the extent of the multiplicity of public transport 

modes and stops available at each location within the study area. For this assessment, more transport 

stops and routes accessible for each location at each scale implies that should one route or mode of 

transport become unavailable (through an accident or during peak demand), there are still alternative 

options available for users. Additionally, more transport choices also increase the adaptability of an 
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area, as potentially more locations become accessible within less time. For the Manhattan case study, 

the modes of transport included in the transport redundancy assessment were bus stops, metro or 

subway stations and rail stations. The results presented in this section are those of the combined 

transport redundancy index shown in Maps 6.92 and 6.95 for the 10-minute, Maps 6.93 and 6.96 for 

the 20-minute and Maps 6.94 to 6.97 for the 30-minute scales. The summary statistics for the 

functional redundancy index are given in Table 6.17, and Figure 6.20a-c illustrates the statistical 

distributions of the results.  

Table 6.17: Summary statistics for transport redundancy assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  42 854 42 854 42 854 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 12 290.33 17 421.82 23 278.46 

Median 0.26 0.36 0.5 

Mean (x̅) 0.29 0.41 0.54 

Variable 0.02 0.03 0.04 

Standard deviation (σ) 0.14 0.17 0.19 
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Map 6.92: Transport redundancy, 10-minute scale 
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Map 6.93: Transport redundancy, 20-minute scale 
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Map 6.94: Transport redundancy, 30-minute scale 
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Map 6.95: 3D view of transport redundancy, 10-minute scale 
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Map 6.96: 3D view of transport redundancy, 20-minute scale 
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Map 6.97: 3D view of transport redundancy, 30-minute scale 

 

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 6.20: Transport redundancy (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

For all three scales, the highest values tend to be clustered in Midtown and form a corridor between 

3rd and 5th Avenues towards the south of Manhattan. Moreover, in addition to the large transport 

redundancy cluster located in Midtown, a second prominent cluster is also visible on the 10- and 20-

minute scales. This cluster forms in Lower Manhattan’s Financial District. However, as the scale 

increases, the importance of this cluster decreases relative to the main Midtown cluster. 
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From both the spatial and statistical distributions, it is clear that there is an uneven distribution of 

access to transport redundancy across all scales within Manhattan. This is especially true for the 10-

minute scale which has a low global mean normalised score when compared to the other scales (x̅10 = 

0.29, x̅20 = 0.41, x3̅0 = 0.54). Moreover, as seen in Figures 6.92 and 6.95, at the 10-minute scale, less 

than 85% of locations have a normalised transport redundancy score above 0.5. While this does 

improve as scales increase (75% for 20-minute and 50% for 30-minute scales), there is still a great deal 

of spatial disparity in the location of transport redundancy. 

To summarise, the results of the assessment reflect the density and distribution of public transport 

stops within Manhattan. These stops, specifically the rail stations, greatly affects the outcomes of the 

transport redundancy index. In terms of resilience, the results show that the locations to the north 

and west of Central Park are greatly underserved in terms of access to multiple modes of transport. 

However, as shown previously (section 6.3.1 [access to plots]), the fact that these locations have good 

overall access to location scores (access to plots) may mean that they are predominantly reliant on a 

single mode of transport (for example, bus transport) and are thus vulnerable to a disruption to this 

mode (for example, a bus strike).  

6.6.4 Redundancy directive  

The redundancy directive is a combined measure of the overall spatial redundancy provided by the 

urban form and the spatial distribution of urban functions and public transport. Moreover, as the 

redundancy directive is created by combining the path redundancy, functional redundancy and 

transport redundancy measures, the redundancy directive gives an indication of the overall spatial 

morphological redundancy available for each location. Locations with high redundancy are less 

vulnerable to random failures or disruptions and are therefore more able to respond when needed. 

The statistical summary of the redundancy directive assessment is shown in Table 6.18 and graphically 

in Figure 6.21a-c. More, specifically, the eCDF (Figure 6.21c) shows that the 20- and 30-minute scales 

have similar statistical distributions, with both scales having relatively even distributions and similar 

mean standardised scores (x2̅0 = 0.52, x3̅0 = 0.53). The 10-minute scale, on the other hand, has a lower 

mean score (x1̅0 = 0.46) compared to the other two scales, as well as having a clear bimodal distribution 

(Figure 6.21a). Additionally, as seen in the eCDF (Figure 6.21c), about 62.5% of the locations have a 

redundancy directive score of 0.50 or less for the 10-minute scale. While for both the 20- and 30-

minute scales, 50% or more of the locations have access to redundancy directive scores of 0.50 or 

higher. These results indicate that the relative gains in redundancy seem to diminish as the scale 

moves beyond 20 minutes. In terms of spatial resilience, the diminishing returns in redundancy with 

increases in scale may be a positive trend, as there may be a relative saturation point in terms of 

redundancy after 20 minutes. This saturation point is also important for resilience, as too much 

redundancy also reduces efficiency (Walker and Salt, 2006). To improve the redundancy in Manhattan, 
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the focus of any intervention should rather be on improving the redundancy scores for the locations 

that perform poorly. 

Table 6.18: Summary statistics for redundancy directive assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  42 854 42 854 42 854 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 19 524 22 201 22 529 

Median 0.43 0.5 0.52 

Mean (x̅) 0.46 0.52 0.53 

Variable 0.03 0.03 0.03 

Standard deviation (σ) 0.16 0.18 0.17 

 

The results of the spatial assessment of the redundancy directive assessment are shown in Maps 6.98 

to 6.101 for the 10-minute scale, Maps 6.99 to 6.102 for the 20-minute scale and Maps 6.100 to 6.103 

for the 30-minute scale. From the spatial assessment, the most vulnerable area across all three scales 

in terms of redundancy is Washington Heights, which consistently had the lowest redundancy scores 

for all three redundancy metrics. This result may be explained by the fact that Washington Heights is 

in the narrowest part of Manhattan and is therefore susceptible to the natural boundary effects 

caused by the Island. Additionally, Washington Heights is also the area which is furthest from the 

centre of the Island. Thus, the combination of these two aspects means that the area has less facilities, 

public transport and route options available, and is therefore more vulnerable to sudden shocks.  

In addition to Washington Heights, the easternmost part of the Upper East Side (Yorkville) also had 

consistently low scores across all three scales (particularly for the 10-minute scale). Unlike the 

Washington Heights area, whose low redundancy scores can be largely explained through the 

geometric shape of Manhattan, the low redundancy score for the Yorkville area can be partly 

explained by the low path redundancy results, caused by the long blocks and unbroken grid. And, as 

mentioned previously, this area also has low functional redundancy and is largely characterised as a 

bifunctional Live−Visit area. This means that the residents living in this area have fewer alternative 

facilities or route options available and are therefore less able to respond and adapt easily. Should 

anything happen to a facility or route in this area, residents would be required to travel further, using 

less direct routes at higher costs to access another facility which can serve the same function.  

As seen for all three scales (Maps 6.98 to 6.103), the central part of southern Manhattan had the 

highest redundancy scores. More specifically, the lower part of Midtown, for the 10- and 20-minute 

scales, forms the largest redundancy directive cluster. Several smaller clusters also form along multiple 
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routes and create redundancy directive corridors. The most noticeable of these corridors on all scales, 

but particularly on the 30-minute scale, is along Broadway Street, which forms a macro-level 

redundancy corridor. A secondary observation, particularly in Harlem, is that in locations with shorter 

blocks, the redundancy directive score tends to be higher than the areas with longer blocks. The is 

partly due to the impact of the path redundancy metric, but this finding also refers to the importance 

of shorter blocks for improved access to facilities and public transport.  
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Map 6.98: Redundancy directive, 10-minute scale 
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Map 6.99: Redundancy directive, 20-minute scale 
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Map 6.100: Redundancy directive, 30-minute scale 
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Map 6.101:  3D view of redundancy directive, 10-minute scale 
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Map 6.102:  3D view of redundancy directive, 20-minute scale 
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Map 6.103:  3D view of redundancy directive, 30-minute scale 

 

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 6.21: Redundancy directive (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 
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6.7 Modularity assessment  

As discussed in Chapter 3, modularity is among the most important qualities of any resilient systems 

as it is the trait which builds efficient hierarchies (through holarchies), contains risk and disturbances, 

while also allowing for experimentation. The modularity assessment attempts to identify and then 

combine the three main properties which characterise modularityness (strong internal connections, 

autonomy and nestedness) into a single modularity indicator. Before the results of the created 

modularity directive are described, the spatial qualities of the three properties of the modularity 

directive are presented. The first modularity quality discussed is internal connectedness, which 

describes the strength of short-range connections between locations. Next, in an attempt to capture 

the extent to which a location can function autonomously within a given scale, the spatial-functional 

autonomy (SfA) assessment is discussed. The third modularity property, nestedness, is captured 

spatially through the configurative nesting assessment. Finally, the results of each assessed property 

are combined to create the modularity directive.  

6.7.1 Internal connectedness 

Internal connectedness is the first of the modularity metrics assessed and is a measure used to identify 

the extent and strength of the short-range connections between locations. For the Manhattan case 

study, the internal connectedness assesses the number of plots which can be accessed for each 

location at each scale. Moreover, access is measured using a negative exponential impedance function 

gravity-type metric to account for the distance decay between locations, with locations closer to each 

other being stronger connected. The results for the internal connectedness assessment for each scale 

are discussed below. 

In terms of the statistical distributions (Table 6.19 and Figure 6.22a-c), the 20- and 30-minute scales 

have almost identical statistical (and spatial) distributions.6 Additionally, both the 20- and 30-minute 

scales also have relatively Gaussian [normal] shape distributions, with mean normalised scores near 

0.5 (x2̅0 = 0.52, x3̅0 = 0.53). However, both the 20- and 30-minute scales have large standard deviations 

(σ20 = 0.18; σ30 = 0.18). In contrast to the higher scales, the 10-minute scale has a distribution which is 

skewed to the right and has a much lower mean normalised score (x1̅0 = 0.44; σ10 = 0.17). Additionally, 

for the 10-minute scale, nearly 62.5% (Figure 6.22c) of the locations have an internal connectedness 

score of 0.5 or lower. This is nearly 15% higher than the 20- and 30-minute scales, where roughly 48% 

of the locations have an internal connectedness score of 0.5 or lower.  

 

6  This may indicate that for this particular case study, for modularity to be assessed on a higher level will require the 

incorporation of the larger urban area surrounding Manhattan. 
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Table 6.19: Summary statistics for internal connectedness assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  42 854 42 854 42 854 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 18 952 22 240 22 579 

Median 0.45 0.52 0.52 

Mean (x̅) 0.44 0.52 0.53 

Variable 0.03 0.03 0.03 

Standard deviation (σ) 0.17 0.18 0.18 

 

Spatially, the results can be seen in Maps 6.104 and 6.107 for the 10-minute scale, Maps 6.105 and 

6.108 for the 20-minute scale and Maps 6.106 and 6.109 for the 30-minute scale. When comparing 

the internal connectedness results to the access to plots metric discussed previously (which used the 

IPTN and a Modified Gaussian gravity-type assess function for the analysis), the internal 

connectedness metric, for all scales, produced smaller and more clearly defined clusters. This is 

because this metric uses only the pedestrian network, as well as a negative exponential impedance 

function (instead of a Modified Gaussian impedance function), in its measure of access.  

On the 10-minute scale, five strong clusters are visible with an additional three smaller clusters. The 

largest cluster is located within West Greenwich Village, which is also strongly linked to the second 

and third most internally connected clusters, located in Little Italy and East Village. Upper East Side 

and Harlem also have clear clusters of strong internal connectedness. As the scale increases, the size 

of the main clusters also increases, with the three clusters located in the south of Manhattan joining 

together to form a single large cluster, with two subcentres. For all three scales, West Greenwich 

Village had the highest normalised internal connectedness score. This is likely a result of a combination 

of three factors. First, West Greenwich Village predominantly comprises small plots. Second, the plots 

are grouped together in small, short blocks. Third, these blocks are placed in a grid pattern which is 

broken in several places by cross streets. The combination of these three factors increases the number 

of locations which are easily accessible within a short distance.  

In the context of Manhattan, the 20-minute travel time would appear to be the upper limit for strong 

internal connections to form in a meaningful way. Beyond the 20-minute scale, connections between 

locations become weaker. Therefore, the clusters which have formed on the 10- and 20-miunute 

scales are likely the best internally connected areas of Manhattan. For the strong internal connections 

to be studied on the 30-minute scale, would likely require that the larger NYC urban area be 

considered.  
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In terms of spatial resilience, the areas which were identified as having strong internal connections 

are the locations where information and opportunities can be accessed easily. Additionally, weaker 

long-range connections between clusters also imply that should a disruption happen within these 

clusters, the disruption will not easily extend outward and impact the surrounding areas. From an 

urban form perspective, small, short blocks in combination with smaller plots, increase the internal 

connectedness of locations across all scales.  
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Map 6.104:  Internal connectedness, 10-minute scale 
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Map 6.105:  Internal connectedness, 20-minute scale 
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Map 6.106:  Internal connectedness, 30-minute scale 
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Map 6.107:  3D view of internal connectedness, 10-minute scale 
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Map 6.108:  3D view of internal connectedness, 20-minute scale 
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Map 6.109:  3D view of internal connectedness, 30-minute scale 

 

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 6.22: Internal connectedness (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 
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6.7.2 Spatial-functional autonomy 

The second modularity metric, SfA, measures the extent of clustering of urban functions as well as the 

degree to which a location, supported by its surroundings, can function autonomously. To measure 

the extent of autonomy, the SfA is a metric that combines several factors, including the Live, Work 

and Visit functions used in the MXIA
, as well as the facilities used for the functional redundancy. This 

gives and overall impression of the potential of any location to access all the functions and facilities 

needed at a given scale. Higher autonomy scores, therefore, indicate that locations are better able to 

function semi-independently within their immediate surroundings should the need arise, such as in a 

pandemic where social distancing is in place and long commutes are discouraged. The SfA assessment 

results for each scale are discussed in the text to follow. 

From the spatial assessment (Maps 6.110 and 6.113 for the 10-minute scale, Maps 6.111 and 6.114 

for the 20-minute scale and Maps 6.112 and 6.115 for the 30-minute scale), three areas stand out as 

being able to function semi-autonomously at all scales. The most prominent of these locations is the 

area around the southern part of Midtown. This is followed by the Lower East Side and south and east 

Harlem. At the 30-minute scale, the two clusters on the southern part of Manhattan (the Midtown 

and Lower East Side clusters) join together to form a single large cluster. Apart from the northernmost 

parts of Manhattan (Washington Heights, Fort George and Inwood), which were expected to have 

lower scores because of the relative location and narrowness of the Island in this section of 

Manhattan, the eastern part of the Upper East Side (Yorkville) is the area that consistently had low 

scores in terms of the SfA metric. The results show the combined impact of the spatial distribution of 

functions and facilities, access to public transport as well the configuration of the plots and blocks. For 

example, West Greenwich Village, of which the assessments discussed previously have shown to be 

the area with the best access to opportunities within Manhattan, did not score as well across all scales 

as one may expect. This is a result of the distribution of functions and facilities and not of the quality 

of access.  

Statistically, the mean normalised scores for all three scales (Table 6.20) did not vary much (x1̅0 = 0.52, 

x2̅0 = 0.51, x3̅0 = 0.57); however, the 20-minute scale has a slightly lower mean score. As seen in 

Maps 6.111 and 6.114, this slight lowering of the mean score is likely a result of the SfA becoming 

spatially more polarised, with higher values clustering to the north and south of Central Park. This 

polarisation is also reflected in the multimodal distribution of the 20- and 30-minute scales (Figure 

6.23). For both these scales, there is a clear separation between high, medium and low values. This is 

also reflected spatially as the transition between areas of high and low values is very sharp (see Maps 

6.113 to 6.115).  
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Table 6.20: Summary statistics for spatial-functional autonomy assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  42 854 42 854 42 854 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 22 301 21 846 24 407 

Median 0.51 0.51 0.56 

Mean (x̅) 0.52 0.51 0.57 

Variable 0.02 0.04 0.04 

Standard deviation (σ) 0.12 0.19 0.19 

 

In terms of resilience, the slight drop in the mean and total normalised score for the 20-minute scale 

may be insignificant. However, given the multimodal distribution, which forms at the 20-minute scale 

and continues at the 30-minute scale, may indicate that Manhattan, from a spatial-functional 

autonomy perspective, predominantly functions on the lower and higher scales and that the urban 

planning and design of Manhattan has neglected the middle scale. This effect of this may result in a 

defective nested hierarchy within Manhattan, which can ultimately impact the ability of Manhattan 

to function efficiently across scales. While this may still be conjecture at the moment, with further 

studies needed across the entire NYC urban area, it does suggest possible places of intervention to 

improve the spatial-functional autonomy across all of Manhattan. The impact of modularity on the 

hierarchy is studied further in the hierarchic-efficiency section discussed later in Section 6.8.  
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Map 6.110: Spatial-functional autonomy, 10-minute scale 
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Map 6.111: Spatial-functional autonomy, 20-minute scale 
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Map 6.112: Spatial-functional autonomy, 30-minute scale 
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Map 6.113: 3D view of spatial-functional autonomy, 10-minute scale 
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Map 6.114: 3D view of spatial-functional autonomy, 20-minute scale 
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Map 6.115: 3D view of spatial-functional autonomy, 30-minute scale 

 

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 6.23: Spatial-functional autonomy (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 
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6.7.3 Configurative nesting 

Configurative nesting evaluates the extent to which the urban form is subdivided into smaller units, 

while also capturing the degree to which these units are interconnected. In other words, configurative 

nesting measures the multiplicity of the interaction between the plots and blocks at a given 

assessment scale. Low scores indicate that there is a break in the nesting of the urban form and that 

a single scale is dominant.  

Shown spatially, the results of the configurative nesting metric for Manhattan proves to be sensitive 

to the size of both plots and blocks (Maps 6.116 and 6.119 for the 10-minute scale, Maps 6.117 and 

6.120 for the 20-minute scale and Maps 6.118 and 6.121 for the 30-minute scale), as any area where 

the plot or block size (or both) is large, has a lower score. This is particularly true for the 10-minute 

scale, where locations that have small blocks, and more importantly, smaller plots, are the locations 

which have higher normalised configurative nesting scores. While still present, the 20- and 30-minute 

scales show a reduced sensitivity in the variation in plot and block size, but for the meso- and macro-

scales the high values are clustered in the wider parts of Manhattan Island. This gives an indication 

that the configurative nesting at these scales is impacted by the natural boundary of the Island. 

Additionally, on the 30-minute scale, the two main diagonal streets in Manhattan (Broadway and St 

Nicholas Avenue) also appear to have a clear impact on the locations of the medium-low (0.39 < Nest30 

< 0.49) values, as they tend to cluster along these streets. This is likely due to the fact that the 

diagonals break up the grid and create shorter blocks.  

The statistical distribution shows an intriguing trend (Figure 6.24a-c). For all three scales there is clear 

break between the low values and high values (see Figure 6.24c). All three scales have few plots with 

high-medium values (0.5 < Nest < 1.0). Furthermore, all three scales also (statistically) have a gradual 

transition between high values and medium values, but with a rapid increase in the number of lower 

values (≈0.4 < Nest). Additionally, because of the right skewed distribution, the mean normalised 

values (Table 6.21) for all three scales are relatively low (x1̅0 = 0.26, x2̅0 = 0.28, x3̅0 = 0.37). Spatially, this 

distribution implies that there is a clear break between high configurative nesting and low nesting – 

areas which have several large plots and blocks without a broken grid, tend to perform poorly. This is 

further exacerbated for locations which are near the edge of the Island. Moreover, the observed 

spatial and statistical trends may also be partially explained by the location of Central Park. The effect 

of this massive parcel of land must be considered, as Central Park disrupts the grid pattern and 

therefore the nestedness of the urban form. However, this is only speculation at this point and would 

need further exploration in future studies. 
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Table 6.21: Summary statistics for configurative nesting assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  27 1 1 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 11 051 11 959 15 855 

Median 0.22 0.24 0.32 

Mean (x̅) 0.26 0.28 0.37 

Variable 0.03 0.03 0.05 

Standard deviation (σ) 0.17 0.19 0.22 

 

In terms of urban resilience, the locations which have a higher configurative nesting score are the 

locations where there is a strong coupling between the plots and blocks to form nested units. 

However, the interaction of the nestedness across scales also needs to be accounted for. For example, 

within the Upper East and Upper West Side, as the scale increases, the relative configurative 

nestedness of the area decreases. This suggest that, in terms of configurative nesting, these areas only 

function on the local level and that cross-scale interaction that forms higher-level aggerate units 

within these areas may not be very strong. The consequences of this break in interaction are that the 

urban form in these areas is not efficient at all scales; instead, these areas perform best at a single 

scale.  
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Map 6.116:  Configurative nesting, 10-minute scale 
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Map 6.117:  Configurative nesting, 20-minute scale 
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Map 6.118: Configurative nesting, 30-minute scale 
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Map 6.119:  3D view of configurative nesting, 10-minute scale 
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Map 6.120:3D view of configurative nesting, 20-minute scale 
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Map 6.121: 3D view of configurative nesting, 30-minute scale 

 

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 6.24: Configurative nesting (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 
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6.7.4 Modularity directive  

The modularity directive attempts to combine the three characteristics of modularity (internal 

connectedness, autonomy and nestedness) into a single metric. To evaluate the modularity directive, 

each of the characteristics were first measured separately before being combined to produce the 

modularity directive score for each scale. The results of the assessment, shown spatially in Maps 6.122 

to 6.127, and statistically in Figure 6.25a-c and Table 6.22, show the combined impact of all three 

modularity metrics for each scale.  

Table 6.22: Summary statistics for modularity directive assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  42 854 42 854 42 854 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 20 219 21 358 22 877 

Median 0.47 0.47 0.52 

Mean (x̅) 0.47 0.50 0.53 

Variable 0.02 0.04 0.04 

Standard deviation (σ) 0.15 0.19 0.19 
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Map 6.122:Modularity directive, 10-minute scale 
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Map 6.123:  Modularity directive, 20-minute scale 
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Map 6.124: Modularity directive, 30-minute scale 
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Map 6.125:  3D view of modularity directive, 10-minute scale 
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Map 6.126: 3D view of modularity directive, 20-minute scale 
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Map 6.127:  3D view of modularity directive, 30-minute scale 

 

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 6.25: Modularity directive (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

For Manhattan, the mean normalised modularity directive score increases with scale (x̅10 = 0.47, x2̅0 = 

0.50, x̅30 = 0.53). From the eCDF (Figure 6.25c), all three scales have a clear transition point between 

lower values (where the majority of the plots are located) and higher values (a long tail of high values). 

This is also reflected in the histogram (Figure 6.25a). For the 10-minute scale, this transition point 

happens when the modularity directive score reaches ≈0.6, with nearly 85% of all plots falling below 
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this point. The 20-minute transition point happens at a lower modularity directive score of ≈0.5, with 

roughly 50% of plots falling below this point. Finally, the 30-minute scale has its transition point where 

the modularity directive score is at around 0.62, with ≈75% of all plots having a modularity directive 

score below this point. The score above the transition points typically represent the few locations 

which have high modularity directive scores. While the presence of these transition points within all 

three scales was unexpected, it can be attributed to the configurative nesting metric that also has a 

clear break in the values. Furthermore, the presence of these transition points within the modularity 

directive points to the fact that, within Manhattan, the majority of locations have the same relative 

spatial-modularity characteristics until a certain point. Thereafter, the spatial characteristics 

associated with higher modularity change drastically and are reflected spatially in the narrow 

transition bands between the clusters, with high modularity directive scores and the more dispersed 

lower values. 

Focusing on the spatial results, on the 10-minute scale (Maps 6.122 and 6.125), the area which 

generally performs the best is the southern part of Manhattan. More specifically, West Greenwich 

Village is the largest cluster with the highest modularity directive score. Other notable clusters are 

located in Harlem, the southern part of Midtown (Government District) and the Upper East Side. One 

area which stands out as having a low modularity directive on the 10-minute scale is the northern part 

of Midtown which, as noted previously, has the highest plot-level building volumes, but also has larger 

plots and long, large blocks (which reduce its internal connections) and low functional diversity (which 

reduce its ability to function autonomously). 

In terms of Manhattan’s cross-scale modularity and the implications for resilience, the southern part 

of Manhattan and Harlem are the only areas which form modules that operate across scales. The 

Upper West side is the area which only performs well at the local level, while Midtown only functions 

as part of the larger southern cluster and only on the higher scales. The areas which do not form part 

of a nested system of modules are more vulnerable to disruptions as they are unable to draw on the 

local resources and would therefore require more inputs from the larger system. 

6.8 Hierarchic-efficiency  

As discussed in Chapter 3, power-law distributions are suggested to be a sign of self-organisation and 

can be used to identify if an urban area functions in a hierarchically efficient way. To assess the 

hierarchic-efficiency of Manhattan, three hypotheses were tested. The first hypothesis tested if the 

selected metric, for each assessment scale, can be described by a power-law distribution. The second 

hypothesis asked if all scales have similar distributions, while the third hypothesis asked if all scales 

have similar scaling parameters (αa = αb; ±0.02). For the case of Manhattan, the distributions of the 

following metrics were assessed for all three scales: (1) access to locations (plots); (2) betweenness 

centrality; (3) urban potential; (4) configurative nesting; and (5) the modularity directive. In addition 
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to the listed metrics, the distribution of the plot area (plot size) for the entire Manhattan was also 

studied. Plot size was chosen as an additional metric as plots are one of the fundamental elements of 

the urban tissue (Moudon, 1994) and previous studies of have found that plot size in complex urban 

areas tend to follow a power-law distribution (Feliciotti, 2018; Salat, 2017). More specifically, Salat 

(2017) found that the plot size in parts of NYC (around Madison Square and Brooklyn) follow a power-

law distribution (scaling exponent α = 0.6). Given that previous studies have found power-law 

distributions in plot size, it was deemed prudent to assess if the plot area distribution for all plots 

within Manhattan also follows a power-law distribution, and if the scaling exponent is similar to that 

found in previous studies.  

The results of the hierarchic-efficiency assessment of the selected metrics for Manhattan are shown 

in Table 6.23 and Figures 6.26 – 6.31. For all metrics and scales, a figure (a-c) is provided that shows 

the distribution of the data on a log−log cumulative distribution function (CDF) plot, as well as the 

additional fitted heavy-tailed distributions (power-law, log-normal, exponential and Weibull) used in 

the assessment. Additionally, an image (d) shows a plot with all three assessment scales of the metric. 

Table 6.23: Power-law distribution assessment results  

Metric Scale 𝑥-min 
α 

(±0.02) 
n-tail 

n-tail % 
of total 

GoF7 𝑝-value 

Log likelihood ratio 

Support for 
power-law 

Comments Log-normal (𝑝-value) Exponential (𝑝-value) Weibull (𝑝-value) 

Two-sided One-sided Two-sided One-sided Two-sided One-sided 

Access to 
plots 

10 0.500 6.75 13849 32.4 0.085 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None Weibull may fit 

20 0.485 5.32 23474 54.9 0.137 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None Weibull may fit 

30 0.500 5.93 24107 56.3 0.150 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None Weibull may fit 

Betweenness 
centrality 

10 0.469 8.25 3876 9.1 0.044 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None Weibull may fit 

20 0.497 8.97 1325 3.1 0.042 0.00 0.03 0.99 0.04 0.98 0.04 0.98 None Weibull may fit 

30 0.476 9.28 423 1.0 0.026 0.45 0.69 0.66 0.64 0.32 0.89 0.45 Low n-tail is only 1%  

Urban 
potential 

10 0.191 3.16 15818 37.0 0.036 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

20 0.194 3.10 18554 43.4 0.045 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

30 0.224 3.12 20246 47.3 0.058 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

Configurative 
nesting 

10 0.264 3.32 15909 37.2 0.062 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

20 0.227 2.98 22550 52.7 0.062 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

30 0.307 3.13 23090 54.0 0.085 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

Modularity 
directive 

10 0.500 6.75 13849 32.4 0.085 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

20 0.485 5.32 23474 54.9 0.137 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

30 0.500 5.93 24107 56.3 0.150 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

Plot area NA 983 2.29 6133 14.3 0.013 0.03 0.46 0.23 0.00 0.00 0.00 0.00 None n-tail is only 14.3%  

 

From the visual assessment, betweenness centrality, for all scales (Figures 6.27), and plot area (Figure 

6.31 are the only metrics which potentially follow a power-law distribution for values larger than 𝑥𝑚𝑖𝑛. 

After further statistical testing through the goodness-of-fit test, which compares the distributions with 

2 500 simulated power-law distributions with the same parameters (𝑥𝑚𝑖𝑛 and α), as suggested by 

 

7 Goodness of fit statistic. 
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Clauset et al. (2009), the resulting p-value (p = 0.03) for plot area was well below the p ≥ 0.1 threshold 

for acceptance of the power-law hypothesis, as well as being below the absolute minimum threshold 

of p ≥ 0.05, for the power-law hypothesis to be potentially plausible. Therefore, the power-law 

distribution hypothesis for the plot area distribution for the entire Manhattan study area can be ruled 

out. This result, however, does not rule out that parts of Manhattan do indeed follow a power-law 

distribution in relation to plot area as previous studies seem to suggest.  

In relation to the betweenness centrality, the results from the statistical assessments for the 10- and 

20-minute scales showed that both scales had p-values (p = 0.00) below the required p ≥ 0.1 threshold 

for acceptance of the power-law hypothesis. The 30-minute betweenness centrality distribution 

produced a high p-value of p = 0.45, which would normally give strong evidence for the presence of a 

power-law. However, there are two issues that prevent accepting the power-law hypothesis for the 

30-minute betweenness centrality. First, the scaling exponent of the distribution is unrealistically high 

(α = 9.28). Second, the tail of the distribution, where the power-law is located (n-tail), only comprised 

a very small proportion of the total datapoints (1% of total plots). In the case of a small n-tail, Clauset 

et al. (2009) cautioned against assuming the presence of a power-law in these distributions, as there 

is a great chance for statistical error and a reduced ability to validate the results. Therefore, due to 

the large scaling exponent and small tail, the power-law hypothesis for the 30-minute betweenness 

centrality scale cannot be accepted. It should also be noted that no other heavy-tailed distributions 

that were tested, fit the 30-minute betweenness centrality better. However, some other heavy-tailed 

distributions may fit the data better, such as the Fréchet distribution (also known as inverse Weibull 

distribution), whose CDF plot matches the 30-minute betweenness centrality CDF plot well. However, 

this was not tested within this study and can be explored further in future studies.  

The lack of a power-law distribution within the assessed metrics may be attributed to a few reasons. 

The first of these potential reasons may be directly related to the fact that Manhattan’s growth and 

urban form was largely a result of top−down planning instead of natural organic growth. This potential 

explanation is based on the work by Nilsson and Gil (2019), who examined the presence of power-law 

distributions in the degree distribution (connectivity in space syntax) of street networks for several 

cities, including NYC.8 The results from their study showed a clear split between cities which can be 

regarded as having initially grown organically, through the process of self-organisation, and those 

cities which have had a high degree of top-down planning. From the results of their study, Nilsson and 

Gil (2019) suggested that cities which have developed through processes of self-organisation and have 

a more organic initial growth (such as Tokyo, London and Venice), have strong evidence of power-law 

distributions in their degree distributions. Furthermore, Nilsson and Gil (2019) argued that cities 

whose growth process was planned (such as Brasilia, New York and Moscow) do not exhibit power-

 

8  The study made use of the method suggested by Clauset et al. (2009) for identifying power-law distributions.  
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law distributions. This hypothesis of organic versus planned settlements is also indirectly supported 

by the findings from Feliciotti’s (2018) study of the urban form change of Gorbals (Glasgow, UK) over 

three time periods and planning paradigms. Feliciotti (2018) found that the Victorian era Gorbals, 

which has a more organic urban form, has a power-law distribution with a scaling exponent of α = 0.6, 

while the rebuilt modernist Gorbals was more likely to follow an exponential distribution. Feliciotti’s 

study also suggested that the current redeveloped ‘New Gorbals’, based on new urbanist principles, 

possibly also follows a power-law distribution (scaling exponent of α = 1.16).  

Taking into consideration that this study (betweenness centrality) and Nilsson and Gil’s (2019) study 

(degree distribution) have both shown that the street network within Manhattan does not exhibit a 

power-law distribution, it is perhaps not surprising that no power-law distribution is present within all 

the metrics used to assess the hierarchic-efficiency. The argument here is that, since all the metrics 

assessed rely on the configuration and access provided by the (top−down planned) network as part of 

their formulation (excluding the plot area), it is therefore reasonable to consider that the network 

itself, through its high degree of planning, is, in fact, hindering the self-organisation process that 

results in a power-law distribution occurring. Moreover, this possible explanation, as well as the 

findings from the studies by Feliciotti (2018) and Nilsson and Gil (2019) seem to confirm Salt’s (2017: 

112) assertion that deviation from power-laws implies “fiscal barriers to evolution”, and that for cities 

to be resilient, requires planning that promotes self-organisation, which then encourages the 

formation scale-free hierarchic-efficiency.  

A second possibility for the results is that there may be bipartite power-law distributions (two power-

law distributions) within the assessed metrics. From a study of street network degree distribution of 

multiple cities, including NYC, Jiang (2007) has found that cities with grid networks are more likely to 

have bipartite power-law distributions. However, Jiang (2007) provided no explanation for why this 

phenomenon occurs. The possibility of bipartite power-law distributions within the results is partially 

supported by the fact that many of the assessed metrics displayed multimodal distributions within 

their histograms and CDF plots. However, studying the presence of bipartite power-law distributions 

is beyond the scope of this study and is an aspect which future studies can explore further.  

A third consideration for the lack of power-law distributions in the results may be attributed to 

methodological limitations. Among these methodological limitations is the process used to transfer 

the values from the streets (line data) to the polygons that may also produce possible errors or 

alternatively skew or flatten the results. The interpolations and transfer of the results can smooth and 

flatten the values and may result in much of the variation in the original data to be lost. However, 

when the original street network (line data) was tested for the presence of power-law distributions 

for all scales, no power-law distribution was found either.  
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Other methodological considerations for the results include the following: (a) The edge effect created 

by the Island, which may create a constraint on the system and influence the assessment. (b) The 

scales used in the assessment were not appropriate or that a power-law distribution only forms at 

higher levels, with the inclusion of the larger urban system. (c) The metrics assessed would normally 

never exhibit a power-law distribution, nor should we want them to display a power-law distribution. 

This is because the presence of power-laws also indicate inequality, especially when a large-scaling 

exponent is present. For example, the presence of a power-law distribution within the access to 

locations metric implies that only a few locations within a city have good access, while the majority of 

the city is poorly connected. This would clearly suggest that the movement network is not functioning 

well or fulling its purpose of providing effective access to all locations. Alternatively, the presence of 

a power-law distribution within the betweenness centrality metric would be welcomed, provided that 

the exponent is not too large. In this case, the presence of a power-law distribution within the 

betweenness centrality metric would indicate that the city’s movement network is structured in a 

hierarchically efficient way. On the other hand, a large exponent in the betweenness centrality metric 

would indicate that only a few streets carry a large proportion of the movement and that any incident 

that causes a disruption on the important streets would likely proliferate thought the city and cause a 

major gridlock. 

To test the hypothesis that all scales per metric have similar distributions (excluding plot area), the 

distributions of the results for all three scales for each metric are plotted on a single figure (Figures 

6.26 to 6.31) to allow for a visual comparison of the distribution across scales. 

    
(a) 10-minute scale (b) 20-minute scale (c) 30-minute scale (d) Scale comparison 

Figure 6.26: Scale comparison: Access to plots 

 

    
(a) 10-minute scale (b) 20-minute scale (c) 30-minute scale (d) Scale comparison 

Figure 6.27: Scale comparison: Betweenness centrality 
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(a) 10-minute scale (b) 20-minute scale (c) 30-minute scale (d) Scale comparison 

Figure 6.28: Scale comparison: Urban potential 

 

    
(a) 10-minute scale (b) 20-minute scale (c) 30-minute scale (d) Scale comparison 

Figure 6.29: Scale comparison: Configurative nesting 

 

    
(a) 10-minute scale (b) 20-minute scale (c) 30-minute scale (d) Scale comparison 

Figure 6.30: Scale comparison: Modularity directive 

 

 

Figure 6.31: Plot area 
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Table 6.24 provides the results of the statistical comparison of the distributions between each scale, 

which was done with a Kolmogorov-Smirnov (KS) test. The results from the visual and statistical 

comparison of the different scales per metric indicate that all scales are significantly different. These 

results are further confirmed by the KS statistic, where for all tested combinations, the p-value was 

p = 0, indicating that the distributions compared are not significantly similar to each other. Finally, in 

response to the third hypothesis, that all scales have similar scaling parameters (αa = αb; ±0.02), Table 

6.24 also indicates the difference in the scaling exponent (α) between the different scales for each 

metric. As seen in the table, only the urban potential metric, between the 20- and 30-minute scales, 

have scaling exponents that are similar to each other and within the threshold of a 0.02 difference. 

For these two metrics, if the power-law distribution was confirmed, then the similarity between the 

scaling exponent would suggest that neither of these two scales were prioritised.  

Table 6.24: Scale comparison per metric 

Metric Scale comparison KS statistic (D)9 KS p-value Variation in α 

Access to plots 10- & 20-minute scales 0.241 0.00 1.43 

10- & 30-minute scales 0.189 0.00 0.82 

20- & 30-minute scales 0.063 0.00 0.61 

Betweenness centrality 10- & 20-minute scales 0.153 0.00 0.72 

10- & 30-minute scales 0.408 0.00 1.03 

20- & 30-minute scales 0.264 0.00 0.31 

Urban potential 10- & 20-minute scales 0.081 0.00 0.05 

10- & 30-minute scales 0.201 0.00 0.04 

20- & 30-minute scales 0.138 0.00 0.02 

Configurative nesting 10- & 20-minute scales 0.068 0.00 0.34 

10- & 30-minute scales 0.278 0.00 0.19 

20- & 30-minute scales 0.231 0.00 0.15 

Modularity directive 10- & 20-minute scales 0.188 0.00 1.43 

10- & 30-minute scales 0.241 0.00 0.82 

20- & 30-minute scales 0.064 0.00 0.61 

 

9 KS = Kolmogorov-Smirnov D statistic. 
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From the results of the hierarchic-efficiency assessment – through the lack of any power-law 

distributions in the results – we can conclude that for the assessed metrics, the Manhattan case study 

does not function in a hierarchically efficient way. The lack of a power-law distribution also implies 

that for the entire Manhattan cases study area, the urban form likely disrupts the self-organisation 

processes that creates the nested modules and allows the system to function efficiently on all scales. 

Moreover, the findings also suggest that Manhattan is over-planned, with too many fiscal limitations 

that hinder self-organisation. This further suggests that, as a whole, Manhattan’s adaptive capacity 

may be limited and that the case study area may not be able to easily respond to change without 

external support.  

6.9 Spatial adaptive potential and directives relationships 

The SAP metric is derived under the assumptions that in order for a location to have high adaptive 

capacity (i.e., SAP) requires that all five of the spatial-morphological resilience directives be present in 

sufficient quantities. Therefore, the SAP metric investigates which locations collectively have the 

highest relative scores in terms of all five of the spatial directives discussed previously. The first part 

of this section discusses the results of the SAP assessment for Manhattan. Following the exploration 

of the combined scores which create the SAP metric, the relationship between the directives are also 

explored. This is done by first studying the scatterplots and statistical correlations between all the 

directives. Next, the spatial relationship between the directives are explored with bivariate maps, 

which are able to visualise the relationship between two variables and can be thought of as a type of 

visual spatial correlation. Through the exploration of the relationship between the variables it is 

possible to uncover hidden patterns which may be lost if each directive is studied in isolation. 

6.9.1 Spatial adaptive potential assessment  

By combining the results of the five spatial resilience directives, the SAP assessment aims to identify 

locations which have a higher potential to be spatially adaptive. The results of the SAP assessment for 

each assessment scale are discussed in this section, with Maps 6.129 and 6.133 showing the spatial 

results, while the statistical results are shown graphically in Figure 6.27a-c, with Table 6.25 containing 

additional descriptive statistics.  
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Map 6.128:  Spatial adaptive potential metric, 10-minute scale 
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Map 6.129:  Spatial adaptive potential metric, 20-minute scale 
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Map 6.130:  Spatial adaptive potential metric, 30-minute scale 
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Map 6.131:  3D view of spatial adaptive potential metric, 10-minute scale 
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Map 6.132:  3D view of spatial adaptive potential metric, 20-minute scale 
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Map 6.133:  3D view of spatial adaptive potential metric, 30-minute scale 

 

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 6.32: Spatial adaptive potential metric (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

Studying the SAP results of Manhattan from a statistical perspective, all three scales show similar 

statistical distributions and also have similar mean normalised scores, with the 20-minute scale having 

a slightly higher mean score compared to the other two scales (x1̅0 = 0.61, x2̅0 = 0.63, x̅30 = 0.61). 

Additionally, all three scales have relatively even (non-normal) distributions, particularly for the higher 

values. However, as seen in Figure 6.32a-c (and seen spatially) for all three scales, at around SAP = 0.6, 
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there is a large increase in the number of values below this point (SAP < 0.6). Spatially, this appears as 

a sharp transition between high and medium SAP values. Overall, Manhattan would appear to score 

well in terms of SAP for all three scales. For all scales, less than 20% of all locations have a normalised 

SAP score of 0.5 or less. Additionally, around 6% of locations have a SAP score of ≈0.38.  

Table 6.25: Summary statistics for spatial adaptive potential assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  42 854 42 854 4 2854 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 25 970 26 830 25 939 

Median 0.6 0.62 0.59 

Mean (x̅) 0.61 0.63 0.61 

Var 0.02 0.02 0.02 

Standard deviation (σ) 0.13 0.14 0.15 

Spatially, for all three scales, the locations that perform poorly are typically those located along the 

edge of Manhattan (the most notable area being Inwood, located at the northern tip of Manhattan) 

or are large single-function plots such as parks (Central Park and Riverside Park). Moreover, for all 

scales, locations along the diagonal streets tend to have slightly higher SAP scores compared to those 

in their surroundings. Of the diagonal streets, the plots located along Broadway have the highest SAP 

scores. This is likely a result of the increased access provided by a diagonal street in combination with, 

as shown previously, the fact that many important facilities tend to cluster along Broadway. Also, as 

expected based on the results from the individual directives assessments, the southern part of 

Manhattan has much higher SAP scores compared to other parts of Manhattan, with West Greenwich 

Village, the southern part of Midtown and the Lower East Side performing the best across all scales.  

In terms of urban form, the results suggest that small blocks, in combination with smaller plots, also 

improve the SAP scores, especially for locations nearer the edge of the Island, as the locations where 

both the plots and blocks are smaller, are also the locations that tend to have better SAP scores, 

particularly on the 10-minute scale. This can be seen in West Greenwich Village and Harlem, for 

example. However, in West Midtown (10-minute scale [Map 6.128 and 6.131]), the small plots alone 

cannot fully account for the higher SAP scores with other factors under consideration, being the block 

length. The impact of the longer blocks is visible on all scales but is most clearly seen on the 10-minute 

scale between West Greenwich Village and West Midtown. In these locations, the plots on the short 

edge of the block perform better than those in the middle of the block. This suggests that shorter 

blocks would improve the overall SAP score for Manhattan. Finally, on the 30-minute scale, the impact 

of access to public transport is visible as the locations in the western portion of the Upper East Side 

perform better (specifically the locations along Park Avenue).  
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The previous sections have presented the results for each of the metrics and directives for all 

assessment scales for the Manhattan case study. This section then sought to bring each of the five 

spatial directives together in such a way that they can be used to identify the locations with the highest 

SAP for Manhattan. From the results, it is indeed clear that the southern portions of Manhattan, in 

particular West Greenwich Village, the southern part of Midtown and the Lower East Side, perform 

well across all scales assessed. Whereas the results of SAP assessment for Manhattan presented here 

were able to identify locations which would likely have higher adaptive capacity and would therefore 

be more resilient, the results did not give any indication of the relationship between the variables. The 

next section explores how the directives specifically relate to each other. 

6.9.2 Resilience directives relationship  

While the previous section explored which locations within Manhattan have the highest potential to 

be spatially adaptive, this section seeks to explore the relationship between the directives and SAP 

results. To do this, the relationship between the directives and the SAP metric are explored in two 

ways. First, the statistical relationship between the directives are explored graphically though 

scatterplots (Figure 6.33). To supplement the scatterplots, the Spearman correlation coefficients10 

between all the directives and the SAP for all scales are also calculated at a significance level of p = 0.01 

and shown graphically in a correlation matrix (Figure 6.34). To further aid in the interpretation of the 

correlation assessment, a correlation network (Figure 6.35) between the directives and SAP is also 

used to help identify clusters of highly correlated variables. The second approach to studying the 

relationship between the directives is through bivariate choropleth mapping (Maps 6.134 – 6.193), 

which is a visualisation method that shows, spatially, the relationship between two quantitative 

variables.  

 

 

 

 

 

 

 

 

10  The Spearman correlation is used over the Pearson correlation as many of the variables do not meet the requirements 

for a Pearson correlation. 
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Figure 6.33: Scatterplots between resilience directives and spatial adaptive potential metric 

for all assessment scales  
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Figure 6.34: Spearman correlation coefficient between resilience directives spatial adaptive potential metric 

for all assessment scales  

Non-significant (p > 0.01) correlations are shown in white 

 

Figure 6.35: Correlation network between directives  
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To begin, the results of the scatter plots generally show a positive linear relationship between most 

SAP metrics and the directives for the same scale. However, when studying the relationship between 

all directives and SAP metrics across all scales, several trends become visible. The first of these trends 

is related to the diversity directive for each scale, which generally shows a week, if any, linear 

relationship with any of the other directives. This is likely due to the low variability in the results of 

the diversity directive across all scales. Next, the relationship of the urban potential directive for all 

three scales typically is a heteroscedastic (cone shape) relationship with most directives. This indicates 

that there is a high degree of variability in the results and that this variability increases with the values. 

Finally, the urban potential directives exhibit a weak non-linear relationship with the SAP metric across 

all scales. Future studies can explore this relationship further with, for example, a non-uniform 

piecewise linear correlation.  

In respect to the Spearman correlation analysis, all combinations of directives and SAP metrics 

assessment, except for Urban Potential10 and Connectivity20, have statistically significant correlations 

(p ≤ 0.01). However, as reflected in the scatterplots, not all variables show a linear relationship with 

each other. The correlation network can be used to assist with the interpretation of the correlation 

results. Here correlation values are visualised as a network and the type (positive [blue] or negative 

[red]) and the strength of the relationship (thickness of the line) are visualised. Additionally, the 

strength of the correlations is used as weights to attract or repel the network nodes from each other 

and therefore helping to visualise the correlation clusters. The variables, which are strongly correlated, 

will cluster in the centre, while the weaker correlations will be located on the outskirts of the network. 

Three clusters are visible from the results of the correlation network for Manhattan (Figure 6.35). The 

first and strongest cluster is located in the centre of the network and involves the following variables: 

Redundancy10, Redundancy20, Redundancy30, Modularity10, Modularity20, Modularity30, SAP10, SAP20, 

and SAP30. The second correlation cluster is between the connectivity directives for all three scales. 

Finally, the third cluster is between the urban potential directives for all scales. The urban potential 

cluster and the diversity10 and diversity20 directives are all located on the outskirts of the network; this 

indicates and is supported by the scatter plots and correlation coefficients, that there is not a strong 

linear relationship between these variables. The next step in the exploration of the relationship 

between the variables was to investigate the spatial relationship between the directives. Here the aim 

was to first understand the nature of the relationships between the spatial resilience directives, and 

second, to identify those locations where there are high values of both directives. As mentioned 

previously, to explore the spatial relationship between the directives, bivariate choropleth mapping is 

used to show the relationship between two directives at a time.  

With regard to the 3D bivariate maps, to extrude values in the 3D maps, a single value is needed. 

However, by the very nature of bivariate visualisation, this is not possible. Therefore, to create a single 

variable for the extrusion of the 3D maps, the potential interaction between the two assessed metrices 



 

397 

is used as the extrusion value. The interaction potential is calculated (Eq 6.38) as the product of the 

two variables, which is then multiplied by a scaling factor (𝑆). Once the interaction potential is added 

to extrude the results, the 3D visualisation is able to help facilitate the identification of the locations 

where both directives have high scores as well as locations where one directive is present in high 

amounts.  

 𝐸 = (𝐷𝑎 × 𝐷𝑏) × 𝑆 Eq 6.38 

 
Where 𝐸 is the extrusion height; 𝐷 is the normalised directive and 𝑆 is the scaling factor.  

Reviewing the results of the spatial relationship between variables, the general trend (but with a high 

degree of variation per combination) is for the northern and southern sections of Manhattan to show 

a stronger linear relationship between the directives. This implies that, when one directive has a high 

value, the other directive also tends to have a high value, and vice versa. However, as seen in the 

maps, the areas running parallel to Central Park and along the length of the Island, for example, tend 

to have a higher ratio of one directive. An additional trend identified is that as the analysis scale 

increases from 10 to 20 minutes and eventually to 30 minutes, the strength of the linear relationship 

tends to increase slightly. Additionally, the number of locations with a high−high relationship increase 

with scale. The details of the relationship between each combination of directives are provided below. 

The Connectivity and Diversity directive bivariate maps (Maps 6.134 to 6.139) indicate that there is a 

mixed relationship between the two directives for all scales. Excluding the cluster of high−high values 

located in the south of Manhattan, the locations which are along the north−south streets that run the 

length of the Island have a higher potential to have a high−high score for both the connectivity and 

diversity directives. For all three scales, Midtown (East and West) is largely dominated by high diversity 

and low connectivity. Harlem, that on the 10-minute scale has a mix between high−high for both 

directives and high connectivity and medium diversity, changes its balance to have a higher proportion 

of connectivity to diversity as the scale increases. Additionally, as the scale increases, there is generally 

a small increase in the number of locations where both directives are high−high.  
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Map 6.134:  Directives relationship: Connectivity and diversity directives, 10-minute scale 
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Map 6.135:  Directives relationship: Connectivity and diversity directives, 20-minute scale 
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Map 6.136:  Directives relationship: Connectivity and diversity directives, 30-minute scale 
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Map 6.137:  3D view of directives relationship: Connectivity and diversity directives, 10-minute scale 
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Map 6.138:  3D view of directives relationship: Connectivity and diversity directives, 20-minute scale 
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Map 6.139: 3D view of directives relationship: Connectivity and diversity directives, 30-minute scale 

The Connectivity and Urban Potential directives, as shown previously, do not have a strong linear 

relationship. This fact is also seen spatially (Maps 6.140 to 6.145) as only a few locations have 

high−high (Greenwich Village [including East and West Village], Soho and Upper East Side) or low−low 

(areas north of Harlem) scores for both directives, particularly on the 10-minute scale. In terms of 

urban form, the plots located along the short edge of blocks have a higher potential to have a 

high−high mix of connectivity and urban potential directives, while the plots found in the middle of a 

long block are more likely to have high urban potential and low connectivity. This is especially true for 

plots south of Harlem. Plots in and around Harlem, on the other hand, tend to have connectivity and 

low urban potential directives. An additional trend seen in the relationship between the connectivity 

and urban potential directives is that, as the scale increases, more of the plots located along Park 

Street tend to have a high−high combination of the two directives. This is likely a result of the 

increased access to public transport which improves the overall connectivity and access to the built 

volume.  
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Map 6.140:  Directives relationship: Connectivity and urban potential directives, 10-minute scale 
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Map 6.141:  Directives relationship: Connectivity and urban potential directives, 20-minute scale 
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Map 6.142: Directives relationship: Connectivity and urban potential directives, 30-minute scale 
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Map 6.143: 3D view of directives relationship: Connectivity and urban potential directives, 10-minute scale 
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Map 6.144: 3D view of directives relationship: Connectivity and urban potential directives, 20-minute scale 
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Map 6.145: 3D view of directives relationship: Connectivity and urban potential directives, 30-minute scale 

Maps 6.146 to 6.151 show the spatial relationship between the Connectivity and Redundancy 

directives. Across all three scales, there generally is a strong relationship between the two directives. 

However, Midtown and Lower Manhattan are the main exceptions to this as they have a higher ratio 

of the redundancy directive compared to connectivity, while Harlem has a higher ratio of connectivity 

to redundancy. Furthermore, as the scale increases, the ratio between the two directives becomes 

more, even in addition to the fact that more locations have high−high scores. This is particularly true 

for plots located adjacent to streets that run parallel to the length of the Island.  
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Map 6.146:  Directives relationship: Connectivity and redundancy directives, 10-minute scale 
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Map 6.147:  Directives relationship: Connectivity and redundancy directives, 20-minute scale 
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Map 6.148:  Directives relationship: Connectivity and redundancy directives, 30-minute scale 
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Map 6.149:  3D view of directives relationship: Connectivity and redundancy directives, 10-minute scale 
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Map 6.150:  3D view of directives relationship: Connectivity and redundancy directives, 20-minute scale 
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Map 6.151: 3D view of directives relationship: Connectivity and redundancy directives, 30-minute scale 

The spatial relationship between the Connectivity and Modularity directives (Maps 6.152 to 6.157) 

exhibits one of the strongest linear relationships between all the directives and for all scales. The 10-

minute scale has the fewest areas which have a strong high−high relationship (West Greenwich 

Village, Soho, Little Italy and Harlem), as the majority of the locations have either a low−low 

relationship or have low−medium mixtures between the two directives. Furthermore, as seen 

between the relationships with all the previous directives, as the scale increases, the probability of 

plots having a balanced high−high score also increases. Additionally, while many plots have a 

high−high relationship, the areas south of Central park tend to have their ratio leaning more towards 

the modularity directive. In contrast, the areas in the central to northern part of Manhattan tend to 

have their ratio weighed towards the connectivity directive.  
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Map 6.152:  Directives relationship: Connectivity and modularity directives, 10-minute scale 
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Map 6.153:  Directives relationship: Connectivity and modularity directives, 20-minute scale 
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Map 6.154: Directives relationship: Connectivity and modularity directives, 30-minute scale 
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Map 6.155:3D view of directives relationship: Connectivity and modularity directives, 10-minute scale 
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Map 6.156: 3D view of directives relationship: Connectivity and modularity directives, 20-minute scale 
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Map 6.157: 3D view of directives relationship: Connectivity and modularity directives, 30-minute scale 

In terms of the Diversity and Urban Potential directives (Maps 6.157 to 6.163), there is a high 

variation in the spatial location of the balanced high−high plots located in and around Midtown. As 

seen in the 10- and 20-minute scale maps, the balanced high−high areas are located directly to the 

southeast (East Midtown) and southwest (West Midtown) of Central Park, with central Midtown 

forming an area which is dominated by a higher ratio of the urban potential directive. This pattern 

changes at the 30-minute scale, where the locations that were balanced high−high on the 10- and 20-

minute scale, now have a higher ratio of the urban potential directive. Additionally, the central axis of 

the southern part of Manhattan now forms a corridor of balanced high−high values.  
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Map 6.158:  Directives relationship: Diversity and urban potential directives, 10-minute scale 
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Map 6.159:  Directives relationship: Diversity and urban potential directives, 20-minute scale 
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Map 6.160: Directives relationship: Diversity and urban potential directives, 30-minute scale 
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Map 6.161: 3D view of directives relationship: Diversity and urban potential directives, 10-minute scale 
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Map 6.162: 3D view of directives relationship: Diversity and urban potential directives, 20-minute scale 
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Map 6.163: 3D view of directives relationship: Diversity and urban potential directives, 30-minute scale 

As seen in the scatterplots, shown previously, and clearly reflected spatially, the local, 10-minute scale, 

shows that there is very little relationship between the Diversity and Redundancy directives (Maps 

6.164 to 6.169), with only the scattered locations within the southern parts of Manhattan having any 

meaningful locations with high scores for both directives. Overall, for the 10- and 20-minute scales, 

plots have a greater chance of having a higher relative score for one directive than for the other. This, 

trend, however, changes at the 30-minute scale, as the linear relationship between the diversity and 

redundancy directive improves, with more balanced high−high being located along the southern 

north−south axis. The pattern seen on the 30-minute scale reflects a similar pattern found between 

the Diversity and Urban Potential directives.  
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Map 6.164: Directives relationship: Diversity and redundancy directives, 10-minute scale 
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Map 6.165: Directives relationship: Diversity and redundancy directives, 20-minute scale 
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Map 6.166: Directives relationship: Diversity and redundancy directives, 30-minute scale 



 

431 

 

Map 6.167: 3D view of directives relationship: Diversity and redundancy directives, 10-minute scale 
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Map 6.168: 3D view of directives relationship: Diversity and redundancy directives, 20-minute scale 
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Map 6.169: 3D view of directives relationship: Diversity and redundancy directives, 30-minute scale 

As the diversity directives tend to be evenly distributed, there is a weak relationship between the 

Diversity and Modularity directives (Maps 6.170 to 6.175) at the 10- and 20-minute scales. However, 

as with the previous directives, the relationship between the two directives becomes more linear at 

the 30-minute scale. The corridor along the southern north−south axis, along Broadway avenue and 

up to the southern part of Midtown, is the only area in Manhattan which has any balanced high−high 

plots for both directives. 



 

434 

 

Map 6.170: Directives relationship: Diversity and modularity directives, 10-minute scale 
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Map 6.171:  Directives relationship: Diversity and modularity directives, 20-minute scale 
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Map 6.172: Directives relationship: Diversity and modularity directives, 30-minute scale 
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Map 6.173: 3D view of directives relationship: Diversity and modularity directives, 10-minute scale 
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Map 6.174: 3D view of directives relationship: Diversity and modularity directives, 20-minute scale 
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Map 6.175: 3D view of directives relationship: Diversity and modularity directives, 30-minute scale 

The Urban Potential and Redundancy directives (Maps 6.176 to 6.181) exhibit a mixed spatial 

relationship, where some parts of Manhattan show a clear linear relationship, while other parts of the 

Island lean more toward having a higher ratio of the diversity directive. More specifically, most areas, 

excluding the areas of Upper East Side and Upper West Side, tend to have a more linear ratio between 

the two directives, with the high−high values being located south of Central Park and low−low values 

typically being located in the northernmost parts of Manhattan. While the area of balanced high−high 

south of Central Park grows with an increase in scale, the general trend still remains the same. 
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Map 6.176: Directives relationship: Urban potential and redundancy directives, 10-minute scale 
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Map 6.177: Directives relationship: Urban potential and redundancy directives, 20-minute scale 
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Map 6.178:Directives relationship: Urban potential and redundancy directives, 30-minute scale 
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Map 6.179: 3D view of directives relationship: Urban potential and redundancy directives, 10-minute scale 
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Map 6.180: 3D view of directives relationship: Urban potential and redundancy directives, 20-minute scale 
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Map 6.181: 3D view of directives relationship: Urban potential and redundancy directives, 30-minute scale 

As seen in the scatterplots (Figure 6.28) and mapped spatially (Maps 6.182 to 6.187) for the Urban 

Potential and Modularity directives, two broad relationships are present for all scales. The first is a 

weak linear relationship, seen spatially in the northern parts of Manhattan and in small clusters south 

of Central Park. The second trend visible in the scatterplots for the urban potential and modularity 

directives, is a non-linear relationship. This non-linear relationship is stronger at the 10-minute scale 

and becomes more linear as the scale increases. Furthermore, the non-linear relationship may explain 

the presence of the large clusters of medium−medium values found in the Upper East Side, Upper 

West Side and through the Greenwich Village areas. 
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Map 6.182:Directives relationship: Urban potential and modularity directives, 10-minute scale 
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Map 6.183:Directives relationship: Urban potential and modularity directives, 20-minute scale 
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Map 6.184: Directives relationship: Urban potential and modularity directives, 30-minute scale 
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Map 6.185:3D view of directives relationship: Urban potential and modularity directives, 10-minute scale 
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Map 6.186: 3D view of directives relationship: Urban potential and modularity directives, 20-minute scale 
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Map 6.187: 3D view of directives relationship: Urban potential and modularity directives, 30-minute scale 

The final spatial relationship explored here is between the Redundancy and Modularity directives 

(Maps 6.188 to 6.193). Of all the directives discussed, the redundancy and modularity directives have 

the strongest linear relationship. This is also seen spatially as only a few locations have a higher ratio 

of one directive over another. For example, on the 10-minute scale, Lower Manhattan and Midtown 

both have high−medium values of redundancy to modularity, respectively. However, as the scale 

increases, so does the linear relationship between the two directives. Additionally, the number of 

plots which have high−high and medium−medium scores also increase with scale. 
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Map 6.188: Directives relationship: Redundancy and modularity directives, 10-minute scale 
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Map 6.189:Directives relationship: Redundancy and modularity directives, 20-minute scale 
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Map 6.190:Directives relationship: Redundancy and modularity directives, 30-minute scale 
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Map 6.191: 3D view of directives relationship: Redundancy and modularity directives, 10-minute scale 
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Map 6.192: 3D view of directives relationship: Redundancy and modularity directives, 20-minute scale 
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Map 6.193: 3D view of directives relationship: Redundancy and modularity directives, 30-minute scale 

To summarise, this section explored the results of the SAP metric for Manhattan, as well as exploring 

the relationship between the directives. Several findings emerged from the results of the assessment. 

First, the process used to develop the SAP metric was able to identify areas which, based on the 

criteria, are more likely to have a higher spatial adaptive capacity. More specifically, the southern parts 

of Manhattan generally performed better for all metrics and assessment scales. Furthermore, as the 

scale increased from the 10- to the 30-minute scale, the southern central part of Manhattan generally 

has the highest scores for all directives and the SAP metric. However, this result may be attributed to 

the natural bounty conditions imposed by the Island which means that locations which are near the 

geometric centre of the Island are naturally more likely to have better scores.11  

 

11  This trend is amplified because of the analysis methods which rely on network and spatial distances as the measure of 

scale. 
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In terms of the relationship between the directives, overall, there is a weak positive linear relationship 

between the directives. Additionally, as the assessment scale increased, the relationship between the 

directives generally strengthens. However, when viewing the relationship between the directives 

spatially, the relationship varied greatly for all pairs of directives and across scales. Furthermore, as 

with the SAP metric, the southern central part of Manhattan generally had the highest number of 

locations which had high−high scores for the directive combinations. The converse was also true for 

the northern part of Manhattan which typically had the most locations with low−low directive 

combinations.  

The next section shifts the line of questioning from the overall SAP of Manhattan and rather questions 

which urban forms help to facilitate the formation of spatial resilience. More specifically, the next 

section asks if a set of Spatial Adaptive Urban Typologies (SAUT) can be derived from the spatial 

resilience metrics used in the formation of the spatial resilience directives.  

6.10 Spatial adaptive urban typologies  

The results of the SAUT assessment for Manhattan are discussed in this section. Whereas the process 

followed for the assessment was described in Chapter 5, this section provides the case-specific details 

of the process used, as well as present the results of the assessment. As such, this section is divided 

into three parts. The first part focuses on describing the detailed, case-specific, process to create the 

typologies. The second part of this section is then dedicated to exploring the results in terms of the 

statistical and spatial characteristics of the urban types. Part three then explores the characteristics of 

the spatial adaptive urban types with Manhattan.  

6.10.1 Creating Manhattan’s urban type clusters 

As Chapter 5 has described the details of the process used to create and identify the SAUT, this section 

focuses on providing the details of how the SAUT were created for the Manhattan case study. More 

specifically, the focus of this section describes how the final number of typologies clusters for 

Manhattan was selected.  

The first step in the process was the creation of the latent constructs, which contain the majority of 

the original variability of the metrics related to each directive and are used as the input variables in 

the latent class/profile (Gaussian mixture model [GMM]) assessment. To create the latent constructs 

for each directive, a principal component analysis (PCA) was performed using the input metrics related 

to each directive at the 10-minute scale. For example, for the connectivity latent construct, the 10-

minute connectivity metrics of access to plots, betweenness centrality and straightness centrality were 

used.  
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Before the PCA assessment was run, all input variables were first scaled and centred to get the 

standardised Z-score for each variable. Once the variables were standardised, they were used as 

inputs into a PCA assessment and the first principal component (PC) was extracted for each directive. 

As the extracted PCs for each directive contain the majority of the latent variability of the input 

metrics, the extracted PCs were then renamed to represent the construct from which they were 

derived. For example, the extracted PC from the connectivity PCA was renamed to be the connectivity 

latent construct. All latent constructs from the Manhattan case study, except for the diversity latent 

construct, retained more than 50% of the variability of the original variables (Table 6.26). Additionally, 

for the diversity latent construct, the plot type variable was not used in the final latent construct, as 

retaining this variable in the assessment meant that the factor loadings were too low, and the amount 

of variance explained by the first PC was only 37.5%.12  

Table 6.26: Percentage of variance explained by each latent construct  

Construct Percentage of variance 

Connectivity 58 

Diversity 43 

Urban potential* 100 

Redundancy 62 

Modularity 71 

*The urban potential latent construct has a variance of 100% as this construct   
only has one variable and therefore is able to capture all the variance.  

In addition to checking the factor loadings and the percentage of the variability retained by the latent 

constructs, each of the latent constructs were also mapped (Maps 6.194 to 6.203) to visually check 

that the created latent constructs spatially represented the findings from the previous assessments in 

a meaningful way. As seen in the maps, the latent constructs did indeed capture the latent variability 

from the input metrics and presented similar results as the 10-mintute directives. However, the latent 

constructs were also able to capture and visualise additional variability which would be otherwise lost 

if the original directives where used.  

 

12  Several combinations of the variables related to diversity were tested; however, the majority of the combinations had 

lower factor loadings and were able to explain less of the variability.  



 

460 

 

Map 6.194: Latent constructs: Connectivity 
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Map 6.195:Latent constructs: Diversity 
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Map 6.196: Latent constructs: Urban potential 
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Map 6.197: Latent constructs: Redundancy 
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Map 6.198: Latent constructs: Modularity 
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Map 6.199: 3D view of latent constructs: Connectivity 
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Map 6.200: 3D view of latent constructs: Diversity 
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Map 6.201:3D view of latent constructs: Urban potential 
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Map 6.202: 3D view of latent constructs: Redundancy 
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Map 6.203:3D view of latent constructs: Modularity 

The next step in the process was to use the created latent constructs as inputs into the GMM cluster 

analysis. As discussed in Chapter 5, the GMM cluster analysis uses the mclust package (Scrucca et al., 

2016) within the R programming environment (R Core Team, 2020). The first part of the assessment 

was to determine how many components (clusters) to divide the data into and which model 

(covariance structures) should be used. To answer these questions for the Manhattan case study, 14 

different covariance structures (models) were tested by initialising the EM algorithm against a range 

of 1–25 components (clusters) and resulted in testing 350 different model-component combinations. 

Next, using the computed ICL (integrated complete-data likelihood) score, the top six models 

(covariance structure and number of clusters) were selected for further assessment.13 The selection 

was done by first visualising the ICL scores for each model-component combination (Figure 6.36) to 

 

13  Both the Bayesian information criterion (BIC) or the integrated complete-data likelihood (ICL) were used to check the 

results; however, models selected using the ICL gave the most clearly defined clusters between the two. 
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check that there was no unusual behaviour in the information criteria. Next, through ICL maximisation, 

the top six model-component combinations were selected. The number of components (clusters) for 

the top six model-component combinations ranged from 20–25 and all of the top six model-

component combinations had the VVV (varying volume, shape and orientation) covariance structure. 

 

Figure 6.36: Integrated complete data-likelihood scores for each of the 14 models tested 

Once the top six candidate model-component combinations were selected, the GMM analysis was 

implemented on the full dataset using these six combinations, and the best model was chosen by 

selecting the model with the highest log-likelihood. The results of the log-likelihood assessment are 

show visually in Figure 6.37 while Table 6.27 contains the results of the ICL and log-likelihood scores 

for the top six models. The final selected model, which formed the Primary urban type clusters 

(P−UTCs) for Manhattan, was the VVV model with 25 components (VVV25).  

Table 6.27: Gaussian mixture modelling analysis of the top six models integrated complete-data likelihood and 
log-likelihood 

Model Number of components 
Model integrated  

complete-data likelihood 
Log-likelihood Rank 

VVV 25 -389 593.8104 -184 776.074 1 

VVV 24 -393 082.1994 -186 413.2398 2 

VVV 23 -394 156.7412 -187 125.4356 3 

VVV 21 -393 677.8232 -187 436.0307 4 

VVV 22 -395 156.2663 -187 616.4895 5 

VVV 20 -395 393.2135 -188 529.7367 6 
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Figure 6.37: Comparison of the top six models log-likelihood  

The next step in the process, after the P−UTCs were determined, was to explore the results of the 

urban types. To assess the quality of the results, the mean values per latent construct where plotted 

for each cluster in a parallel plot (Figure 6.38). To further aid in the assessment, the clusters were 

ranked by the sum of the mean normalised [0−1] score for each latent component. The clusters were 

then renamed and reordered based on their rank (rank 1 having the highest mean score). Additionally, 

the visualisation in Figure 6.38 uses the standardised scores,14 where the mean is equal to 0. The 

parallel plot helps to identify urban types which perform above or below the mean score of the 

respective metric. As seen in the parallel plot (Figure 6.38), the mean values per latent construct 

decrease as the rank increases. This suggests that it is possible to identify the urban types which 

perform the best; however, it is explored in more detail in the next section. In addition to studying the 

mean values per type, the ranked P−UTC clusters are also mapped (Map 6.204) to ensure that they 

have a clear spatial logic. In the map, the cluster number corresponds to the ranked type (cluster) in 

the parallel plot shown in Figure 6.38. Moreover, given the results of the assessments used to create 

the spatial resilience directives and the SAP metrics on the 10-minute scale, the ranked primary 

typologies (P−UTC) corresponded well with the observations from the previous assessment. As an 

additional evaluation of the quality of the initial classification (P−UTC), the uncertainty of the 

classification was also checked and mapped (Map 6.205).  

The results of the classification uncertainty show that 45.6% of locations have an uncertainty score of 

0.05 or less (5% uncertainty in the classification). Moreover, the percentage increases to 77.5% for 

locations with an uncertainty score of 0.25 or less (a 1 in 4 chance of misclassification), while only 3.5% 

of all locations have an uncertainty score of greater than 0.5, meaning that only 1 496 plots out of 

 

14  The normalised scores [0−1] were used to rank the types, while the standardised scores (Z-scores) are used in the 

visualisation.  
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42 854 have a 50% chance of being classified incorrectly. Spatially, the areas with higher uncertainty 

scores are typically found in the plots which form the boundary between two clusters. An example of 

this can be seen in Map 6.205, at the boundary between Cluster 6 (Midtown) and Cluster 9 (East 

Midtown).  

 

Figure 6.38: Mean values of the primary urban type clusters for the latent constructs 
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Map 6.204: Spatial distribution of primary urban type clusters 
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Map 6.205: Spatial distribution of the classification uncertainty  
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The last step in creating the final Urban Type Clusters (UTCs) was to aggregate the primary types into 

a series of secondary types. This was done because, as noted by Jochem et al. (2020), the use of 

information criteria, like BIC or ICL, can often result in a larger number of clusters than what actually 

suits the data. While more precise methods exist to aggregate the clusters statistically, such as the 

method of hierarchically merging clusters with the method proposed by Baudry et al. (2010), when 

such methods were applied to this case study, the outcomes did not produce meaningful results15 and 

were therefore not used. Instead, the clusters were grouped by combining the clusters which have 

similar mean values per latent construct. For example, if two clusters both had high connectivity, low 

diversity and average scores for the other three directives, then those two clusters would be grouped 

together. Before any clusters where grouped based on their mean values per latent construct, the 

spatial distribution of the clusters was also considered. This was done so that clusters which are 

statistically similar, but spatially far, were not needlessly grouped together. Rather, the clusters which 

were similar to each other and were spatially adjacent or near to each other were also combined. The 

result of this process was that the final number of clusters was reduced to 15 secondary types, from 

the initial 25 primary types. 

Finally, to aid in the interpretation of the results, the aggregated secondary clusters were ranked 

based on the sum of the mean values of the original directive metrics (access to plots, betweenness, 

transport redundancy). This allowed for the cluster types which had the highest and lowest scores of 

the metrics, while also corresponding well to mean values per latent construct to be identified. The 

next section explores the characteristics final ranked UTCs in more detail. More specifically, the spatial 

distribution as well as the statistical characteristics, in terms of the latent constructs and the original 

metrics, are studied for all of the UTCs. This is followed by a detailed study of the top four UTCs, which 

are considered to be Manhattan’s SAUT.  

6.10.2 Exploring Manhattan’s urban typology clusters 

The previous section described the detailed process of creating the SAUT for Manhattan. This section 

explores the qualities of the UTCs in terms of their statistical characteristics as well as the spatial 

distribution of the typologies within the context of Manhattan. First, a discussion of all the adaptive 

urban typologies of Manhattan; the section then shifts focus to provide a detailed description of the 

top four ranked urban types in terms of their morphological characteristics, with specific focus on the 

plot block and street characteristics. 

 

15  When testing the method proposed by Baudry et al. (2010) on the Manhattan case study, the results obtained suggested 

that the optimal number of clusters for Manhattan should be 14. However, the end result allocated 69.5% of all 

observations into a single cluster, with the remaining 13 clusters containing between 1% and 5% of the remaining 

observations.  
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Shown in Figure 6.39 are the secondary UTCs (referred to as the UTCs from here on_ from which the 

best performing urban types are identified and regarded as Manhattan’s SAUT. In Figure 6.39, the 

clusters are renamed and reordered based on their rank, with Cluster 1 being regarded as performing 

the best, based on the method described previously (see Chapter 5 for detail). Furthermore, Figure 

6.39 uses the mean standardised scores (Z-scores) for the latent constructs in the visualisation, as the 

standardised scores help with the comparison between the UTCs and across the different latent 

constructs. This is because the standardised scores make it possible to see how much the mean values 

per latent construct of the UTCs are above or below the global mean.16 This is especially useful as 

there are no existing benchmarks which can be used to compare the results with. Visible in Figure 

6.39, is that the top two urban types (Clusters 1 and 2 in the figure) are largely characterised by 

medium to high mean values of connectivity, modularity and redundancy. Furthermore, both the top 

two urban types have just below average amounts of urban potential. Cluster 4 is the only urban type 

where all five of the latent constructs have above average mean scores.17 Conversely, Clusters 7, 14 

and 15 are the three urban types where all mean values for all latent constructs are below average.  

In terms of the spatial distribution of the secondary types, shown in Maps 6.206 and 6.207, all the top 

seven clusters (excluding Cluster 6) are located in the southern parts of Manhattan (below Central 

Park). Conversely, the clusters which are ranked the lowest (Clusters 13, 14 and 15) are predominantly 

located in the far north and on the edges of Manhattan. Furthermore, the locations of the best and 

worst ranked clusters correspond well with the locations which performed well and poorly in terms of 

the SAP metric, discussed previously.18 The top six ranked UTCs are all well-defined spatially, with the 

majority of the plots belonging to these types aggregating together to form a single spatial cluster. 

The lower ranked UTCs, while not ill-defined, are more likely to be split into multiple smaller spatial 

clusters. Worth noting is that the top ranked cluster can generally be described by the boundaries of 

West Greenwich Village, which, apart from Lower Manhattan, is the only area within Manhattan that 

does not have a typical grid-iron street pattern.  

 

16  The global mean for standardised Z-scores is 0. 
17  This is possible as the clusters where ranked based on the mean values of the original metrics and not the mean values 

of the latent constructs. 
18  This is shown in more detail later in the section. 
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Figure 6.39: Mean latent construct values of secondary urban type clusters 
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Map 6.206: Spatial distribution of secondary urban type clusters 
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Map 6.207: 3D view of the buildings within secondary urban type clusters 

To take a more detailed view of the UTCs, the mean values of the assessment metrics per urban type 

are plotted on parallel plots. The first parallel plot (Figure 6.39) shows the mean values per cluster for 

of all 14 metrics in a single plot; however, this can be difficult to read as the image becomes too busy. 

Therefore, Figure 6.39 splits each of the metrics into separate parallel plots, making it easier to 

compare the clusters with each other for each metric. From the parallel plots, several observations 

are possible. The first of these observations is that each of the urban types are quite distinct from each 

other, with no two groups having all the mean values per metric very similar to another one. Next, 

two metrics; namely plot type heterogeneity and straightness, have the least variation in mean values 

between all the clusters. However, the urban potential and functional redundancy metrics have a 

higher variation in the mean values for UTCs, specifically when comparing the mean values of one 

cluster to that of another cluster ranked above and below. Additionally, out of the top five UTCs, 

Clusters 1, 2 and 5 can be regarded as being defined by a high mean value for the access to plots, 

configurative nesting and internal connectedness metrics, which are all good measures of the quality 
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of the network and the extent to which the urban form (plots and blocks) were subdivided. Overall, 

the SfA and functional redundancy metrics tend to be good indicators of the rank of the UTCs 

(excluding ranks 1 and 8).  

While the parallel plots give an indication of the mean values of each metric per UTC, they only provide 

an aggregated view of each cluster and, hence, they do not provide the full picture in terms of the 

internal distribution of the values per cluster. In contrast to the parallel plots, the ridgeline plots, 

shown in Figure 6.39, visualises the distribution of the values of each metric for all of the UTCs. In the 

ridgeline plots, the x-axis indicates the normalised score for the specific metric, while the y-axis shows 

the frequency of values for each UTC. The numbers on the y-axis correspond to the ranked UTCs. The 

results, as seen in the ridgeline plots (Figure 6.42), show that the distribution of values per metric can 

vary greatly for each UTC. More specifically, UTCs 4 and 7 tend to have the greatest variation in the 

range of values for several metrics (urban potential, fictional redundancy, transport redundancy, 

configurative nesting).19 Additionally, UTC 1 typically has less variation in its values, while at the same 

time, the majority of its values tend to have reasonably high scores for all 14 metrics. Also noticeable 

within the ridgeline plots is that many of the UTCs have bimodal or multimodal distributions. The 

presence of the multimodal distributions can be partly explained by the fact that several of the primary 

UTCs were merged to form the secondary UTCs; this is particularly true for UTC 4.  

 

Figure 6.40: Comparison of the mean values of the assessment metrics for urban type clusters 

 

19  Worth noting is that clusters 4 and 7 are the two clusters which contain Manhattan’s two business districts, Midtown and 

the Financial District (Lower Manhattan), respectively. This fact can also explain why there is such a large variation in the 

urban potential metric. 
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Figure 6.41: Individual mean values of the assessment metrics for urban type clusters 

 

Figure 6.42: Ridgeline plot of the internal distribution of values per assessment metric per urban type cluster 

When relating the UTCs back to the SAP metric, as shown in Table 6.28 (summary statistics of SAP 

values per UTC), Figure 6.43 (mean SAP values per UTC) and Figure 6.44 (SAP distributions per UTC), 

the results, particularly for the 10-minute scale (SAP 10 in Figure 6.43]), show that the allocated rank 

for each UTC corresponds well with the mean SAP score for each urban type. This result can be used 

to reconfirm that the method used to determine the final ranked results is able to determine the urban 



 

482 

types that are likely to have a higher potential to be spatially adaptive, and therefore be more spatially 

resilient. Furthermore, when studying the mean SAP values for all scales (Table 6.28 and Figure 6.43), 

the results indicate that the top four UTCs have relatively higher mean SAP scores, as well as generally 

having less dispersed distributions (Figure 6.44), when compared to the bottom eleven UTCs. 

Moreover, when considering the combined mean value for all three scales, the multiscale average, 

the results show that, while there is some variation in the mean values across the top UTCs, after the 

fourth UTC, no other clusters perform better. This suggests that there is a cut-off point for when the 

UTCs begin to be less effective at providing spatial adaptive capacity (i.e., latent SAP). Additionally, in 

the context of Manhattan, this cut-off point is at the top four UTCs, after which the gains in SAP 

diminishes with the rank of the UTC.  

Table 6.28: Summary statistics of spatial adaptive potential values per urban type cluster 

Statistics UTC 1 UTC 2 UTC 3 UTC 4 UTC 5 UTC 6 UTC 7 UTC 8 UTC 9 UTC 10 UTC 11 UTC 12 UTC 13 UTC 14 UTC 15 

n 1627 4818 933 6943 888 925 981 2692 857 8111 2149 3561 5013 1464 1892 

Spatial adaptive potential 10-minute scale 

Mean 0.81 0.76 0.71 0.71 0.66 0.66 0.65 0.60 0.57 0.55 0.57 0.53 0.51 0.47 0.35 

SD 0.06 0.05 0.06 0.08 0.06 0.04 0.15 0.08 0.05 0.07 0.04 0.06 0.06 0.09 0.09 

Median 0.81 0.77 0.71 0.70 0.65 0.66 0.67 0.61 0.57 0.56 0.58 0.54 0.51 0.46 0.36 

Spatial adaptive potential 20-minute scale 

Mean 0.77 0.81 0.72 0.76 0.73 0.60 0.63 0.60 0.62 0.57 0.58 0.53 0.51 0.50 0.36 

SD 0.06 0.06 0.07 0.08 0.05 0.06 0.11 0.08 0.06 0.08 0.05 0.06 0.08 0.10 0.06 

Median 0.77 0.82 0.71 0.76 0.74 0.59 0.61 0.60 0.61 0.58 0.60 0.52 0.49 0.49 0.35 

Spatial adaptive potential 30-minute scale 

Mean 0.77 0.79 0.70 0.76 0.72 0.57 0.59 0.55 0.62 0.53 0.56 0.50 0.50 0.51 0.33 

SD 0.06 0.07 0.08 0.08 0.05 0.07 0.12 0.08 0.06 0.07 0.07 0.08 0.12 0.11 0.06 

Median 0.77 0.80 0.69 0.77 0.72 0.56 0.58 0.54 0.62 0.54 0.57 0.48 0.46 0.51 0.32 

Spatial adaptive potential multiscale 

Mean 0.82 0.82 0.74 0.77 0.73 0.63 0.65 0.60 0.62 0.57 0.59 0.53 0.52 0.51 0.35 

SD 0.06 0.06 0.06 0.08 0.05 0.05 0.12 0.08 0.06 0.07 0.05 0.07 0.09 0.10 0.07 

Median 0.81 0.83 0.73 0.78 0.73 0.62 0.65 0.61 0.62 0.58 0.60 0.53 0.50 0.50 0.35 

UTC=Urban type cluster; SD=Standard deviation 
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Figure 6.43: Mean spatial adaptive potential value per urban type cluster 

 

Figure 6.44: Ridgeline plot of the internal distribution of spatial adaptive potential values per urban type cluster 

Taking this probable cut-off point into consideration, as well as the results discussed in this and 

previous sections, it is possible to conclude that the top four UTCs represent the urban types which 

are most likely to facilitate the SAP of the areas in which they are located. This is because the top four 

UTCs not only have the highest scores for the SAP metric across all scales, but they also generally 

perform well for all of the assessment metrics and the spatial resilience directives. Consequently, the 
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top four UTCs, for the purpose of this study, are considered as the SAUT for Manhattan. The next 

section explores each of the four morphological characteristics of the SAUT in terms of three basic 

morphological units, namely: plots, blocks and streets (network), to determine what may be learnt 

from these qualities to build more SAUT.  

6.10.3 Morphological characteristics of the spatial adaptive urban typologies  

The goal of the previous parts of this section was to provide a general description of all of the identified 

UTCs. The description the UTCs were done by examining the spatial and statistical distributions of all 

the UTCs for the different assessment metrics. Furthermore, by exploring the results, the top four 

ranked UTCs for Manhattan were identified as having the highest probability to be spatially adaptive. 

This is because these top four UTCs, overall, had the best scores from all the assessment metrics 

considered, as well as having the highest mean SAP metric scores across all scales, for all the UTCs. 

Moreover, from the results of the assessment, the top four UTCs are therefore considered to contain 

the qualities and characteristics that, based on the criteria proposed in this study, are most likely to 

improve the resilience of the city by improving the overall spatial adaptive capacity of the city and 

people living in these areas. Thus, the top four UTCs, for this study, are considered to be the SAUT for 

Manhattan.  

As the SAUT for Manhattan has been identified, the question now is: What can be learnt from the 

SAUT20 to inform current and future urban planning and design to create more spatially adaptive 

cities? This question is answered by studying the SAUT in terms of the characteristics of three basic 

morphological units: plots, blocks and streets. More specifically, the plots and blocks are studied in 

terms of their geometric properties, while the streets are examined based on the street and network 

properties for each SAUT.  

6.10.3.1 Locations of spatial adaptive urban types  

Before a detailed description of the morphological units is provided, it would be prudent to first 

present a description of the location and configuration of each of the SAUT. As shown in Map 6.208, 

all four SAUT are located in the southern section of Manhattan (south of Central Park), with SAUT−2 

and SAUT−4 forming roughly along the central north−south axis of Manhattan. SAUT−1 and SAUT−3 

are located near, but not on, the south-western edge of Manhattan.21 Additionally, SAUT−3 can 

roughly be described as being a corridor which runs along the south-western length of SAUT−2. In 

terms of area, SAUT−4 is the largest of the adaptive types, covering an area of 7.54 km² (or roughly 

 

20  The small size and unique shape of SAUT−3 makes it difficult to gain any significant insights into the design elements for 

improving the spatial adaptive capacity of cities. As a result, the focus of the discussion in this section is largely around 

SAUT−1, 2 and 4, with SAUT−3 being discussed where necessary.  
21  The fact that these two SAUT are near the edge of Manhattan, is quite interesting as locations which are near the edge 

of the Island, as shown in the previous analysis, typically perform poorly due to the boundary conditions. 
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14.6% of Manhattan), while SAUT−3 is the smallest adaptive type, at only 0.64 km² (1.24% of 

Manhattan). SAUT−1 and SAUT−2 cover an area of 0.68 km² (1.3% of Manhattan) and 3.68 km² (7.1% 

of Manhattan), respectively. Finally, all SAUT, excluding SAUT−1, can be broadly described as having a 

grid-iron street pattern, with SAUT−1 having a more organic or broken grid street pattern (See Map 

6.208).  

 

Map 6.208:Location of the spatial adaptive urban types  
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6.10.3.2 Plot properties of spatial adaptive urban types  

Being the lowest morphological unit considered in this case study, the plot is the starting point of the 

investigation into the morphological and geometric properties of the identified spatial adaptive urban 

types. As discussed in Chapter 5, the geometric properties of the SAUT plots can be described with a 

few basic metrics, these being plot area (m²), plot length (m), plot width (m) and plot thickness ratio. 

The summary statistics of the geometric properties are provided in Table 6.29.22 Additionally, the 

statistics should be read in combination with the maps shown in Map 6.209 as well as the 

accompanying plots (Figure 6.45 - 6.50).23 

Table 6.29: Summary statistics of spatial adaptive urban type plot geometric properties 

 

In terms of the plot area, SAUT−1 has the smallest mean plot area (x̅ = 232 m²; σ = 176) of all the SAUT, 

with the middle 50% (interquartile range) of all plots have an area between 125 m² and 251 m². 

Additionally, as shown in the boxplots in Figure 6.45, as the SAUT rank increases from 1−4, the mean 

 

22  For comparative purposes, the summary statistics were provided for the SAUT, as well as the UTCs discussed previously.  
23  The boxplots were made by excluding major outliers from the original dataset (such as Central Park) as, without excluding 

the outliers, the figures would not be legible.  

Statistics* SAUT−1 SAUT−2 SAUT−3 SAUT−4 UTC 5 UTC 6 UTC 7 UTC 8 UTC 9 UTC 10 UTC 11 UTC 12 UTC 13 UTC 14 UTC 15 

N 1 631 4 967 658 7 184 764 728 967 2 907 695 7 652 2 254 3 392 5 324 1 445 1 704 

Plot area (m²) 

Mean 232 306 335 357 323 307 384 290 281 283 312 301 374 404 542 

SD 176 198 224 248 223 207 272 185 160 202 216 221 252 286 294 

Median 186 238 242 241 235 242 268 233 239 197 242 205 249 254 494 

Plot length (m) 

Mean 29.9 31.7 31.9 33.1 32.7 32.4 33.6 31.4 32.3 32.3 32.6 33.1 33.9 33.9 36.3 

SD 5.1 5.1 5.5 5.0 5.2 4.3 6.4 4.5 3.5 4.0 4.7 4.1 4.6 5.7 5.7 

Median 30.3 32.0 32.0 32.4 32.7 32.4 33.1 31.9 32.3 32.0 32.7 32.6 32.8 32.6 35.1 

Plot width (m) 

Mean 16.3 19.4 21.4 22.6 20.0 19.6 25.6 19.0 17.8 17.8 19.9 19.0 23.5 25.8 31.6 

SD 8.3 9.1 10.8 12.6 10.8 11.2 13.8 9.9 8.7 10.6 11.4 11.7 13.1 14.0 13.6 

Median 13.4 15.1 15.5 15.8 14.9 15.2 21.8 14.9 14.9 13.3 15.0 13.9 17.8 21.1 30.6 

Plot thickness ratio 

Mean 0.324 0.319 0.344 0.330 0.308 0.304 0.373 0.311 0.288 0.279 0.304 0.286 0.335 0.358 0.388 

SD 0.113 0.102 0.122 0.114 0.102 0.107 0.116 0.104 0.087 0.109 0.108 0.114 0.124 0.117 0.124 

Median 0.288 0.280 0.313 0.301 0.266 0.262 0.389 0.270 0.251 0.244 0.254 0.241 0.321 0.363 0.403 

*Summary statistics were calculated without outliers 

SAUT=Spatial adaptive urban typologies 

UTC=Urban type clusters 
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plot size and interquartile range increase to a point where SAUT−4 has the largest mean plot area (x ̅= 

357 m²; σ = 284) of the four SAUT and an interquartile range of 184–476 m². Worth noting is that the 

SAUT ranked 2–4, all have a 1st quartile of ≈ 188 m², which is significantly larger than the 1st quartile 

(128 m²) of SAUT−1. Moreover, as seen in Figure 6.46, the majority of the UTCs within Manhattan 

have similar 1st quartiles to that of SAUT−2 to SAUT−4. This may indicate that SAUT−1 is an outlier in 

terms of the plot area. However, given that SAUT−1 has the highest SAP metric score out of all the 

UTCs, it suggests that smaller plots do play an important role in building adaptive capacity.  

While plot area is indeed important for adaptability, it only tells a part of the story. Next, the SAUT 

plot length, width and plot thickness ratios are discussed. For the plot length (Figure 6.47), there is 

little variation between the mean values of the four SAUT, with SAUT−1 having the lowest mean plot 

length (x ̅= 29.9 m²; σ = 5.1) and SAUT−4 having the highest mean plot length (x̅ = 33.1 m²; σ = 5.0). 

There is, however, a great deal of variation within the distribution of values between the SAUT, as 

seen in Figure 6.47, where SAUT−4 has the least variation within its plot length interquartile range, 

while SAUT−3 has the largest interquartile range. Worth noting is that the 1st and 3rd quartiles or 

SAUT−1 (Q1 = 25.9 m; Q3 = 32.1 m) are much lower than all other SAUT (and UTC) ranges, meaning 

that while the mean plot lengths across all SAUT are similar, the majority (50%) of plots in SAUT−1 

have a short plot length of between 25.9 m and 32.1 m. This fact can be partly explained by the fact 

that SAUT−1 has the smallest mean block widths (discussed in more detail later), with the assumption 

that the majority of plots are half the length of the width of a block. In terms of the plot width (see 

Figure 6.48), there is somewhat more variation in the mean values, with SAUT−1 also having the lowest 

mean plot widths (x ̅= 16.3 m²; σ = 8.3) and smallest interquartile range (Q1 = 11.5 m; Q3 = 17.1 m), 

while SAUT−4 has both the highest mean plot widths (x ̅= 22.6 m²; σ = 12.6) and largest interquartile 

range (Q1 = 11.5 m; Q3 = 17.1 m) of all the SAUT.  

While SAUT−1 has both the shortest and narrowest mean plot size, it does not translate into narrow 

and unbuildable plots. Rather, as seen in Map 6.209, the plots of SAUT−1 have a range of shapes but 

are generally narrow rectangles which have a mean thickness ratio (the ratio of the plot area and the 

area of its minimum bounding square)24 of x ̅ = 0.324 (σ = 0.11). Moreover, the thickness ratio of 

SAUT−1 does not differ much when compared to that of other SAUT (Table 6.29 and Figure 6.49) and 

can roughly translate into a mean plot length−width ratio of ∝ =1.85 (1:0.54). 

Spatially, the plots of the four SAUT have a great deal of internal variation in terms of the spatial 

distribution of the various sizes and shapes of plots. For SAUT−1, the larger plots are typically located 

near the edge of the cluster boundary, while the smaller thinner plots are nearer to the centre. SAUT−2 

has a great deal of variation in both the size and shape of the plots. With clear evidence of plots having 

been subdivided and consolidated over time, which has formed irregular plot shapes. Additionally, 

 

24  The ratio will be 1 for a square. The smaller the value is, the thinner the plot is. 
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SAUT−2 has several blocks which comprise only one or two large plots. The plots within SAUT−3, Figure 

6.49, tend to be slightly squarer than the other SAUT. Finally, as SAUT−4 is the largest of the four SAUT, 

it has more possibility for spatial variation, which can be clearly seen in Map 6.209. More specifically, 

within SAUT−4, the majority of the larger plots are located in the northern portion, while the smaller 

plot subdivisions can be found in the south and west of the urban type. The larger plots in the north 

of SAUT−4 typically relate to the location of the large skyscrapers of Manhattan’s Midtown district.  

In terms of spatial adaptive capacity, and therefore resilience, the findings support previous research 

which has studied the relationship between plots and urban change and adaptability. For example, 

the work by Salat (2017), who also studied Manhattan, argued that smaller plots should be the 

prevailing type in any urban area to build resilience, and that there should be proportionally fewer 

large plots. This is because smaller plots are able to accommodate a more diverse range of urban 

functions over time without having to be merged or split, while larger plots are more conducive to 

hosting specialised functions, such as sports stadiums (Marcus, 2010; Moudon, 1986; Porta and 

Romice, 2014). The study of urban change in San Francisco by Moudon (1986), is another example of 

how plot size is linked to adaptations. In the study, Moudon (1986) found that the locations which had 

many small plots saw the least amount of [radical] redevelopment. This, as Moudon argued, is because 

small plots make real estate transactions more difficult, since it requires the same amount of time and 

effort to consolidate two small plots as it does for two large plots. Therefore, large developers would 

rather focus on consolidating two larger plots as the total potential area available for development 

would be larger. Additionally, Moudon (1986), and supported by Marcus’s (2010) work on spatial 

capital, argued that small plots also tend to allow more actors to be involved in the development 

process and that as a result there is more diversity in the urban environment, which then translates 

into improved adaptive capacity.  

In relation to the thickness of the plots, an interesting observation for the Manhattan study is that 

there is a strong relationship (Pearson correlation coefficient r = 0.81) between the mean plot area 

and the mean thickness ratio between the UTCs (see Figure 6.50). However, this only suggests that as 

the mean area of the plots increase, that the plots, on average, are more likely to be squarer.  
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Map 6.209:  Plots within Manhattan’s spatial adaptive urban types 
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Figure 6.45: Boxplots of the plot length within Manhattan’s spatial adaptive urban types 

 

 

Figure 6.46: Cumulative distribution function of plot area 

 

 

Figure 6.47: Boxplots of the plot length within Manhattan’s spatial adaptive urban types 
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Figure 6.48: Boxplots of the plot width within Manhattan’s spatial adaptive urban types 

 

 

Figure 6.49: Boxplots of the plot thickness ratio within Manhattan’s spatial adaptive urban types 

 
 

 

Figure 6.50: Scatterplot of the mean plot area and thickness ratio within Manhattan’s spatial adaptive urban types 
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6.10.3.3 Block properties of spatial adaptive urban types  

Blocks are the next unit of urban form assessed for the SAUT of Manhattan. The spatial distribution of 

the blocks for the four SAUT are shown in Map 6.210, while the summary statistics of the geometric 

properties can be seen in Table 6.30 and graphically in Figures 6.51 – 6.54.  

Table 6.30: Summary statistics of spatial adaptive urban type block geometric properties 

Statistics* SAUT−1 SAUT−2 SAUT−3 SAUT−4 UTC 5 UTC 6 UTC 7 UTC 8 UTC 9 UTC 10 UTC 11 UTC 12 UTC 13 UTC 14 UTC 15 

N 88 306 65 464 23 52 201 208 22 339 104 146 392 198 249 

Block area 

Mean 4 852 6 925 6 397 10 475 15 043 9 014 5 784 9 177 15 408 9 675 10 946 9 715 8 385 10 114 7 681 

SD 2 888 3 609 2 956 4 008 2 014 2 436 4 085 4 103 137 4 510 2 205 4 210 3 994 5 237 4 851 

Median 4 967 6 807 6 356 8 635 15 116 8 159 4 879 8 157 15 434 8 116 11 960 8 095 7 809 11 827 6 899 

Block length  

Mean 111.5 138.8 126.6 183.8 255.3 162.6 130.8 175.2 253.6 177.4 183.3 169.6 158.3 192.2 152.0 

SD 38.8 48.3 32.9 58.7 21.4 38.9 62.7 59.9 1.1 66.4 30.6 58.3 59.9 75.3 74.8 

Median 114.6 136.3 122.5 160.7 253.0 144.4 117.3 149.2 253.2 153.2 198.7 144.0 141.4 208.5 137.5 

Block width 

Mean 91.9 101.7 98.4 113.4 117.1 113.1 95.1 109.7 121.5 110.0 118.5 112.3 106.9 112.8 107.5 

SD 17.3 15.9 11.6 9.4 8.8 7.8 21.0 13.3 0.8 13.4 3.2 12.2 13.7 13.6 17.2 

Median 93.3 103.2 98.0 113.7 115.8 113.6 91.4 112.6 121.6 111.9 119.5 114.4 109.4 118.0 105.3 

Block thickness ratio 

Mean 0.422 0.386 0.431 0.345 0.256 0.396 0.402 0.379 0.254 0.355 0.339 0.370 0.383 0.315 0.360 

SD 0.097 0.095 0.066 0.081 0.033 0.054 0.097 0.093 0.002 0.096 0.046 0.093 0.092 0.100 0.119 

Median 0.406 0.387 0.426 0.374 0.242 0.400 0.418 0.395 0.255 0.372 0.313 0.396 0.397 0.294 0.385 

SAUT=Spatial adaptive urban typologies; UTC=Urban type clusters 

From the map, SAUT−1 can be described as having irregularly shaped blocks, which are predominantly 

orientated, lengthwise, north-east−south-west, which is counter to the majority of the blocks within 

Manhattan that are orientated east−west. Additionally, SAUT−1 has the smallest mean block area (x̅ 

= 4 852 m²; σ = 2 888) of the SAUT, with an interquartile range (Q1 = 2 499 m²; Q3 = 6 961 m²), which 

is well below the other three SAUT. SAUT−1 also has the lowest mean block length (x̅ = 111.5 m; σ = 

38.8) and block width (x ̅= 91.9 m; σ = 17.3) of the SAUT. However, it should be noted that SAUT−1 

has a largest variation in block width of all the SAUT, as seen in the large interquartile range (Q1 = 

79.2 m; Q3 = 103.4 m). While SAUT−1 does indeed have the lowest mean block length and width of all 

the SAUT, the mean thickness ratio of the blocks (x ̅= 0.42; σ = 0.32) indicates that the blocks are not 

very thin or square as the mean block length−width ratio is ∝ = 1.48 (1:0.675).  
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SAUT−2 has a large variety of block shapes due to the presence of a few diagonal streets as well as the 

fact that the SAUT−2 has an irregular grid pattern that results in two predominant block orientations. 

The blocks south of Houston Street are aligned north−south, while the blocks to the north of Houston 

street have the typical east−west block orientation that the majority of Manhattan’s blocks have. In 

terms of block size, SAUT−2 has a mean block area of 6 925 m² (σ = 3 609), which is the second largest 

of the four SAUT. Additionally, SAUT−2 has the second longest mean block length (x ̅= 138.75 m; σ = 

48.3) and block width (x ̅ = 101.7 m; σ = 15.9) of all the SAUT. The relationship between the block 

length and width ultimately translates into a mean block thickness ratio (x ̅= 0.39; σ = 0.094), which, 

in conjunction with a relatively large interquartile range (Q1 = 0.32; Q3 = 0.45), gives SAUT−2 a mean 

thickness ratio which is slightly above Manhattan’s global mean thickness ratio value (x̅ = 0.37; σ = 

0.096). However, when studied spatially, the blocks north of Houston Street (running east−west) 

correspond to the blocks within SAUT−2, which are generally longer and larger than those in the 

southern part of SAUT−2.  

SAUT−3 (Map 6.210) has two axes along which the blocks fall. The first axis is a thin strip of blocks 

running north−south, while the second axis is the same east−west block orientation to the majority of 

Manhattan. SAUT−3 typically has relatively small blocks, with a mean block area (x ̅= 6 397 m²; σ = 

2 888) and interquartile range (Q1 = 5 256 m²; Q3 = 7 696 m²) which suggests that the blocks are 

relatively homogenous in size. The homogeneity within the blocks is further reflected in the block 

length (x ̅= 126 m; σ = 32.9) and block widths (x ̅= 98.4 m; σ = 11.6) small standard deviation and small 

interquartile range (seen in Figures 6.51 – 6.53). Moreover, SAUT−3s mean thickness ratio (x̅ = 0.43; 

σ = 0.07) also supports the visual evidence (Map 6.210) that the blocks in SAUT−3 are typically squarer 

than that of the rest of Manhattan. 

SAUT−4 predominantly comprises a mix of large, long, blocks (western side) and smaller, shorter, 

rectangular blocks (eastern side). Overall, SAUT−4 has the largest mean block area (x̅ = 10 475 m²; σ = 

4 008) of all the SAUT, more than double the mean block area of SAUT−1. Additionally, SAUT−4 not 

only has the longest mean block lengths (x̅ = 184 m; σ = 58.7 m), it also has the highest variation of 

block length, as reflected in the large interquartile range (Q1 = 143; Q3 = 252). SAUT−4’s mean block 

widths (x ̅= 113 m; σ = 9.4 m) tend to be longer that the other SAUT, however, with very little variation 

within the block width, as reflected in the small interquartile range seen in Figures 6.53. This 

characteristic of long, thin blocks is also reflected in the mean block thickness ratio (x̅ = 0.35; σ = 0.08). 

However, as seen spatially (Map 6.210) and in the block thickness interquartile range seen in Figures 

6.54, there is a great deal of variation within the block shape and spatial distribution of the thin blocks, 

as mentioned previously. 
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Map 6.210:  Blocks within Manhattan’s spatial adaptive urban types 
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Figure 6.51: Boxplots of the block area within Manhattan’s spatial adaptive urban types 

 

 

Figure 6.52: Boxplots of the block length within Manhattan’s spatial adaptive urban types 

 

 

Figure 6.53: Boxplots of the block width within Manhattan’s spatial adaptive urban types 
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Figure 6.54: Boxplots of the block thickness ratio within Manhattan’s spatial adaptive urban types 

6.10.3.4 Street network properties of spatial adaptive urban types  

The street network is the final morphological characteristic used to describe the SAUT. As mentioned 

in previous chapters (Chapter 3 and 5), the street network can be described by studying several 

metrics, namely the street pattern and its configuration, intersection and road densities and the link-

node ratio. Figure 6.55 shows the pedestrian street network for each SAUT, while  

Table 6.31 provides the summary statistics of the street metrics for each SAUT and UTC. 

Table 6.31: Summary statistics of spatial adaptive urban typologies network properties 

Statistics SAUT−1 SAUT−2 SAUT−3 SAUT−4 UTC 5 UTC 6 UTC 7 UTC 8 UTC 9 UTC 10 UTC 11 UTC 12 UTC 13 UTC 14 UTC 15 

Cluster area (km²) 0.68 3.68 0.64 7.54 0.39 0.83 2.97 3.90 0.48 6.69 1.51 2.55 6.30 4.74 8.92 

Street length (km) 

N 212 1 108 150 1 374 42 186 795 912 53 1 325 191 438 1 711 870 1 047 

Mean 77.3 78.6 92.3 105.6 160.8 91.7 80.2 84.2 157.5 96.9 136.4 108.9 81.9 99.8 118.2 

SD 36.1 54.0 41.4 74.3 96.3 50.8 69.6 59.2 93.3 76.8 59.7 75.5 66.7 86.7 181.9 

Median 73.8 75.6 79.8 79.7 87.8 80.0 72.6 78.5 80.1 79.9 145.1 83.3 79.4 79.5 81.9 

Intersection type 

Total 112 584 80 704 25 93 466 504 28 696 92 224 910 488 633 

Cul-de-sac 4 8 1 5 0 1 27 27 0 15 0 2 8 38 53 

T-intersection 31 141 28 116 2 15 221 195 1 173 2 42 275 186 312 

X+ intersection 77 435 51 583 23 77 218 282 27 508 90 180 627 264 268 

Street properties 

Street density (km/km²) 24 251 23 658 21 546 19 253 17 194 20 463 21 421 19 699 17 327 19 203 17 274 18 734 22 237 18 336 13 880 

Intersection density  165.8 158.7 124.4 93.4 63.7 111.5 156.7 129.2 58.1 104.1 61.0 88.0 144.4 103.1 71.0 

Link-node ratio 1.89 1.90 1.88 1.95 1.68 2.00 1.71 1.81 1.89 1.90 2.08 1.96 1.88 1.78 1.65 
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*Summary statistics were calculated without outliers 

SAUT=Spatial adaptive urban typologies 

UTC=Urban type clusters 

As previously mentioned, Manhattan’s street layout is dominated by a grid pattern; however, the top 

two performing UTCs (SAUT−1 and SAUT−2) are among the few locations which do not conform to 

Manhattan’s typical grid layout. (Lower Manhattan, UTC 7, is the other area which has a more organic 

layout.) More specifically, SAUT−1 has a deformed grid pattern which is more reminiscent of an 

organic or traditional street pattern as its grid pattern is not uniform and is broken up by several cross-

cutting diagonal streets. As a result of the irregular street pattern and small blocks, discussed 

previously, SAUT−1 also has the lowest mean street length (x ̅= 77.3 m; σ = 36.1) of all the SAUT, with 

the majority of streets being between 51 m and 93 m long. Additionally, because of the short streets 

and small blocks, SAUT−1 also has the highest street density (total street length in kilometre per 

square kilometre) and intersection density (number of intersections per square kilometre) of all the 

SAUT (Figure 6.59).  

Unlike SAUT−4 and the majority of Manhattan, SAUT−2 consists of two separate grid patterns, which 

are north and south of Houston Street. The northern grid section has longer blocks which follow an 

east−west direction, while the southern grid pattern has shorter streets and creates a north−south 

block pattern. Moreover, as the majority of the streets are located in the southern part of SAUT−2, 

the mean street lengths (x ̅ = 78.6 m; σ = 54) for SAUT−2 are relatively short; however, with high 

variation in the range of street lengths, as seen in Figure 6.58.  

It can be argued that SAUT−4 is perhaps the best representation of Manhattan’s overall grid pattern, 

as SAUT−4 largely consists of the short (eastern part of SAUT−4) and long blocks (western part of 

SAUT−4) which are typical of Manhattan. And since a large proportion of the blocks in SAUT−4 are 

long and thin, it results in SAUT−4 having the longest mean street length (x̅ = 105.6 m; σ = 74.3) of all 

the SAUT. Additionally, the larger blocks also mean that SAUT−4 has the lowest street density 

(19 253 km/km²) and intersection density (93.4 Int/km²) of the four SAUT.  

To better understand the configurational composition of the street network, the type of street 

intersections were studied spatially (Figure 6.56), as well as through a nodegram for all of the SAUT 

(Figure 6.57). The nodegram (Marshall, 2005) provides a visual aid to represent the configurational 

composition of an area by showing the relative proportion of X+ junction,25 T-junction and cul-de-sacs 

within each SAUT and UTC. The number of each type of junction in the four SAUT is summarised in  

Table 6.31. The nodegram clearly demonstrates the overall grid pattern of Manhattan, as the vast 

majority of points for all SAUT (and UTCs) are located within the X+ corner (bottom right) of the figure, 

with only a little variation in the proportion of T-junctions separating the different areas. Moreover, 

 

25 X+ junction represents intersections where four or more streets intersect.  
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as seen in Figure 6.56 and the nodegram, SAUT−4 is the most grid-like of the SAUT, with only a few 

locations – such as the internal network of parks – that have T-junctions. Finally, due to the grid 

pattern of Manhattan, the link-node ratio (Figure 6.59) of all SAUT (and UTCs) does not vary very much, 

with the SAUT having a link-node ratio of between 1.88 and 1.95.  

 

Figure 6.55: Street configuration within Manhattan’s spatial adaptive urban types 

 

Figure 6.56: Intersection type and distribution within Manhattan’s spatial adaptive urban types 

 
SAUT 1 – 4 are shown in red and labled 
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Figure 6.57: Intersection nodegram within Manhattan’s spatial adaptive urban type 

 

Figure 6.58: Boxplots of the street lengths within Manhattan’s spatial adaptive urban types 

 

Figure 6.59: Street density, intersection density and link-node ratio within Manhattan’s spatial adaptive urban types 

To summarise, the focus of this section has been on providing a general description of all of the 

identified UTCs through an exploration of the spatial and statistical distribution of the UTCs and their 

values for the different assessment metrics. Furthermore, through the process of exploring the results, 

the top four ranked UTCs for Manhattan were identified as having the highest probability of being 

spatially adaptive. These top four UTCs overall performed the best across all the assessment metrics, 

as well as having the highest mean SAP metric scores for all the UTCs.  
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These top four UTCs were extracted and labelled as Manhattan’s SAUT. Within the four SAUT, the 

results clearly differentiated SAUT−1 and SAUT−2 from the other two SAUT (as well as the rest of the 

UTCs) in relation to the assessed metrics. The assessment showed that both SAUT−1 and SAUT−2 had 

similar mean multiscale spatial adaptive metric scores, with SAUT−1 performing better on the local 

10-minute scale. Moreover, both SAUT−1 and SAUT−2 have plots and blocks that are relatively small 

but also not too narrow or wide. These smaller blocks meant that the mean street lengths were 

relatively short and also led to higher street and intersection densities when compared to SAUT−3 and 

SAUT−4. Finally, SAUT−1 and SAUT−2 both have non-normal grid patterns that break up the urban 

form and create opportunity for variation in the urban form.  

The results and the performance of SAUT−1 and SAUT−2 suggest that, in the context of Manhattan, a 

break in the uniformity of the grid in combination with smaller plots and blocks, results in areas with 

higher urban form diversity and which ultimately translates into improved latent SAP for those areas. 

Additionally, the relative location of SAUT−1 and SAUT−2 within the context of the case study (south 

of Central Park) also plays a role in terms of the adaptive potential, as the results of the directive 

assessments and SAP assessment have shown that locations which are more in the (weighted) 

geometric centre of Manhattan (south of Central Park) are more likely to have higher adaptive 

capacity due to the fact that they are more central and therefore nearer to many other locations. This 

means that to improve the adaptive capacity of locations near the edge of the Island would likely 

require alterations in the urban form to foster improvements in the spatial resilience directives. One 

possible way to improve these locations is to learn from the urban form of SAUT−1, which, despite 

being located near the edge of the Island, still performs well in relation to all the assessed metrics and 

across spatial scales. Learning from SAUT−1, future changes to the urban form may be to encourage 

small plots and blocks in combination with an irregular street pattern, which, as the results of this 

study suggest, improves the ease of access to locations, diversity of locations and configurative 

nesting, all of which are essential for creating more spatially adaptive places.  

Finally, to conclude this section, Figure 6.60 shows the urban form of each of the four SAUT. The first 

panel in each of the figures show plot and block size and shape as well as street configuration 

associated with each SAUT. Panels 2 and 3 show the buildings within each SAUT from a top (Panel 2) 

and isometric (Panel 3) view. While not the focus of the study for the Manhattan case study, the view 

of the 3D buildings helps bring an additional understanding of the building types associated with each 

SAUT. As seen in the figures, SAUT−1 to SAUT−3 typically have medium rise walk-ups, while SAUT−4 

has a mix of walk-ups in the south and tall skyscrapers to the north.  
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Figure 6.60: Spatial adaptive urban typologies with buildings 

To further test the applicability of the proposed protocols, the next chapter applies the same method 

used for the Manhattan case study in a different context that is not only larger, but also 

morphologically more complex, namely Hong Kong. After presenting the results of the Hong Kong case 

study, Chapter 8 provides an overall discussion of the findings of each case study. Thereafter, the 

commonalities between both case studies are discussed and general spatial resilience design 

principles are extracted.  
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Chapter 7  

Hong Kong – Spatial Resilience Assessment 

Chapter 7 examines the results of the assessment for Hong Kong, the second case study. A brief 

introduction of the case study area is provided. Additionally, the specific data sources and data 

preparation methods for the Hong Kong case study are covered. This is then followed by a discussion 

of the results of the assessment for the directives and associated metrics, followed by a description of 

the spatial adaptive potential (SAP) and the relationship between each directive are discussed. Finally, 

the spatial adaptive urban types (SAUT) for the selected cases are introduced before the details of the 

morphological characteristics of each SAUT are discussed.  

7.1 Introduction to the Hong Kong case study  

 

Map 7.1: Hong Kong special administrative region with study area buildings (blue) 
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The Hong Kong Special Administration Region (SAR) in China is the second and largest of the two case 

studies in this thesis. The territory of Hong Kong is located within the southern part of the People's 

Republic of China and along the South China Sea. Hong Kong also forms part of the Pearl River Delta 

and is included in the Greater Bay Area megaregion. Hong Kong covers an area of around 11 102 km² 

and includes the areas of Hong Kong Island, Kowloon and the New Territories Hong Kong Census and 

Statistics Department (2021a). Hong Kong has more than 250 islands; however, only a few have 

permanent inhabitants (Hong Kong Tourism Board, 2021). According to the Hong Kong Census and 

Statistics Department (2021a, 2021b), at the end of 2020, Hong Kong had an estimated population of 

7 474 200 and a mean population density of 6 390 people per square kilometre, with the Kowloon 

district having the highest population density within the territory at an estimated 49 060 people per 

square kilometre.  

Hong Kong has been home to humans for centuries. However, the territory’s urban development 

began when Hong Kong Island was ceded to the British Empire by the Chinese after the First Opium 

War in 1842. At first, the British primarily used Hong Kong Island as a military and trading outpost 

(Tsang, 2007). However, plans were soon made to develop the northern side of Hong Kong Island into 

a “belt-shaped city”, using the layouts and planning ideology consistent with European planning of 

that time (He, 2018:10). The initial development of what would initially be called Victoria City was 

focused around present-day Mid-Levels, Soho and Central and ran parallel with the terrain in an 

east−west direction (He, 2018). 

After the British Empire fought and won the second Opium War in 1861, the Kowloon Peninsula (the 

area south of Boundary Street) was also ceded to the British Empire for perpetuity (Tsang, 2007). In 

this time, the city grew rapidly, with development predominantly taking place in present-day Yau Ma 

Tei and Tsim Sha Tsui. In 1898, the British government and the Chinese Qing government signed a 99-

year lease of land that included the area north of Boundary Street, up to the Shenzhen River and many 

of the sounding islands, the largest of which are Lama and Lantau Islands (Tsang, 2007). The new area, 

known as the New Territories, covered an area of around 922 km² and was about ten times the size of 

Hong Kong Island and the Kowloon Peninsula combined (He, 2018).  

Before the 1960s most of Hong Kong’s development was focused within Hong Kong Island and the 

Kowloon area. However, as the population grew faster than initially expected (He, 2018), the demand 

for housing in the land-scarce city also increased. To alleviate the housing shortage, the Hong Kong 

government began to implement its New Towns Programme from the 1960s onwards (Hills and Yeh, 

1983). According to He et al. (2020), the new town development in Hong Kong took place over three 

generations of new towns. The first generation new towns were designated between 1961 and 1965 

and included the areas of Tsuen Wan (1961), Sha Tin (1965) and Tuen Mun (1965). The second 

generation new towns were designated in 1979 and included the new towns of Tai Po, Yuen Long and 
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Fanling/Sheung Shui. Finally, the third generation new towns were designated between 1982 and 

1992 and included the areas of Tseung Kwan O (1982), Tin Shui Wai (1982) and Tung Chung (1992).  

Because of Hong Kong’s mountainous terrain and high population density, the city has had to rely on 

high-density, compact urban forms to accommodate its growing population. Consequently, Hong 

Kong’s urban form has responded by developing vertically, which is evident in Hong Kong Island’s 

iconic city skyline (see Figure 7.1).Hong Kong is one of the most vertical cities in the world, with around 

7 913 buildings that are over 35 m (12 storeys) tall (Keegan, 2019). In addition to tall buildings, Hong 

Kong is also a city of extreme connectivity. It includes an extensive public transport network, including 

a substantial subway network (mass transit railway [MTR]), bus, mini-bus, ferry, tram and light rail 

modes. Additionally, the city includes many pedestrian connections between buildings (often several 

buildings), above or below the ground. The combination of the intense building density and highly 

connected network helped to shape the volumetric nature of the city (Bruyns et al., 2021; Shelton et 

al., 2010). 

 

Figure 7.1: Example of Hong Kong’s skyline 

Source: Author (2021) 

It is also partly due to the volumetric nature of Hong Kong that, unlike within the Manhattan case 

study discussed in Chapter 6, this study did not use the plot as its unit of analysis (locations). Instead, 

for the Hong Kong case study, the buildings formed the unit of analysis. Buildings are used over plots 

predominantly because Hong Kong is a complex and three-dimensional city (Frampton et al., 2012), 

which has the characteristics of a volumetric city (Shelton et al., 2010). Within the Hong Kong 

volumetric context, the urban form is characterised by linked stacked functions above and below the 

ground (Bruyns et al., 2019, 2021; Shelton et al., 2010). In addition to the stacked functions, Hong 

Kong’s built form is also complex, as many buildings are placed on what is termed a podium structure 

(Shelton et al., 2010), meaning that many buildings are built on top of other buildings. The 

combination of these factors means that plots cannot be used as the unit of analysis, as too much of 

the rich complex urban form structure would be lost.  

There are, however, two main downsides to the use of buildings over plots as the unit of analysis. The 

first of these is from a visual communication perspective. The plots, having a larger area and being 
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more continuous, make the assessment results appear much better visually, especially when 

considering the scale and extent of the study area (the whole of Hong Kong). Additionally, because of 

the stacked and layered nature of the buildings, some buildings may be hidden or lost by the larger 

buildings below them. To overcome these visual limitations, the analysis results are shown with 3D 

buildings (details provided in Section 7.2) so that all buildings are visible. As an added visual aid, 

additional images are provided as accompanying inserts in the analysis maps throughout the text of 

the case study. These images focused on three main areas within Hong Kong, namely Northern Hong 

Kong Island (focusing on Central), Kowloon (focusing on Tsim Sha Tsui and Mong Kok) and Yuen Long 

(with Tuen Mun visible in the background). These areas were selected because, as will be shown, they 

are the areas that generally perform the best or contain the most variability.  

The second downside to using buildings as the unit of analysis is that there are many more buildings 

than land parcels, which results in a computationally demanding study. In the case of Hong Kong, there 

are 213 326 buildings within the territory (Hong Kong Lands Department, 2018). Considering that this 

study made extensive use of accessibility analysis; using all the buildings within Hong Kong would 

mean that there are potentially 22.75 billion origin-destination combinations possible. As such, 

making use of all the buildings within Hong Kong would be computationally unfeasible. Therefore, to 

make this case study manageable, the number of buildings used was reduced by 52%1 by only using 

the buildings that fall within the historic urban centres of Hong Kong Island and Kowloon, as well as 

the New Towns, as defined by the Hong Kong Planning Department (2016). Shown in Map 7.2 is the 

location of the selected boundaries used for this study and the buildings used. While the focus of this 

study was predominantly on the main urban areas, the boundary did also include many small villages, 

as they do form an essential part of Hong Kong’s urban character.  

 

1  The reduction in the number of buildings also meant that the potential number of origin-destination combinations is 

reduced to 6.1 billion. While this is still computationally demanding, especially when using a multimodal transport 

network, it is much more manageable.  
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Map 7.2: Location of the selected boundaries 

The rest of this chapter discusses the results of the implemented spatial resilience assessment 

protocol, which includes the results of the SAP and SAUT subprotocols described in Chapter 5. The 

chapter is divided into several sections. Section 7.2 describes the sources of geodata used and how 

the data was prepared for analysis. Sections 7.3 to 7.7 gives the assessment results for each directive, 

including the results of the individual metrics used to create the directives. Section 7.8 describes the 

evaluation of the hierarchic-efficiency of Hong Kong through the assessment of the presence of 

power-law distributions in several metrics. Using the results from the assessments of the spatial 

resilience directives, Section 7.9 shows the results combined in the SAP assessment before unpacking 

the relationships (statistical and spatial) between each of the directives. Section 7.10 then describes 

the process of identifying Hong Kong’s SAUT, which are then discussed in detail in terms of their 

morphological characteristics. Chapter 8 will provide a summary of the Hong Kong case study and 

discusses some of the implications for the SAP for Hong Kong. 
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7.2 Geospatial data sources and preparation  

Until recently, the availability of geospatial data within Hong Kong was limited to open-source 

vendors, such as OpenStreetMap (2019), private collections of university departments, and data that 

had to be purchased from government departments or private firms. While conducting this study, the 

Hong Kong government began to slowly make more of its data available in the public domain. 

However, unlike the Manhattan case study where most of the data needed for this study was both 

available and accessible, within Hong Kong, some of the data needed for the study was either not 

accessible, did not exist, or was not in a usable format. Therefore, to account for this data-poor 

environment, data was obtained from multiple sources. In some cases, such as the building-based land 

use, a new dataset had to be generated by combining and processing multiple data sources. This 

section therefore begins by first providing the details and suppliers of the primary sources of data 

used for this case study, followed by the details of how the primary data was prepared and processed 

for further analysis.  

7.2.1 Data sources 

As the discussion above has noted, high quality and detailed geospatial data, as required for this study 

within Hong Kong, was not always readily available or consistent. For example, until November 2020, 

only the vehicle (motorised) network for Hong Kong was openly available from the Hong Kong 

government, which, if used, would significantly limit the accuracy of the results of the assessment. 

Therefore, to account for the inconstant data environment, the data was obtained from various 

sources as described below.  

The buildings data, which formed the unit of analysis, is a polygon type dataset and was obtained 

from the Hong Kong Lands Department (2018). The dataset included building footprints for the year 

2014. Additionally, the dataset contained supplementary information such as the building height, roof 

elevation, number of floors, building name and if the building structure is a podium, on a podium or 

freestanding. The original building dataset contained 213 326 buildings; however, only 111 314 

buildings (52%) of all buildings fell within the study area boundary. The mean building area for the 

buildings within the study area was 346 m², while the mean building height was 17.5 m, with 5.9 being 

the mean number of floors and 156 being the maximum number of floors for the buildings within the 

study area.  

The Digital Elevation Model (DEM) was obtained from the Hong Kong Lands Department (2019a). The 

terrain model is a raster grid with a resolution of ±5 m, with each cell containing a numeric value 

corresponding to the elevation of that location. The DEM was used to determine the walking speed 

with the 3D Network Toolbox (Higgins and Chan, 2018).  
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The pedestrian network is a line (polyline) type dataset and was sourced from OpenStreetMap 

Contributors (2019), through the OSMnx packaged for Python (Boeing, 2017c) by selecting and 

downloading the walkable network as derived through the OSMnx package.2  

For the public transport network, two primary sources of data were used. The first is the subway 

(MTR) network, which was obtained from OpenStreetMap Contributors (2019). The subway network 

included the rail lines and station locations. However, the MTR entrances and station connectors had 

to be captured manually. The information for the other modes of public transport available in Hong 

Kong (bus, tram and ferry) were obtained in a General Transit Feed Specification (GTFS) format from 

the Hong Kong Transportation Department (2019) through the Hong Kong government’s open data 

portal (data.gov.hk).  

The data used for facilities was obtained from the Hong Kong Lands Department (2019b) and 

downloaded through the data.gov.hk open data portal. The facilities contained within the Lands 

Department database included education (higher education, schools, kindergartens), community 

facilities (libraries, museums), emergency services (ambulance, fire station), health (hospitals and 

clinics) and recreation facilities (parks and open space) 

The final consideration was for the land use or functional mix data. As Hong Kong did not have a fine 

grain (building-based) land use dataset, this had to be created. The Hong Kong building-based land 

use was created by combining several sources of data3. The dataset used the study area buildings as 

the bases onto which the land uses were allocated. Additionally, the Hong Kong Land Utilization 

dataset (Hong Kong Planning Department, 2019), a raster dataset, containing a broad land use per 

±10 m raster grid, was used as the land use basis for the building-based land use dataset. The Land 

Utilization dataset was supplemented with the addition of a geocoded location of licensed hotels and 

guesthouses (Hong Kong Home Affairs Department, 2019), geocoded locations of licenced restaurants 

(Hong Kong Food and Environmental Hygiene Department, 2019), public facilities data (Hong Kong 

Lands Department, 2019b) and a OpenStreetMap Points of Interest dataset (OpenStreetMap 

contributors, 2019). 

Once all the data was collected, they were all reprojected into the Hong Kong 1980 Grid System 

[EPSG:2326, linear unit = metres] projection before being imported into an ArcGIS geodatabase file. 

As indicated above, several of the datasets described above were not in a format that could be used 

within the spatial resilience assessment protocol. Moreover, as some datasets representing 

morphological units used in the assessment could not be obtained, such as the blocks, these datasets 

 

2  It should be noted that the Hong Kong government has recently (November 2020) released a 3D pedestrian network 

(Hong Kong Lands Department, 2020), which includes all publicly accessible spaces, including indoor spaces. The 3D 

network was originally developed by the University of Hong Kong (Sun et al., 2019) before being handed over to the Hong 

Kong government.  
3  The details of the method used to create the building-based land use data are provided in the next section. 
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had to be created by either combining or deriving the information from the datasets available. The 

details of the data preparation are described in the next section.  

7.2.2 Hong Kong data preparation 

As cities are complex structures, they cannot be easily described. Therefore, urban morphology 

studies typically consider multiple factors to explore a city’s overall form. Usually, the traditional urban 

morphological units (buildings, plots, blocks and streets) are sufficient to describe a city’s urban form. 

However, as alluded to previously, Hong Kong has a complex, volumetric, urban form that requires 

multiple sources of evidence to describe. Furthermore, as indicated in the previous section, often the 

data needed to describe the urban form is not available or is in a format that is not usable. In these 

types of circumstances, the data needs to be prepared or generated to become useful.  

The details of the processes used to generate and prepare the input data for the Hong Kong case study 

and the testing of the spatial resilience assessment protocol on a morphologically complex 

environment are described in this section. As with the Manhattan case study, this section comprises 

three parts. The first part describes the methods used to prepare the polygon type data where the 

details relating to the preparation of the buildings, blocks and building-based land use are explained. 

The second part explains how the line type information was prepared, primarily focusing on the 

preparation of the pedestrian and integrated public transport networks (IPTN) network. Finally, the 

third part discusses the preparation of the point-based data, focusing on the facilities dataset. 

7.2.2.1 Polygon preparation 

As the building’s dataset forms the unit of analysis for the Hong Kong case study, the method used to 

prepare it is described first. Following that, the details of the building type classification are provided. 

Next, the particulars of how the building-based land use and the functional mix was created are 

discussed. Finally, the method used to generate the urban blocks for Hong Kong is described.  

 Building preparation 

The buildings dataset required minimal data cleaning and preparation for the analysis. The buildings 

were prepared by checking for topological errors in the dataset and identifying any invalid geometries 

using the ArcGIS software. Additional visual spot checks were also performed to ensure the accuracy 

of the results. 

In addition to general checks, the building footprint dataset was also converted into 3D buildings, 

specifically for the purpose of visualising the results of the assessment. To convert the building 

footprints into 3D buildings, the building footprints were first extruded based on their roof heights 

(from the information contained in the dataset). Next, the base of the buildings was set to the ground 
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level, as derived from the DEM. Finally, buildings were then converted to an ESRI 3D multipatch file 

format, which could then be used to visualise the results. 

 Building type classification 

As described previously in Chapter 5, to calculate the location type heterogeneity for a study area, the 

locations first need to be grouped into classes. For the Hong Kong case study, the buildings were the 

locations grouped according to their geometric properties. More specifically, as described in Chapter 

5, the buildings were grouped using the following characteristics: building area, building length, 

building width, building thickness, and building height. Building Area refers to the geometric area of 

the building and is calculated in square metres (m²). Building Length is calculated as the length 

(metres) of the longest axis of the bounding box of the building, while Building Width is calculated as 

the length of the shortest axis of the bounding box of the building. Building Thickness describes how 

square or narrow a building is and is calculated as the ratio of the building area compared to the 

minimum bounding square of the buildings. Building Height refers to the geometric length (metres) 

of a building from the base (ground level) to the top of the building. All the properties, excluding 

building height, were calculated using the ET GeoWizard tool from ET SpatialTechniques (2016). 

Once the geometric properties for all building were calculated, they were used as inputs into an 

unsupervised multivariate clustering analysis using the ArcGIS Pro’s Multivariate Clustering tool (ESRI, 

2019a). The multivariate clustering analysis was implemented using the K-means algorithm. The 

number of clusters (groups) to divide the buildings into was chosen by selecting the number of clusters 

that maximise the Calinski-Harabasz pseudo F-statistic (F-statistic). As shown in Figure 7.2, the optimal 

number of groups to divide the data of the buildings is eight. Additionally, as seen in Table 7.1, all 

selected variables had high R² values, indicating that large amounts of the original variability of each 

variable were retained after classification. The results show that eight clusters are the optimal number 

of clusters for this dataset. All variables were effective at discriminating between groups.  

 

Figure 7.2:  Pseudo F-statistic results for 2−30 clusters for the multivariate clustering of building types 
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Table 7.1: Summary statistics for each input variable used for the building type multivariate clustering 

Variable Mean 
Standard 
deviation 

Minimum Maximum R² 

Building area 219 1 139 1.2 134 648 0.84 

Building length  17.1 20.1 1.6 834.5 0.81 

Building width 12.7 12.6 0.9 447.7 0.81 

Building thickness 0.46 0.13 0.02 1.0 0.72 

Building height 12.4 17.8 0.0 466.5 0.75 

 

The results of the multivariate cluster analysis of the buildings in Hong Kong are shown spatially in 

Map 7.3. Figure 7.3 shows the box plots of the values per building type for all of the variables used in 

the classification. The values in the boxplot have also been converted to standardised Z-scores to allow 

for comparison. The clusters have been labelled numerically, with no particular meaning for any 

number. From the box-plots in Figure 7.3, building types 1, 3 and 6 typically comprise larger buildings 

in terms of their area, length and width. Building type 6 also represents the largest buildings in Hong 

Kong, for example, the Hong Kong Convention Centre (seen in the top left corner of the bottom-most 

insert in Map 7.3). On the other side of the spectrum, building types 2 and 8 are characterised by low 

values in most geometric properties. Building type 4 can be said to represent the tall thin buildings 

within Hong Kong.  

 

Figure 7.3: Boxplots for each input variable and separated by building type 
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Map 7.3: Multivariate clustering of building types 

 Creating the building-based functional mix  

Hong Kong can be described as having a complicated and highly mixed land use structure within its 

buildings (Bruyns et al., 2019; Shelton et al., 2010), with relatively few buildings or building complexes 

dedicated to a single land use. Additionally, because of the stacked nature of the functions, mapping 

the land use of Hong Kong was exceptionally challenging. This difficulty is further compounded 

because there is currently no openly available detailed land use data for Hong Kong. As a result, a 

proxy estimation of the land use per building was developed using multiple data sources. The goal of 

the building-based land use was to develop an estimation of current land use (in square metres per 

building) for Hong Kong. In line with the land use groupings used by Van den Hoek (2009) and Dovey 

and Pafka (2017), the three main land uses for this analysis can be summarised as Live (predominantly 

residential), Work (offices and schools) and Visit (commercial, recreation and open space). Below are 

the details of the data and method used to determine the estimated square metres per land use per 

building.  

The analysis involved utilising several different data sources to identify (tag) buildings with multiple 

uses. Summarised in Table 7.2 are the data and sources used to estimate the available floor area per 

function. The details of each data set are discussed in more detail in the relevant sections of the 

method to follow.  
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Table 7.2: Data and source to estimate functional mix  

Dataset Source 

Building dataset  Hong Kong Lands Department (2018) 

Land utilisation in Hong Kong’s raster grid Hong Kong Planning Department (2019) 

List of licensed hotels and guesthouses (geocoded) Hong Kong Home Affairs Department (2019) 

Restaurant licences (geocoded) Hong Kong Home Affairs Department (2019) 

OpenStreetMap points of interest OpenStreetMap contributors (2019) 

Public facilities data  Hong Kong Lands Department (2019b) 

 

The buildings dataset formed the unit of analysis, while the Land Utilization in Hong Kong Raster Grid 

(LUHKG) was used as the primary source of land use classification. As mentioned previously, the 

buildings dataset contained several useful attributes for this analysis; these include the names of the 

major buildings within Hong Kong, the building height, number of floors, if the building structure is a 

podium or if the building is on a podium.  

According to the Hong Kong Planning Department (2019), the LUHKG dataset can be described as a 

broad-brush presentation of distribution of land uses in Hong Kong, prepared using a 

combination of various geo-informatics techniques, using satellite images dated December 

2018 and January 2019 (©AIRBUS DS 2018, 2019), in-house survey information of the Planning 

Department and other relevant information from various government departments. 

To further elaborate, the LUHKG is a raster grid that has a spatial resolution of 10 m. Each grid has a 

broad approximation of the land use for that grid (see Figure 7.4 [left], for example). While not ideal, 

the LUHKG dataset supplies a broad basis for determining land uses. The first step in generating a 

building-based functional mix for Hong Kong was to transfer the LUHKG land use classification to the 

building dataset. To do this, the ArcGIS Zonal-statistics tool was used to identify the majority land use 

types within each building polygon. The majority land use was then transferred to the building 

polygon. A simplified example of the process and results is shown in Figure 7.4. 
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Figure 7.4: Example of the transfer of the land utilisation in Hong Kong’s raster grid land use data  

to the buildings database 

(Left) LUHKG land use data with 10 m resolution; (Middle) LUHKG with the buildings overlain; (Right) Final result of the 

transference of the LUHKG land use to the buildings dataset 

Once the base land use data has been transferred into the building dataset, the next steps would 

normally have been to divide the transferred data into the three functional mix categories, Work and 

Visit.4 This would then be followed by calculating the estimated square metres per land use per 

building by multiplying the building area by the number of floors. For the following reasons it was not 

entirely possible within the Hong Kong case study to follow this process: First, the business and 

commercial land uses have been grouped together in the LUHKG, where, for this study, they needed 

to be separated, as businesses are grouped under Work and commercial uses are grouped within the 

Visit functional mix class. Second, with many buildings classified by the LUHKG as residential, 

specifically within Hong Kong Island and Kowloon, the first and second floors of the buildings are often 

used for commercial purposes. Third, within the LUHKG dataset, government, institutional and 

community facilities were grouped together in a single class. This grouping is problematic, as facilities 

such as hospitals and museums, which would fall under the Visit land functional grouping, were 

grouped with government buildings, universities, and schools under the Work functional grouping. 

Finally, many hotels were classified in the LUHKG dataset as commercial, while the functional mix land 

 

4  See Table 7.3 for a breakdown of how the LUHKG was broadly classified into the three primary functions. 
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use classification regards hotels as a Live function (Dovey and Pafka, 2017). As a result of these issues, 

the next part of the process was dedicated to describing the method used to identify which buildings 

were residential with commercial uses; business or commercial only; differentiating between 

government, different types of institutions and community facilities; and identifying hotels that were 

classified as commercial. For each of these, a set of selection and weighting criteria was described and 

how the floor areas (m²) of each land use class were then calculated (Table 7.3). The text to follow 

describes the method used to identify and weight each type of uses within the buildings.  

Table 7.3: Reclassification of the land utilisation in raster grid land into the three primary functions of 
Live, Work and Visit 

Functional land use Land utilisation in Hong Kong raster grid 

Live Private residential 

Public residential 

Rural settlement 

Hotel 

Work Industrial estates / Science and technology parks 

Industrial land 

Business and office 

Government and institutional 

Visit Commercial 

Community facilities 

Open space and recreation 

 

Residential with commercial uses: First, the buildings that are primarily residential and contain 

commercial functions were identified. Here, buildings are used that have been classified as Private 

Residential, Public Residential or Rural Settlement within the LUHKG data, and which also intersect 

with one of the following proxy indicators: restaurants (Hong Kong Food and Environmental Hygiene 

Department, 2019), shops or catering (OpenStreetMap contributors, 2019). For buildings where this 

is true, the first one and a half (1.5) floors5 of the building (for buildings with more than a single story) 

are regarded as being used for commercial use, while the rest of the building is classified as being 

dedicated to residential use. For Rural Settlement, only the first floor is regarded as commercial. The 

exception to this rule is for residential buildings which are located on podiums and also intersect with 

one of the proxy datasets. For these buildings, the podium is regarded as being commercial, and the 

building itself is considered residential. This type of configuration of residential buildings on 

commercial podiums (see Figure 7.5) is a common building form within Hong Kong (Shelton et al., 

2010). 

 

5  The one and a half floors were decided on as compromise between buildings which only use the first floor as commercial 

use and those buildings which use two to three floors for commercial purposes. 
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Figure 7.5: Example of residential building towers on a commercial podium structure within Teun Mun 

Source: Author (2021) 

A simplified graphic example of these rules is illustrated in Figure 7.6. In the figure, three examples 

are shown; where (a) shows a building with no commercial uses on it; (b) shows a building that has 

one of the proxy datasets, for example, restaurants, shops or catering, on it (shown with the red dots). 

In this case, the first one and a half floors of the building have been demarcated as commercial (shown 

in red in the side view). Part (c) shows three buildings (yellow) that are on a podium structure (grey). 

While these buildings intersect with the proxy data, they are regarded as being residential, and the 

podium is classified as commercial (side view). One weakness of this method, in its current form, is 

that it overestimates the residential area by including the areas dedicated to parking space. Future 

iterations of this dataset should account for this, provided that the number of parking spaces per 

building can be estimated. 

 

Figure 7.6:  Example of rules for identifying commercial land use within residential buildings 

Office with commercial uses: The identification of offices that also had commercial uses followed a 

similar process to that of the residential buildings with commercial use. In the case of offices, buildings 

were regarded as being entirely office buildings if they have been classified as Commercial/Business 
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and Office within the LUHKG and did not intersect with one of the proxy indicators (shops, catering, 

retail, mall, department store and commercial as defined by the OpenStreetMap Points of Interest) 

and were also not on a podium structure or classified as a hotel. Buildings that did intersect with the 

proxy indicators and were on a podium structure were classified as offices, while the podium structure 

was classified as commercial. For buildings that were not on podium structures and that did intersect 

with the proxy indicators, the first one and a half (1.5) floors6 were regarded as commercial, while the 

rest of the building was taken to be used as offices. The exception to this rule was buildings that were 

known to be completely commercial, such as malls or shopping centres, which were identified with 

the proxy indicators or the name of the building, as well as buildings that were hotels. For these 

buildings, the entire building was classified as commercial, unless the building was a hotel (that is, 

residential). 

Commercial uses: Identifying the commercial areas was easier once the residential and office space 

had been determined. To identify the commercial areas, the areas identified as a mixture of residential 

or offices with commercial use, were deducted from the available area, with the remainder of the area 

being allocated for commercial use. In addition to these locations, buildings demarcated as malls, 

shopping centres or commercial through the proxy dataset were considered to be completely 

commercial, unless they were on a podium. In the case of the latter scenario, the buildings were 

checked manually7 and the appropriate land use was allocated.  

Government, institution, education and community uses: As mentioned previously, the LUHKG does 

not differentiate between government, institutions (for example, hospitals), education and 

community uses. To differentiate between the different uses, the Hong Kong Government’s Public 

Facilities Data (Hong Kong Lands Department, 2019b) and OpenStreetMap (2019) Points of Interest 

datasets were used to identify which buildings would fall under the Work land use – government 

buildings, educational (schools, university), emergency services (fire stations); and which buildings 

would be considered a Visit use – health facilities (hospitals) and community and cultural facilities 

(sports, library, theatres, museums). Once identified, the entire building was regarded as belonging to 

that use and the appropriate floor area was calculated for that land use.  

Hotels: The identification and classification of hotels were predominantly done by using a geocoded 

list of licensed hotels and guesthouses retrieved from the Hong Kong Home Affairs Department (2019). 

As with the residential and offices land uses, the buildings that were podiums were considered to be 

commercial, while the building on the podiums were regarded as being a hotel. For buildings that did 

not have any podiums, the entire building was regarded as being a hotel. In addition to these rules, 

 

6  As with the residential classification, 1.5 floors were used as a compromise between buildings which only used the first 

floor as commercial and those buildings which used two to three floors for commercial purposes. 
7  A combination of aerial photos, Google Street View and site visits (where possible) were used to check the uses. 
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extensive manual checks were also done and appropriate corrections were made, as several buildings 

are known to have a mixture between hotels, office and commercial uses.  

Public space: In addition to the reclassification rules stated above, it is also important to take into 

account that many private and public buildings within Hong Kong have areas within them that are 

dedicated for public use (Hong Kong Buildings Department, 2019). To incorporate the public use, the 

Public Open Space data from the Hong Kong Lands Department (2019c) was used. This dataset has an 

estimation of the total area available for public use in relevant buildings. For all buildings that intersect 

with this dataset, the area dedicated to public use was deducted from the total available space for 

that specific use and added to the Visit functional area.  

To further increase the accuracy of the results, throughout the process described above, over 750 

individual spot checks were done on buildings and appropriate adjustments were made. This was 

specifically done for buildings that were known to have a more complicated mix of functions such as 

the International Finance Centre complex, the International Commerce Centre and the K11 

Masterpiece building. Although every effort had been made to ensure the accuracy of the results, the 

process described above can be considered as somewhat crude and imprecise. However, it did provide 

an overall, albeit rough, estimate of the distribution of land uses within Hong Kong, which was 

acceptable for the purposes of this study, which focused on identifying general patterns and not the 

exact figures within the data, instead of an alternative and more accurate dataset.  

The results of the created building-based functional classification for each building within the study 

area are shown in Maps 7.4 to 7.6, where Map 7.4 shows the total floor area (m²) dedicated to Live, 

Map 7.5 shows the floor area (m²) for Work and Map 7.6 shows the floor area (m²) reserved for Visit 

functions.  
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Map 7.4: Estimated Live floor area (m2)  
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Map 7.5: Estimated Work floor area (m2) 
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Map 7.6: Estimated Visit floor area (m2) 
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 Urban blocks 

Urban blocks, being a fundamental morphological unit (Scheer, 2016), are essential for the evaluation 

of the urban form of a city. Moreover, the urban blocks are required for the assessment of the 

configurative nesting within Hong Kong. However, unlike in Manhattan, where the plots could be used 

to generate the blocks, the plots dataset was not available for Hong Kong. As a result, an alternative 

approach for generating urban blocks was developed. Described below is the method used to generate 

the urban blocks used for this study. Figure 7.7 provides a graphical illustration of the method 

described. Additionally, each part of the process described is also referred to in the figure.  

 
Road centrelines Polygons derived from  

road centrelines 
Final block layout (manual corrections 

and slivers and polygons without 
buildings removed) 

Figure 7.7: Block delineation process 

As blocks are typically surrounded by streets on all sides (Barthelemy, 2017), the (a) vehicular 

network,8 extracted from OpenStreetMaps (2019) with OSMnx (Boeing, 2017c), was used as the basis. 

The street network (road centrelines) were then converted into polygons that represent a surface with 

the rough shape of each block. Next, (b) using the original street network, a 2 m buffer area around 

each street was generated. (c) The buffer area was then intersected with the polygons, which were 

generated from the roads, leaving the outline of the blocks. Next, the polygons with no buildings or 

public space on them were also removed. As a final step, additional manual checks and editing were 

done to remove slivers and to also add any areas that were not included or missing from the road 

network, specifically focusing on areas that are closed off to vehicular movement.  

It should be noted that the rural areas, specially the small villages, within Hong Kong are not well 

represented in terms of the street network coverage. As such, it was not possible to generate the 

blocks as described in the method. Therefore, in many of the larger villages, the blocks were captured 

manually. However, it was impractical to manually capture the blocks for all the small villages within 

 

8  The vehicular network was used instead of the pedestrian network as the pedestrian network in Hong Kong is not a good 

representation of the block structure. For example, the pedestrian network has many connections between buildings and 

bridges which cross-over streets, which would greatly distort the results. 
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Hong Kong, as there are 642 recognised villages within Hong Kong (Hong Klong SAR, 2017). For the 

smaller villages, larger sections were aggregated into a single block or several larger blocks. As a result 

of these measures, the rural areas were largely underrepresented in this study. Finally, due to use of 

the method described above, the accuracy of the blocks in terms of their exact area and shape, may 

not be entirely accurate as the shape and area depended on the street network. However, as a method 

to extract the general block area and shape over a large area (with extensive manual checks), the 

method described above provided results that were sufficient for the needs of this study.  

7.2.2.2 Polyline preparation 

This section describes the preparation methods of the datasets that can be represented through line 

type features, and more specifically, the detailed method used to prepare the pedestrian network and 

the IPTN for Hong Kong.  

 3D slope-aware pedestrian network 

The OpenStreetMaps (2019) Walk network, as derived from the OSMnx (Boeing, 2017c) python 

package, was used as the basis for the pedestrian network for Hong Kong. However, as noted 

previously, Hong Kong can be described as having a volumetric urban form (Shelton et al., 2010); 

therefore, the city’s pedestrian network is typically more complex than that of flat cities (Bruyns et al., 

2019). Additionally, the network incorporates multiple connections, both above and below the ground 

and between buildings (Frampton et al., 2012; Shelton et al., 2010; Sun et al., 2019). To account for 

this complexity within the network, extensive manual editing was performed on the pedestrian 

network. As part of the editing, buildings that were known to be connected above or below the ground 

were connected to each other. Additionally, pedestrian bridges and tunnels were checked to ensure 

that they are correctly connected to the network. Large buildings and buildings on podium structures 

were as far as possible also linked to the pedestrian network. Finally, as the OpenStreetMaps (2019) 

had poor convergence within the smaller villages and rural areas of Hong Kong, extensive manual 

editing and digitising was done through the use of aerial photos from Google Earth (2020). Figure 7.8 

shows an example of the edits which were done to improve the overall connectivity of the Hong Kong 

pedestrian network. 
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Figure 7.8: Example of additions made to the original OpenStreetMap network 

The blue lines are the original OpenStreetMap network and the red lines are the additions made to the network 

Once the additional connections where added to the network, the impact of Hong Kong’s topography 

on the ability of people to move needed to be accounted for. This was done by converting the 2D 

network into a slope-aware network using the process described in Chapter 5, with the 3D Network 

Toolbox for ArcGIS developed by Higgins and Chan (2018). As part of the conversion and the 

calculation of the estimated walk speeds (both up-hill and down-hill), the network links such as bridges 

and tunnels were given a flat ground speed (5 km/h). An example of the final 3D slope-aware network 

is shown in Figure 7.9. 

 

Figure 7.9: Example of the created 3D pedestrian network  
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 Integrated public transport network 

The IPTN for Hong Kong is a multimodal transport network that comprises five modes of movement, 

namely walking (slope-aware pedestrian network), subway (MTR), bus, ferry and tram. The bus, ferry 

and tram (Hong Kong Island only) information was sourced from the Hong Kong Transportation 

Department (2019) in the form of a GTFS. Due to the format of the data, the travel times between 

stops needed to be interpolated using the ESRI public transport tools (ESRI, 2019c). Subways (MTR) 

and lines were sourced from OpenStreetMap (2019) and the average travel time between the start 

and end of the line was calculated based on the times available from the MTR website (MTR, 2019). 

Due to difficulty sourcing accurate and reliable data, the light rail transport within the New Territories 

of Hong Kong was excluded from the analysis network. The light rail stops, however, were included in 

the analysis of the transport redundancy.  

The individual station entrances and the connections within and between stations were all captured 

manually though overhead digitisation and linked with connectors to the pedestrian network. In 

addition to the connectors linking the stations and the public transport stops to the pedestrian 

network (as described in Chapter 5), additional connectors were added to all buildings that were more 

than 50 away from the pedestrian network.  

7.2.2.3 Points preparation 

The points data type is the final data type which needed to be prepared. The points data is 

predominantly related to the facilities within Hong Kong. The facilities data used for the Hong Kong 

case study was sourced from the Hong Kong  Lands Department (2019b), through the data.gov.hk 

open data portal as separate point datasets. These individual files were cleaned and then merged to 

form a single facilities database for Hong Kong. The merged Hong Kong facilities dataset contained a 

large range of different types of facilities; however, only a select few were used as shown in Table 7.4 

as they represent the more important facilities. The facilities excluded from the study included 

cemeteries, military bases, and government facilities such as immigration departments. As shown in 

Table 7.4, the selected facilities were then regrouped into eight broad categories to be used as inputs 

into the analysis.  

Table 7.4:  Classification of facilities 

Type of facilities Analysis of facility groupings 

Kindergartens Kindergartens 

Primary schools 
Schools 

Secondary schools 

Higher education institutions Higher education 

Community halls and community centres 

Cultural and community facilities 
Libraries 

Museums 

Performing venues 
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Ambulance 
Emergency services 

Fire station 

Clinics 
Health facilities 

Hospitals 

Recreation (tennis courts, swimming pools, squash courts) Recreation 

Public open space (parks) Public open space 

 

As the section above has shown, the study of, and the assessment of spatial resilience within the 

context of Hong Kong required a large variety of different types of data, many of which were not 

available from the same vendor, were accessible or simply did not exist. Therefore, as shown in this 

section, all the data had to be either cleaned or created so that the appropriate input datasets would 

be available for the assessment. With the use of different data sets comes additional challenges, 

including challenges of the quality and accuracy of the data that cannot always be guaranteed. 

However, to minimise this potential issue, as far as possible, data was sourced from reliable sources, 

such as government departments. Additionally, and as indicated in the text, extensive manual editing 

and checks were done at all stages of the data creation and preparation workflow to minimise any 

errors. 

With the understanding of the data sources and methods used to prepare the data, the rest of this 

chapter focuses on describing the results of the implemented spatial resilience assessment protocol 

for the Hong Kong case study. The sections to follow describes the results of the assessment for each 

of the resilience directives and derived SAP as part of the SAP subprotocol. As part of this discussion, 

the relationship between all the directives is also described. Following these, the results of the SAP 

subprotocol are discussed. The last part of the analysis centres on describing the results of the 

implemented SAUT subprotocol within the Hong Kong study area.  

7.3 Connectivity assessment 

Connectivity is the first of the five spatial resilience directives to be assessed for the Hong Kong case 

study. As described in Chapter 3, connectivity is important for spatial reliance because the way in 

which the urban form is connected dictates and directs the access, flow and efficiency of movement 

throughout a city (Neal, 2013; Salat, 2011). Moreover, good quality connectivity improves adaptive 

capacity by allowing the system to easily and efficiently reorganise after a disturbance, while 

improving the ability of people to access opportunities (Feliciotti, 2018).  

The following sections discuss the results of the implemented connectivity assessment protocol, as 

described in Chapter 5, for the Hong Kong case study. The section describes the results of the 

individual connectivity metrics used to create the connectivity directive. Of the connectivity metrics, 

the access to locations (buildings) assessment is discussed first. Next, the results of the betweenness 

centrality assessment are discussed, which are followed by the results of the straightness centrality 
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assessment. Once the results of all three of the individual connectivity metrics are discussed, the 

results of the created connective directive are presented.  

7.3.1 Access to locations 

To evaluate the potential number of locations (buildings for Hong Kong) that can be reached through 

the integrated public transport network, the access to locations assessment is performed on all 

buildings within the Hong Kong study area for all assessment scales (10-, 20- and 30-minute travel 

time) using the modified Gaussian access function. Additionally, as described in Chapter 5, the beta 

(β) values used for each assessment scale correspond to β10 = 40, β20 = 100 and β30 = 180, for the 10-, 

20- and 30-minute travel time scales, respectively. The results of the access to locations assessment 

for Hong Kong are shown spatially for each scale in MAP 7.7 (10-minute scale), MAP 7.8 (20-minute 

scale) and MAP 7.9 (30-minute scale), while the statistical summary of the results is shown in Table 

7.5 and graphically in Figures 7.10a-c.  

From the statistical results of the assessment (shown in Table 7.5), the mean normalised scores for 

the access to locations (buildings) for the 10-minute (x1̅0 = 0.21, σ10 = 0.20), 20-minute (x2̅0 = 0.23, σ20 

= 0.20) and 30-minute (x3̅0 = 0.25, σ30 = 0.20) scales did not vary much between the scales, with only a 

0.02 score increase with each step-up in scale. Additionally, the overall statistical distributions (Figure 

7.10a-c) across all scales are similar, with all scales having a right skewed distribution.  

Table 7.5: Summary statistics for the access to buildings assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  111 342 111 342 111 342 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 23 905 25 271 27 568 

Median 0.15 0.16 0.2 

Mean (x̅) 0.21 0.23 0.25 

Variable 0.04 0.04 0.04 

Standard deviation (σ) 0.20 0.20 0.20 
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Map 7.7: Access to buildings, 10-minute scale 
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Map 7.8: Access to buildings, 20-minute scale 
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Map 7.9: Access to buildings, 30-minute scale 
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(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.10: Access to buildings (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

Furthermore, the results shown in the empirical cumulative distribution functions (eCFD) (Figure 

7.10c) also indicated that at all scales, 55−65% of all buildings had access to location scores of 0.25 or 

less. These locations with low scores are typically the locations on the periphery of the urban areas 

and the areas that are far from the MTR stations. Moreover, the results from the eCDF also suggest 

that, while the actual total number of buildings that can be reached for all locations, increase with 

scale, the reporting of the normalised score indicates that there is an almost uniform proportional 

increase in the number of additional locations that can be accessed for all buildings, with only marginal 

gains (relative to the areas with the highest scores) being made as the scale increases. For example, if 

the buildings that had a low score at the local (10-minute) scale see an increase in access of 10% from 

one assessment scale to the next, the locations that had a high score at the local scale would likely 

also see a similar proportional increase in the number of buildings they can access.  

The spatial results of the 10-, 20- and 30-minute scale assessment show similar overall spatial 

distributions of values. For all scales, the areas of Mong Kok (Kowloon), Central (Hong Kong Island), 

Wan Chai (Hong Kong Island) and Yuen Long (New Territories) all stand out as having high access to 

location scores. While the 10- and 30-minute scales show similar patterns in the distribution of values, 

the 20-minute scale (Map 7.8) shows a more even distribution of medium to high values (values 

greater than 0.31).  

A more detailed study of the 10-minute scale results (Map 7.7) shows that three areas had very high 

access scores. These areas are Mong Kok (central Kowloon), Sham Shui Po (north-eastern part of 

Kowloon) and Tung Tau Tsuen Village (north of the Yuen Long MTR station). The first two areas are 

characterised by predominantly medium rise buildings (an average of eight storeys) with a clear 

rectangular grid street pattern, which form street blocks ranging between 90 m and 115 m in length 

and 50 m and 60 m width. The Tung Tau Tsuen Village (Figure 7.11) is characterised by a low rise (3−4 

storeys), densely packed buildings (grey in the figure), which form small urban blocks (a mean street 

length of 14.5 m). For all three areas, the combination of the small blocks and the fact that they all 
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have at least one MTR station and multiple bus stops in close proximity means that these locations 

are able to easily access many locations within 10-minutes travel time.  

 

Figure 7.11: Example of Tung Tau Tsuen village street pattern 

As the assessment scale moves from the 10-minute through the 20-minute and into the 30-minute 

scales, the Yuen Long (specifically the Tung Tau Tsuen Village) and Sham Shui Po high access clusters 

become less prominent. At the 30-minute scale, the Wan Chai (Hong Kong Island) area and the Mong 

Kok areas become the areas with the access to the most locations. The focus of the Mong Kok cluster 

has shifted south, from being linked to Sham Shui Po, and has moved to be better connected to Yau 

Ma Tei in the south. The reason for this shift in prominence is likely because both Mong Kok and Wan 

Chai are part of Hong Kong’s two main urban cores (Kowloon and Hong Kong Island, respectively), 

which means that both areas have access to multiple MTR stations9 and many bus and ferry routes as 

well as being surrounded by many buildings,10 which, when the increased travel time is considered, 

means that there are potentially many locations which can be accessed. The MTR lines in particular 

appear to provide a great deal of additional access, as the locations (especially in the Mong Kok cluster) 

 

9  Mong Kok has access to four MTR lines.  
10  The buildings within the Wan Chai cluster are on average 14 to 15 storeys tall. 
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which are in close proximity to the stations are the locations which have seen the greatest 

improvement to the overall access scores. 

While the results indicate that access to the MTR and bus stops plays an important role for improved 

access, the urban form, particularly the building type, also appears to play an important role in 

providing additional access to locations, particularly on the 10-minute scale. This fact can be clearly 

seen when comparing the areas of Tuen Mun (New Territory) with the Fanling/Sheung Shui area (New 

Territory). Both areas are located within the New Territories and have an MTR line and station at their 

core. However, as can be seen for all three scales, the Fanling/Sheung Shui area performs much better 

overall when compared to the Tuen Mun area. This result can likely be attributed to the fact that the 

Tuen Mun area is dominated by very large buildings, industrial uses (western side of the Tuen Mun 

Station and the river) and large podiums with towers (eastern side of the river), as shown in Figure 

7.12). These large structures, which can take up an entire urban block, reduce the number of unique 

locations within an area while also, due to the size of the structure, reduce the overall walkability of 

the area. Furthermore, while this particular analysis does not consider the building volume and 

therefore does not capture the potential of buildings to house activities,11 it does provide some 

insights into how the configuration of the building types, with the large podium structures, impacts 

the potential access to individual locations. Moreover, as indicated by Moudon (1986), more smaller 

buildings would also likely suggest a larger range of ownership and building type strategies, which 

would also increase the number of potential responses to any situation. More individual and unique 

responses also imply that, should one single response not work, the entire system would not be 

vulnerable. Additionally, more unique responses also means that experimentation and competition is 

possible, which also improves the adaptive capacity of the area (Nel, Du Plessis, et al., 2018). In the 

case of the Tuen Mun area, the larger buildings are typically designed for a single use, they are also 

less likely to be adapted for alternative uses. This suggests that if the building is no longer able to meet 

the new demands placed on it, then the building would likely have to be demolished and a new 

structure erected to fulfil the new demand. 

 

11  Discussed later in Section 7.5 
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Figure 7.12: Example of Tuen Mun area  

Large industrial buildings on the left of the river and the podium structures (malls) 

with residential towers on them 

From an urban form and spatial resilience perspective, the results of the access to locations 

assessment for Hong Kong suggest that areas where the block size is small and which have many 

buildings (low or high rise) close to each other, have access to more different opportunities, which 

contribute to the overall adaptive capacity. Finally, as seen in the insert for the maps (Maps 7.8 – 7.10) 

for all scales within Hong Kong, and particularly for Hong Kong Island, the terrain has a large impact 

on the number of buildings which can be built close to each other and the ease at which these 

locations can be accessed. As noted previously (Section 7.2.2.2.), the pedestrian network and 

associated travel time used to calculate the access to locations, is a slope-aware network, which is 

therefore able to capture the impact of the terrain on the access. As the results show, areas which are 

flatter and wider are able to house more locations (buildings) closer to each other, which means that 

the flatter locations are able to provide more options within less travel time. 
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7.3.2 Betweenness centrality 

Betweenness centrality is the second of the three metrics used to create the connectivity directive. 

Betweenness centrality is used as a measure of the potential flow along a route, with higher 

betweenness values indicating that more pedestrian movement is it be expected along that section of 

road (Kirkley et al., 2018). Moreover, according to Barthelemy (2017:259), high betweenness values 

also “indicates that the corresponding link is essential in the network and that it can have a very 

specific role or function” within the overall configuration of the network.  

The results of the betweenness centrality assessment for Hong Kong are shown spatially in Maps 7.10 

to 7.12 and the statistical summary shown in Table 7.6, with Figure 7.12a-c showing the statistical 

distributions of values for all scales. The betweenness centrality assessment was done for the entire 

Hong Kong SAR pedestrian network (not only the study area) before transferring the results on to the 

buildings dataset. Additionally, as noted in Chapter 5, the results of the assessment should be 

regarded as betweenness densities since the values have been interpolated and transferred onto the 

buildings from the network assessment.  

Beginning with a description of the statistical results, all scales have a heavily right skewed statistical 

distribution (Figure 7.12a) indicative of an inverse power-law distribution (to be explored in detail in 

Section 7.8). Additionally, the 10- and 30-minute scales show very similar eCDF distributions (Figure 

12c), while the 20-minute scale only deviate a small amount from the other two scales. This deviation 

from the other two scales is also reflected in the slightly lower mean score for the 20-minute scale (x1̅0 

= 0.02, x2̅0 = 0.01, x3̅0 = 0.02). Moreover, because of the heavy-tailed distribution for all scales, less 

than 5% of all locations have a normalised betweenness score of more than 0.25, meaning that only a 

very small proportion of the locations have access to streets which carry the majority of through 

movement on all scales.  

Table 7.6: Summary statistics for the betweenness centrality assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  111 314 111 314 111 314 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 1 828 1 504 1 732 

Median 0 0 0.01 

Mean (x̅) 0.02 0.01 0.02 

Variable 0 0 0 

Standard deviation (σ) 0.04 0.03 0.03 
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Map 7.10: Betweenness centrality, 10-minute scale 
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Map 7.11: Betweenness centrality, 20-minute scale 
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Map 7.12: Betweenness centrality, 30-minute scale 
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(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.13: Betweenness centrality (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

According to the spatial results (Maps 7.10 to 7.12), the Tai Po area had the highest betweenness 

score across all scales. However, it should be noted that while the Tai Po area had the highest 

betweenness score, this result may be a consequence of the fact that the OpenStreetMap network for 

this area is far more detailed (with many additional line sections being included) when compared to 

other parts of Hong Kong. As a result, when calculating the initial betweenness values and transferring 

the results to the building dataset, the higher density of streets would likely cause the results to be 

skewed to have higher values and therefore influence the accuracy of the results.  

Barring the outlier of Tai Po, generally, the results at the 10-minute scale show that the high 

betweenness values are more evenly dispersed with only a few routes (Nathan Road [Kowloon], Kwun 

Tong Road [Kowloon Bay], Aberdeen Street [Central] and the intersection of Kwong Fuk Road and Po 

Heung Street [Tai Po]) showing any type of dominance. However, as the assessment scale increases, 

the spatial structure becomes clearer with the high values becoming less dispersed and concentrated 

along a few main roads. This trend is particularly clear at the 30-minute scale, where the areas along 

key roads (such as Nathan Road [Kowloon], Kwun Tong Riad [Kowloon Bay], Aberdeen Street [Central], 

Hennessy Road [Wan Chai], Des Voeux Road [Central], Waterloo Road [Mong Kok], and Argyle Street 

[Ho Man Tin]) are the most dominant roads.  

The spatial results can be largely explained through two factors. First, as suggested previously, the 

network density plays a role. Areas with a denser network are more likely to have a street (or streets) 

with proportionally more routes passing through them when compared to areas with relatively few 

streets. This effect can be seen in the new towns of the New Territories, particularly for the Tuen Mun 

area. Secondly, due to the use of a hybrid distance (shortest path and least angular choice) for the 

assessment of the betweenness, the high betweenness areas are typically located along the 

straightest and longest uninterrupted routes. This second factor can be clearly seen within the 

Kowloon area and along the northern, and most developed part of Hong Kong Island, and shows a 

clear dominance of east−west routes which run parallel to the slope of the island.  
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Given the fact that much of Hong Kong is either ecologically and culturally sensitive or is mountainous 

(Hong Kong Planning Department, 2019), the land available for development is scarce and is typically 

located on the coast or in the valleys between the mountains. As such, the number of long, straight 

streets within Hong Kong is greatly reduced. In terms of resilience, this lack of long straight roads 

means that no single route will dominate the pedestrian network12 in terms of betweenness. 

However, even with this lack of long straight roads, a clear spatial structure forms within Hong Kong 

at all scales. The results also indicate that areas where there is a denser street network, facilitated by 

smaller blocks, are also likely to have proportionally higher betweenness values, and therefore have 

higher potential for interaction. 

7.3.3 Straightness centrality  

The results of the straightness centrality, the third metric used to create the connectivity directive, 

are discussed in this section. As mentioned in chapter 3, straightness centrality is used as a measure 

of how efficiently the network is configured by assessing how direct a route between two locations is. 

Typically, smaller straightness values would indicate that a location is able to access many locations 

with few deviations from a straight line. However, as chapter 5 discussed, the values have been 

inverted to make the interpretation of the results more intuitive as well as allowing for the results to 

be combined with the other two connectivity metrics to form the connectivity directive.  

The spatial results of the straightness centrality assessment for the Hong Kong case study are shown 

for each scale in Map 7.13 (10-minute scale), Map 7.14 (20-minute scale) and Map 7.15 (30-minute 

scale). From the maps, at the 10-minute scale, locations with high values are somewhat dispersed, 

with many small local clusters scattered throughout the territory. However, despite the fact that the 

high values are dispersed, the larger urban areas, particularly those areas which have smaller blocks 

and a grid structure, tend to form the largest clusters.  

 

12  For the car-based network the results are likely to differ a great deal as the car network connects the Hong Kong Island 

with the rest of Kowloon.  
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Map 7.13: Straightness centrality, 10-minute scale 
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Map 7.14: Straightness centrality, 20-minute scale 
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Map 7.15: Straightness centrality, 30-minute scale 
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At the 20-minute scale, high values tend to be less dispersed and rather cluster around the centres of 

the larger (local regional) urban centres. The results from the 30-minute scale evaluation reflect a 

similar trend to that seen with the betweenness centrality assessment discussed previously. More 

specifically, areas with straighter and more gridded streets typically have higher straightness scores. 

In this case, Mong Kok, Sham Shui Po, Wan Chai, Yen Long and Kwun Tong stand out as having the 

highest straightness scores across all assessment scales.  

Worth noting for the straightness centrality assessment, is that the very large developments, such as 

the International Finance Centre [Hong Kong Island], International Commerce Centre [West Kowloon], 

Olympic Estate [West Mon Kok, Kowloon] the Royal Ascot [Sha Tin] all show very low straightness 

centrality scores for all assessment scales. This is likely the result of the fact that these locations, due 

to the size of the development, are largely disconnected from the rest of the urban fabric, meaning 

that only a few route options are available for pedestrians wanting to enter or leave these locations 

by foot.  

Focusing of the statistical summary of the results, all three scales show a similar left skewed 

distribution (Figure 7.14a). Moreover, the mean values (Table 7.7) for the assessment scales (x1̅0 = 

0.65, x̅20 = 0. 61, x3̅0 = 0. 64) reflect an interesting trend in the results, where the straightness values at 

the 10-minute scale are larger than the two higher scales. Additionally, the 20-minute scale has a mean 

value somewhat lower than both the 10-minute and 30-minute scales. This lower mean value is also 

reflected in the eCDF (Figure 7.14c) and boxplot distributions (Figure 7.14b). While the difference 

between the mean values of the 20-minute scale and the other two scales is not significant, it is an 

intriguing finding. The cause of this particular finding is still unknown and may even be a result of the 

method used to transfer the line-based assessment to the buildings dataset (see Chapter 4). However, 

based on the spatial results, the difference in the mean values may be explained by the fact that at 

the 20-minutes scale, the higher values seem to be concentrated into fewer locations, meaning that 

there are also more locations with lower values, lowering the overall mean score. When the scale 

moves to the 30-minute scale, the clusters which formed at the 20-minute scale tend to expand, which 

also means that there are more locations with higher values.  
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Table 7.7:Summary statistics for the straightness centrality assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  111 314 111 314 111 314 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 72 145 68 081 70 987 

Median 0.65 0.62 0.65 

Mean (x̅) 0.65 0.61 0.64 

Variable 0.01 0.01 0.01 

Standard deviation (σ) 0.09 0.09 0.09 

 

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.14: Straightness centrality (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

To summarise, the local scale connections area is not evenly distributed and areas with small blocks 

which are more gridded, perform better. However, as the scale increases and the deviation between 

the network distance and the Euclidian distance decreases, the areas with denser networks become 

more prominent. In terms of the adaptive capacity, the findings suggest that for local network 

efficiency, smaller blocks are more beneficial to local users. However, at the higher scale, a denser 

network with straight streets is beneficial, as more, and direct, route options become available. 

Moreover, large, disconnected developments do not encourage direct movement and there are only 

a few path options available.  

7.3.4 Connectivity directive 

The section above discussed the three metrics which describe the three characteristics of connectivity: 

access, flow and efficiency. This section presents the results of the formulated connectivity directive 

by using the method described in Chapter 5, to combine each of the connectivity metrics (access to 

locations, betweenness centrality and straightness centrality) for each assessment scale. The 

connectivity directive aims to capture the combined qualities of each of the connectivity metrics into 
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a single metric, with the outcome being a spatial description of the quality of the overall connectivity 

for each location. 

The spatial results of the created connectivity directive for Hong Kong are shown in Map 7.16 (10-

minunte), Map 7.17 (20-minunte) and Map 7.18 (30-minunte). From the spatial results and seen in 

table 7.8, the overall trend is for the connectivity scores to increase as the scale moved from the 10-

minute, through the 20-minute and into the 30-minute scale, which is also accompanied by a small 

increase in the mean values (x1̅0 = 0.39, x2̅0 = 0. 40, x3̅0 = 0. 41) with the increased scale. However, the 

locations near the periphery, further away from the larger urban agglomerations, tend to become 

more isolated, with lower connectivity directive values in relation to the more urban and central areas 

at the higher scales. 

Table 7.8: Summary statistics for the connectivity directive assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  111 342 111 342 111 342 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 43 700 44 429 46 384 

Median 0.37 0.37 0.39 

Mean (x̅) 0.39 0.40 0.42 

Variable 0.01 0.01 0.02 

Standard deviation (σ) 0.11 0.12 0.12 

Furthermore, the more isolated areas, such as Yuen Long and Fanling/Sheung Shui, which are removed 

from the main urban cores of Kowloon and Hong Kong Island, show an overall high relative 

connectivity at all scales. More specially, almost the entire area of these two isolated areas (Yuen Long 

and Fanling/Sheung Shui) have proportionally high connectivity directive scores at the 30-minute 

scale, when compared to other areas which are also further away from the urban cores such as Tuen 

Mun and Sha Tin. This result suggested that, while the isolated cluster areas are spatially removed 

from the larger urban contexts/core they are able to access additional locations at the higher scales, 

provided that they have access to the MTR network (which increases access to the locations score). 

However, the areas which are smaller and further removed from any MTR station (such as some of 

the smaller and more rural villages, or Tin Shui Wai, for example) show a sharp reduction in the 

proportional connectivity directive score. In addition to good proximity and access to the MTR 

network, the results also indicated that areas with shorter blocks (improved access and straightness 

scores at all scales) and straighter streets (improved betweenness) tend to perform better at all scales 

when compared to those areas, such as Tuen Mun, where the block size is large and where streets do 

not contribute to an efficient network.  
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Map 7.16: Connectivity directive, 10-minute scale 
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Map 7.17: Connectivity directive, 20-minute scale 
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Map 7.18: Connectivity directive, 30-minute scale 
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At the 30-minute scale, two areas stand out as having high connectivity directive scores. The first of 

these is the area between the Wan Chai and Causeway Bay MTR stations (Hong Kong Island), which 

has a relatively high connectivity directive score for all scales. The second, and largest cluster of high 

connectivity directive values, is in the area around the Mong Kok (Kowloon) MTR station, which 

typically has the highest connectivity directive scores for all scales. Additionally, the high values in 

Mong Kok also run north−south, centred along Nathan Road and having additional wider areas around 

the MTR stations north (Prince Edward) and south (Yau Ma Tei) of the Mong Kok MRT station.  

Also noticeable in the results, is that some of the larger buildings (for example. West Kowloon and 

Olympic), which have low local (10-minute scale) connectivity directive values, tend to have higher 

connectivity directive scores with the higher 30-minute scale. This is likely a result of (a) the improved 

access provided by the public transport system which, for these locations, only truly becomes 

beneficial at the higher scales. Additionally, (b) the fact that many of these large developments are 

near enough to the main urban centres to take advantage of the increased access to locations and the 

higher network densities, which contribute to the higher betweenness and straightness values that 

have been incorporated into the connectivity directive score.  

Considering the statistical results of the assessment, seen in the histogram for the 10-minute scale 

(Figure 7.15a) is a small peak of higher values (>0.75), which almost exclusively represent the high 

connectivity directive clusters of Mong Kok and Sham Shui Po. What makes these areas unique is that 

they are the parts of Hong Kong that have the largest continuous grid pattern, which given Hong 

Kong’s typographic constraints, is a relatively rare urban form. Additionally, as seen in the eCDF plot 

(Figure 7.15c) and histograms (Figure 7.15a), 50% of all locations have a normalised connectivity 

directive score of 0.37 or less. At a connectivity directive score of between ±0.45 (10- and 20-minute 

scale) and ±0.5 (30-minute scale), the percentage increases to include about 75% of all locations, with 

only about 5% of the locations having a normalised connectivity directive score of larger than 0.75. 

These high connectivity directive values (>0.75), as mentioned earlier, are concentrated around the 

main urban centres of the territory. 

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.15: Connectivity directive (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 
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7.4 Diversity assessment  

Diversity, is an essential characteristic for the functioning of urban settlements (Fainstein, 2005; Talen, 

2006), while also being critical for spatial resilience as it provides more options to the system which 

further improves the adaptive capacity of the city (Nel and Landman, 2015; Romice et al., 2020). As 

discussed in chapter 3, spatial diversity is concerned with the variation in the distribution, size and 

shape of urban form. Following the SAP assessment protocol (Chapter 5), the quality of spatial 

diversity is measured with five metrics in this study, before being combined to create the diversity 

directive. The rest of this section explains the results of the assessment of the five individual diversity 

metrics and the diversity directive for the Hong Kong study area. The Accessible Mixed-Use Index 

(MXIA) and the Evenness Index are discussed first (Section 7.4.1.1 and 7.4.1.2). This is followed by the 

results of the location (building) type heterogeneity (Section 7.4.2), accessible location (building) 

density ratio (Section 7.4.3) and the accessible built volume density ratio (Section 7.4.4) metrics. 

Finally, the results of the diversity directive are discussed in Section 7.4.5).  

7.4.1 Accessible functional mix 

As discussed in Chapter 3, traditional approaches to assessing functional mix are only able to evaluate 

the quality of different functions that are mixed in an aerial unit. As such, they do not provide an 

indication to what extent the different functions can actually be reached, and at what cost (time or 

distance), and therefore utilised from any location. To overcome this shortcoming, two alternative 

measures of functional diversity (MXIA and functional evenness index) were proposed in Chapter 5 

and implemented in the case studies of this thesis. In the results of the application, both of these 

metrics for the Hong Kong case study are discussed in the section to follow, beginning with the MXIA.  

7.4.1.1 Accessible functional mix assessment 

To assesses the quality of access to urban functions and the extent to which they are mixed, the MXIA 

assessment was implemented using the method described in Chapter 5. Unlike Manhattan, for the 

Hong Kong study area, no detailed land use estimate of the usable floor area existed. Therefore, as 

described in Section 7.2.2.1, for the Hong Kong study area, a new dataset with estimates of the usable 

floor area for each of the three primary urban functions of Live, Work and Visit were estimated using 

multiple sources of data.  

As shown in Table 7.9 is (a) the total estimated usable area for each function and (b) the ratio of the 

total floor area of each function to the total Live floor area for the Hong Kong study area. As mentioned 

in Chapter 5, the ratio between the total Live and the other two functions is used as a weighting to 

balance the proportions of each function. This is done since the total estimated Live area is 1.83 and 

3.83 times bigger to that of the total estimated usable floor area for Work and Visit, respectively. And, 
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as noted by Dovey and Pafka (2017), commercial uses (Visit), for example, can generate more 

movement per area unit than that of the residential area.  

Table 7.9: Live, Work and Visit ratios  

Function Total area of function (m²) Ratio of function to Live 

Live 193 251 473 1:1.00 

Work 105 267 171 1:1.83 

Visit 50 489 185 1:3.83 

 

As the first step in evaluating the quality of the functional mix, through the MXIA, is to calculate the 

total floor area for each location (building), which is accessible for each function, where the access is 

calculated along Hong Kong’s IPTN for each of the assessment scales. The results of the accessible 

function for each assessment scale are shown in a condensed version in Figure 7.19 (10-minute scale), 

Figure 7.20 (20-minute scale) and Figure 7.21 (30-minute scale). Within the figures are a series of maps 

which show (1) the total accessible square metre for each function; (2) the unweighted percentage of 

the total accessible functional area; and (3) the weighted percentage accessible for each function. 

Figure 7.16 provides a graphical summary of the distribution of the weighted percentage values at 

each scale for all functions. 

 

Figure 7.16: Functional mix histograms 
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Map 7.19: Access to Live, Work and Visit, 10-minute scale 
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Map 7.20: Access to Live, Work and Visit, 20-minute scale 
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Map 7.21: Access to Live, Work and Visit, 30-minute scale 

Once the weighted percentage of the access to each function has been calculated, the relative 

proportions of each function are plotted onto a ternary diagram (Figure 7.17) and then classified using 

the description provided in Table 7.3. The results of the classification are shown in the ternary 

diagrams in Figure 7.17 and spatially in Maps 7.22 to 7.24.  
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Figure 7.17: Ternary plots for accessible mixed-use index assessment 
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Map 7.22: Accessible Mixed-Use Index assessment, 10-minute scale 
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Map 7.23: Accessible Mixed-Use Index assessment, 20-minute scale 
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Map 7.24: Accessible mixed-use index assessment, 30-minute scale 
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Beginning with the results at the 10-minute scale (Map 7.22), the assessment using the MXIA shows 

several clusters which can be clearly identified as mono- or bifunctional in nature. More specially, on 

Hong Kong Island there is a large cluster of bifunctional Visit−Work, which falls predominantly within 

Hong Kong’s main business and financial district. This cluster includes, for example, the International 

Finance Center, the headquarters of many of the major banks in Hong Kong (such as the Bank of China, 

the HSBC and Standard Chartered) and also the Hong Kong SAR Central Government complex. Other 

examples of well-defined bifunctional Visit−Work areas include the areas of Kwun Tong and Kowloon 

Bay. 

The areas around the Hong Kong Science Park, Tai Po Industrial Estate and Yuen Long Industrial Estate 

all reflect areas which are dominated by monofunctional Work functions, which, as many of their 

names suggest, are typically of more industrial areas. The mono- and semi-monofunctional Live areas 

within Hong Kong, at the 10-minute scale, are typically located near the edge of the urban cores or in 

the more isolated areas, such as the Peak (Hong Kong Island) or Hong Lok Yuen (north of Tai Po). Only 

a small portion of the northernmost part of Mong Kok and parts of Tung Tau Tsuen village have any 

significant amounts of a highly mixed classification, while a large proportion of the Hong Kong study 

area (see Table 7.10 for a breakdown of functional classifications per assessment scale) is classified as 

low mixed (17.8%) or mixed (29.6%). This high proportion of mixed classification reflects Hong Kong’s 

nature as a highly compact and mixed city (Shelton et al., 2010). Given the general nature of the areas 

which have been classified, the proposed MXIA appears to have successfully captured the overall 

functional characteristics of Hong Kong at the very local level.  

Table 7.10: Summary of accessible mixed-use index functional classifications per assessment scale 

 

Mixed use index class 
Percentage of total Percentage of total (subgroup) 

10 minutes 20 minutes 30 minutes 10 minutes 20 minutes 30 minutes 

Monofunctional Live 13.01 4.19 1.64 

16.89 6.11 2.51 Monofunctional Visit 0.33 0.18 0.11 

Monofunctional Work 3.55 1.74 0.76 

Semi-monofunctional Live 5.50 2.00 1.15 

7.58 3.21 1.50 Semi-monofunctional Visit 0.34 0.16 0.11 

Semi-monofunctional Work 1.74 1.05 0.24 

Bifunctional Live−Visit 9.98 4.24 1.91 

22.92 11.92 5.26 Bifunctional Visit−Work 2.31 0.48 0.35 

Bifunctional Work−Live 10.63 7.20 3.00 

Highly mixed 2.47 5.34 11.21 

51.81 78.54 90.63 Mixed 29.55 26.98 10.61 

Low mixed 19.79 46.22 68.81 
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The difference between the 10- and 20-minute scale is quite large. As shown in Maps 7.22 and 7.23 

and Table 7.10, the proportion of areas which have been classified as mono- and semi-monofunctional 

have decreased with the increased scale. More specifically, there has been a large decrease from 

16.9% and 7.6% (10-minute scale) to 6.1% and 3.2% (20-minute scale) for the collective 

monofunctional and semi-monofunctional areas, respectively. At the 20-minute scale, only the 

prevailing type of mono- and semi-monofunctional areas are the Live monofunctional (4.2%) and Live 

semi-monofunctional (2%) areas which are predominantly located in the southern part of Hong Kong 

Island (Chung Hom Kok), the Peak (central Hong Kong Island) and the small cluster of villages east of 

Tai Po. The spatial results for the 20-minute assessment also show that the location of the highly mixed 

classification has moved from the Mong Kok area to now be predominantly clustered in the areas of 

Om Yau (north of Mong Kok) and To Kwa Wan, with additional small clusters appearing throughout 

the territory.  

Finally, as the scale increases to the 30-minutes assessment scale (Map 7.24), many of the areas which 

were previously classified as mixed or, in some cases, highly mixed at the 10- and 20-minute scales, 

are now classified as low mixed at the 30-minute scale. As shown in Table 7.10, there is a 16% decrease 

from the 20-minute to the 30-minute scale in the total number of the locations, which were classified 

as mixed, while there was an overall increase (22.6%) in the number of the locations classified as low 

mixed. This finding is unexpected and somewhat counter-intuitive, as the expectation was that as the 

scale increases the balance between the types of functions which are accessible should even out. This 

was clearly not the case in the main urban centres such as Tsim Sha Tsui (Kowloon) and Central (Hong 

Kong Island) which were previously classified as mixed (20-minute scale) are now classified as low 

mixed at the 30-minute scale.  

Considering these findings, two potential explanations for the observed results can be suggested. The 

first of these is to consider the fact that the MXIA classification is based on the proportional mix that 

each location has access to. As such, when studying some of the more isolated areas (for example, 

Yuen Long and Fanling), which are large enough to house a wide range of functions, while at the same 

time also being relatively small, with good public transport (many bus stops in addition to MTR lines). 

In these areas, all locations are able to access a high and relatively even proportion of all functions 

within 30-mintues travel time. While in locations within the urban core that, at the 30-minute scale, 

have access to more locations,13 due to the concentration of public transport available14 are therefore 

are able to reach more of the monofunctional and semi-monofunctional areas. The increased access 

to additional and more monofunctional areas may offset the overall proportions and therefore impact 

the MXIA classification. This argument leads to the second potential reason for the observed result. 

 

13  See access to locations discussed previously in Section 7.3.1. 
14  See the discussion on transport redundancy in section 7.6.2. 
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The second potential reason for the observed results may be due to the fact that the total Visit area 

for Hong Kong may not be estimated correctly or that the distribution of the Visit areas within Hong 

Kong is not distributed evenly. If this is indeed the case, it may lead to an over- (or under-) estimation 

of the weighting of the Visit area15. This argument is supported by the work of Lai (2017) on behalf of 

the Civic Exchange, who, through a detailed study of public open space within Hong Kong, showed 

that Hong Kong is not only underserved in terms of public open space, but that the available open 

space is unevenly distributed, with some areas, such as Kennedy Town, for example, only having 

access to 0.77 m² of public open space per person, which is “smaller than half a coffin” (Cheung, 2016). 

It should be noted that the lack of space dedicated to public use is a major concern for Hong Kong 

(Task Force on Land Supply, 2018) and can potentially have unintended consequences for how any 

available space is used, for example, through the weekly take-over of open space (including entire 

sections streets) by the foreign domestic helpers on Sundays.16  

While the potential explanations of results are only speculation at this point, they do pose interesting 

questions with regard to how functional mix is measured and accessed at multiple scales. However, in 

terms of the spatial resilience of Hong Kong, the overall trend for most locations can be classified as 

either bifunctional (22.92%) or mixed (51.81%) at the local scale and increase to close to 78.5% and 

90% at the 20- and 30-minute scales, respectively. The argument can therefore be made that Hong 

Kong performs well in terms of the functional mix assessment and that only the outlining areas are 

somewhat lacking in access to functional mix. 

7.4.1.2 Functional evenness index 

The results of the MXIA assessment presented previously show the qualitative interpretation of the 

functional mix. While a quantitative assessment of the functional mix is required to assist in the 

qualitative interpretation of the results, it cannot be incorporated into the diversity directive as 

described in the SAP protocol (Chapter 5). For this study, the evenness index is used as a quantitative 

assessment of the functional mix within the Hong Kong study area. The evenness index uses the 

unweighted values of Live, Work and Visit as inputs into an entropy-based diversity index to create an 

assessment of the evenness of the distribution of access to functional mix. Areas with a higher 

evenness represent the locations which have a balanced access to all three urban functions. The 

results of the evenness assessment for the Hong Kong study area are shown spatially in Maps 7.25 to 

7.27, while the statistical summary is shown in Table 7.11 and graphically in Figure 7.18a-c.  

 

15  The effect of the over-weighting can be clearly seen when comparing the weighted and unweighted ternary diagrams 

(Figure 7.17). In the unweighted 30-minute ternary diagrams, the majority of the locations are located closer to the Live 

and Work portions of the ternary diagram, while in the weighted 30-minute ternary diagram the majority of the points 

are not located near the center of the diagram, but are leaning more towards the Visit−Work section of the diagram. 
16  Interested readers can see Bruyns and Nel (2020), Tillu (2011) and Constable (2007) for more details on this phenomenon. 
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Table 7.11: Summary statistics for the functional evenness index assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  107 746 107 746 107 746 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 62 371 81 913 92 730 

Median 0.67 0.84 0.92 

Mean (x̅) 0.58 0.76 0.86 

Variable 0.1 0.05 0.02 

Standard deviation (σ) 0.32 0.23 0.14 

 

Studying the statistical distributions of the results (Figure 7.18), at the 10-minute scale, there is an 

even distribution in the number of the locations across all values, which is clearly reflected in the flat 

histogram (Figure 7.18a) and eCDF (Figure 7.18c), as well as the large interquartile range (Figure 

7.18b). Spatially at the 10-minute scale, the results also show an even distribution of the values, with 

small clusters of low evenness scores located predominantly in the same areas (the Peak [central Hong 

Kong Island], Kwun Tong and Kowloon Bay, Yuen Long Industrial Estate and Tai Po Industrial Estate) 

identified previously in the MXIA assessment as being monofunctional. The 10-minute scale also 

indicates localised clusters of high functional evenness in locations such as Tsim Sha Tsui [Kowloon], 

Wan Chai [Hong Kong Island] and Tsuen Wan [Western New Territories].  

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.18: Functional evenness (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 
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Map 7.25: Functional evenness, 10-minute scale 
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Map 7.26: Functional evenness, 20-minute scale 
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Map 7.27: Functional evenness, 30-minute scale 
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As the scale increases, the number of the locations and the size of clusters which have very high 

evenness scores (<0.95) also decreases, with many of the 10-minute local clusters of high values, such 

as Yen Long and Fanling, showing relatively lower evenness values compared to the defined study 

area. However, while the smaller clusters have lower relative scores (when compared to the entire 

study area), the overall mean score increases (x̅10 = 0.58, x2̅0 = 0.76, x̅30 = 0.86). Additionally, the 

standard deviation decreases (σ10 = 0.32, σ20 = 0.23, σ30 = 0.14) as the assessment scale goes up. This 

trend is also reflected in the statistical distributions (Figure 7.18a-c) of the results, as the results at the 

30-minute scale show less variation in values, with the majority of values falling between 0.8 and 0.95.  

Spatially, the increase in scale also shows a shift in the high evenness locations. At the 10-minute scale 

the high evenness locations were distributed evenly between the different urban clusters of Hong 

Kong. However, as the assessment scale moves to the 20-minute and then the 30-minute scale, the 

general pattern is for the higher evenness values to be located with the Kowloon Peninsula (Tsim Sha 

Tsui, Yau Ma Tei, Mong Kok and Whampoa Garden) and parts of Hong Kong Island (northern parts of 

Central and in the Central-Mid-Levels area).  

The results shown in the evaluation of the functional evenness are not unexpected, as the areas which 

performed the best at all scales and particularly the 30-minute scale, are among the oldest areas of 

Hong Kong (Shelton et al., 2010), and are more central within the urban context, while also being the 

areas with some of the highest building densities and volumes (Bruyns et al., 2021) within Hong Kong, 

which allows these areas to potentially house more activities within close proximity. When the 

addition of high access to public transport (such as the MTR, buses and ferry) is considered, these 

factors all contributed positively to an increase in functional evenness for these areas. The increase in 

functional evenness means that more options and therefore more strategies are available, which then 

enhances the adaptive capacity for these locations. 

7.4.2 Building type heterogeneity  

The building type heterogeneity metric is used as an assessment of the extent to which the access to 

the variation in the form, size and shape of buildings changes at each assessment scale. The building 

type heterogeneity metric functions under the assumption that more variation in building types also 

reflects more variation in ownership (Moudon, 1986) and therefore more potential strategies which 

can be used to adapt to change or respond to crisis.  

Section 7.2.2.1 described how the eight different building types used in the analysis were created 

through multivariate cluster analysis, while the details of the method to calculate the location 

(building) type heterogeneity were discussed in Chapter 5. This section presents the results of the 

building type heterogeneity assessment for the Hong Kong study area for all scales. The results is 

shown spatially in Map 7.28 (10-minute scale), Map 7.29 (20-minute scale) and Map 7.30 (30-minute 
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scale), with the summary statistics shown in Table 7.12 and the statistical distribution of the results 

shown graphically in Figure 7.19a-c.  

Table 7.12: Summary statistics for the building type heterogeneity assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  107 418 107 418 107 418 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 79 814 85 895 88 336 

Median 0.77 0.81 0.83 

Mean (x̅) 0.74 0.80 0.82 

Variable 0.03 0.02 0.01 

Standard deviation (σ) 0.17 0.13 0.11 

 

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.19: Plot building heterogeneity (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

The spatial results of the 10-minute scale assessment show, not only the impact of the distribution of 

the building types but also the extent to which the access provided by the network has on the results. 

For example, at the 10-minute scale, the area of Mong Kok and Sham Shui Po have low building type 

heterogeneity scores, which indicated that the buildings within these areas are mostly of the same 

type and with similar geometric characteristics. Similarly, the western parts of Yau Ma Tei (Kowloon) 

also show low scores for the 10-minute building type heterogeneity assessment. However, unlike the 

Mong Kok and Sham Shui Po low score cluster, the Yau Ma Tei cluster clearly shows the impact of (a) a 

larger cluster of the same building type (Ferry Point), and (b) the affect that the quality of the network 

has on proving access to different building options. This is clearly seen in the Ferry Point area which is 

not only somewhat isolated from its surroundings (located on the urban edge and surrounded by wide 

uncrossable roads with only a single footbridge connecting Ferry Point to the areas to the west and 

south), making the area relatively inaccessible, but the area is also dominated by a single building type 

which further reduced the available access to different building types available for this area.  
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Map 7.28: Building type heterogeneity, 10-minute scale 
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Map 7.29: Building type heterogeneity, 20-minute scale 
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Map 7.30: Building type heterogeneity, 30-minute scale 
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When the assessment scale increases to the 20- and 30-minutes scale, the added benefits of the 

improved access begin to show, as the locations with high building type heterogeneity scores tend to 

be concentrated more within the cores of the larger urban centres. For example, areas such as central 

Tuen Wan and Mong Kok show the largest gains in building type heterogeneity scores with the 

increased scale. In an opposite effect, the areas of Sha Tin and Fanling saw a reduction in their relative 

building type heterogeneity scores with the increased scale. 

Across all scales, the areas which typically had the highest values, include Wan Chai and Causeway Bay 

(Hong Kong Island), Tin Shui Wai (New Territories) as well as several smaller clusters of buildings 

located throughout the study area. Moreover, the increase in scale also resulted in an overall increase 

in the mean building type heterogeneity scores (x1̅0 = 0.74, x2̅0 = 0.80, x̅30 = 0.82). Additionally, the 

results also show that initially, at the 10-minute scale, 50% of all locations had a building type 

heterogeneity score of 0.74 or higher. This score increased to 0.83 for 50% of the locations at the 30-

minute scale. Furthermore, the statistical distribution of the results show that all scales exhibit 

multimodal distribution (Figure 7.19c), the peaks of which typically reflecting the medium−high 

(±0.65-0.75) and very high (<0.90) values for all scales.  

7.4.3 Accessible building density ratio 

The results of the accessible building density ratio assessment are presented in this section. As 

discussed in Chapter 5, the accessible building density ratio is a metric which produces a ratio between 

the number of the locations (buildings) which can be reached through the pedestrian network at a 

given distance compared to the number of buildings which can be reached over an equivalent 

Euclidian distance. As such, the accessible building density ratio provides an indication of how well the 

network can actually facilitate access to opportunities in relation to the maximum number of possible 

opportunities which could be potentially reached. The results of the evaluation of the accessible 

building density ratio for the Hong Kong study area are provided spatially in Map 7.31 (10-minute 

scale), Map 7.32 (20-minute scale) and Map 7.33 (30-minute scale), with the summary statistics shown 

in Table 7.13 and the statistical distribution of the results shown graphically in Figure 7.20a-c.  
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Map 7.31: Accessible building density ratio, 10-minute scale 
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Map 7.32: Accessible building density ratio, 20-minute scale 
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Map 7.33: Accessible building density ratio, 30-minute scale 
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(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.20: Accessible building density ratio (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

From the statistical results of the assessment, the 10-minute scale shows a very spread out, almost 

even distribution (Figure 7.20a), while the 20- and 30-minute scale have multimodal distributions 

which are skewed towards the larger values. The positively skewed values also reflect the overall trend 

for the normalised mean values (x1̅0 = 0.53, x̅20 = 0.61, x3̅0 = 0.67) for the accessible building density 

ratio to increase with the increase in scale (Table 7.13).  

Table 7.13: Summary statistics for the accessible building density ratio assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  111 314 111 314 111 314 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 58 644 67 558 74 778 

Median 0.54 0.63 0.70 

Mean (x̅) 0.53 0.61 0.67 

Variable 0.04 0.03 0.03 

Standard deviation (σ) 0.21 0.18 0.19 

Viewing the spatial results, at the 10-minute scale only a few locations have normalised accessible 

building density ratio scores of 0.67 or higher. The most notable of these locations are the areas 

around Wan Chai, Central, To Kwa Wan and Sham Shui Po. All of these areas, excluding the To Kwa 

Wan area, are characterised by small urban blocks and a large number of buildings with small 

footprints (building area). The combination of these two factors means that the difference between 

the number of buildings accessible through the network and the number accessible through Euclidian 

distance should be relatively low. On the opposite side of the spectrum, the locations which have only 

a few large buildings, winding roads with large blocks tend to perform poorly at the 10-minute scale. 

The pattern changes as the assessment moves to the 20-minute scale (Map 7.32). The locations that 

had high scores at the 10-minute scale still have had scores at the 20-minute scale, with many of their 

surrounding locations also now having higher scores. Additionally, areas that had relatively low scores 

at the 10-minute scale now have higher values. These areas include Tsing Yi, Yuen Long, Tin Shui Wai 

and Fanling.  
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Viewing the 30-minute spatial results (Map 7.37), there is a large change in the distribution of high 

values, with the majority of the high values now centred in Yuen Long, Fanling and some of the smaller 

and more isolated areas. Additionally, the areas of Mong Kok and Wan Chai now do not have a high, 

relative normalised score, even though the number of the locations they have access to has drastically 

increased. The observed change in high values is likely a result of the way in which the metric is 

formulated. For example, an area which only has one or two buildings in close proximity will always 

have a high score, as the number of buildings reached through the network and the Euclidian distance 

will be similar, if not the same. However, areas with many buildings and where the network 

configuration is still effective at providing access to opportunities will still have a lower score, as these 

areas will likely not be able to reach the same number of the locations through the network when 

compared to the Euclidian distance. Additionally, areas near the outskirts of the urban areas will also 

suffer from the natural edge effect caused by being on the periphery. Therefore, as a result of the way 

the accessible building density ratio metric is measured, isolated areas are more likely to have higher 

scores even if they only have a few buildings. Future studies wishing to incorporate this metric into 

their assessment of the spatial diversity are therefore advised to take caution in the interpretation of 

the result in areas which are somewhat isolated. Alternatively, future studies could incorporate some 

form of weighting into the metric, which is able to account for the number of buildings which are 

accessible relative to all other buildings (see Chapter 8 for more on this).  

Finally, also on the 30-minute scale, the area of Tin Shui Wai has a clear split between areas with high 

and low values. This example shows how, with the increase in assessment scale, the area begins to 

interact with the buildings in Yuen Long. More specifically, the interaction happens through the 

Euclidian distance and not through the network distance. This is because Tin Shui Wai is somewhat 

isolated, with only a few external network connections linking it to the outside. As a result, the 

network distance between Tin Shui Wai and Yuen Long is between 2.4 km and 6.4 km long (from the 

entrance to each area), while being separated by 1.4 km (closest entrances to each area) through 

Euclidean distance. Therefore, because of this interaction (at the higher assessment scale) between 

the two areas, the line which splits Tin Shui Wai between high and low scores represents the threshold 

(within 2.5 km) between the buildings in Tin Shui Wai that interact with the buildings in Yuen Long 

through Euclidean distance. The locations which are more than 2.5 km away from Yuen Long, through 

Euclidean distance, are therefore those areas which are only able to interact with the buildings in the 

Tin Shui Wai area and consequently have higher scores.  
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7.4.4 Accessible built volume density ratio 

The accessible built volume density ratio metric is similar to the accessible building density ratio metric 

in that it compares how effective the network is at proving access to opportunities, in relation to 

Euclidian distance of a specified radius. The difference between the two metrics is that the accessible 

built volume density ratio metric is weighted by the amount of built volume that is accessible and 

therefore gives an indication of how effective the networks is at providing access to the potential 

diversity of activities housed within the built-up areas. The results of the evaluation of the accessible 

built volume density ratio for the Hong Kong study area are presented in this section. The statistical 

summary of the results is shown in Table 7.14, as well as graphically in Figure 7.21a-c. Map 7.34 (10-

minute scale), Map 7.35 (20-minute scale) and Map 7.36 (30-minute scale) show the spatial results of 

the assessment for respective assessment scale.  

Table 7.14: Summary statistics for the accessible built volume density ratio assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  111 314 111 314 111 314 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 49 885.6 63 149.11 72 531.09 

Median 0.46 0.60 0.69 

Mean (x̅) 0.45 0.57 0.65 

Variable 0.04 0.04 0.04 

Standard deviation (σ) 0.21 0.21 0.21 

 

The statistical results show the expected trend where the mean normalised value (x̅10 = 0.45, x2̅0 = 

0.57, x̅30 = 0.65) of the accessible built volume density ratio increases as the assessment scale goes up. 

Moreover, as seen in the eCDF distribution of the values (Figure 7.21c), at the 10-minute scale, 50% 

of the locations have a score of 0.46 or lower. However, at the 20- and 30-minute scale, 50% of the 

locations have a score of 0.6 and 0.69, respectively. Additionally, all scales have the same large 

standard deviation (σ = 0.21), which is also reflected in the large interquartile range (Figure 7.21b) and 

dispersed distribution (Figure 7.21a).  
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Map 7.34: Accessible built volume density ratio, 10-minute scale 
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Map 7.35: Accessible built volume density ratio, 20-minute scale 
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Map 7.36: Accessible volume density ratio, 30-minute scale 
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(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.21: Accessible built volume density ratio (a) histogram, (b) boxplots and (c) empirical cumulative distribution 

functions 

From the spatial results of the accessible built volume density ratio assessment, the 10-minute scale 

largely reflects the areas which are surrounded by many large and tall buildings. More specifically, on 

Hong Kong Island, the areas of Central, Wan Chai, Causeway Bay and Taikoo Shing all have high scores, 

while the areas of Tsim Sha Tsui, Kwun Tong and Hong Lok Yuen [New Territories] are the only other 

areas to have significantly high values. All the identified areas, excluding Hong Lok Yuen, are 

characterised by large and predominantly tall buildings that are in close proximity to each other. Kwun 

Tong is one of the exceptions to this as the area is characterised by large but less tall buildings as this 

was historically a manufacturing area. Hong Lok Yuen also stands out from the other areas as it is a 

low-density area (by Hong Kong standards) which is somewhat separated from the rest of the urban 

area. Additionally, as Hong Lok Yuen is relatively small, the amount of built volume accessible through 

both the network and Euclidian distance would be similar at this scale.  

However, as the scale moves to the 20-minute level, the Hong Lok Yuen area now becomes one of the 

lowest scoring areas as Tai Po (directly south) now becomes one of the main high score clusters within 

the study area. In addition to Tai Po, the areas of Yuen Long, Tin Shui Wai and Tuen Mun also now 

become high-value clusters. Additionally, the high scoring areas on the Hong Kong Island have also 

expanded to now encompassing most of the built-up area between Victoria Park on the east to 

Kennedy Town on the west of the Island.  

Areas such as Tsim Sha Tsui and Wan Chai, which performed well at the 10- and 20-minute scales, now 

do not perform as well at the 30-minute scale. This is because the two areas interact with each other 

over the Euclidian distance (they are spatially within 2.5 km of each other); however, because the 

pedestrian network17 is disconnected from each other, the two areas cannot interact over the 

network. As a result, the scores of these two areas is much lower than what would be expected. 

Similarly, as with the 30-minute accessible building density ratio assessment, the area of Tin Shui Wai 

also has a strong separation of high and low values within the area due to the interaction with Yuen 

Long through the Euclidian distance only. A similar phenomenon happens on Hong Kong Island which 

 

17  It is only possible to move between Hong Kong Island and Kowloon by car and public transport (including ferry). 
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indicates low values in the area between the Macau Ferry Terminal (Central) and the northernmost 

part of Mid-Levels. 

The Mong Kok area produces an unexpected result as this area’s relative accessible building density 

ratio score is now lower at the 30-minute scale. A possible explanation for this result is that the 

relatively unaccusable and poorly connected area of Ho Man Tin prevents the area of Mong Kok from 

accessing the high building volumes located in To Kwa Wan to the south-east. Similarly, the To Kwa 

Wan area is largely disconnected from its surrounding urban area due in part to a poor network 

configuration, topography and the coastline. As a result, To Kwa Wan also has a lower accessible 

building density ratio score when compared to the 10-minute scale.  

To summarise, the results of the assessment clearly show how the network and its configuration can 

greatly impact the actual access to stored diversity (built volume) in relation to the potential stored 

diversity which would theoretically be accessible through Euclidian distance. The areas of Tin Shui Wai 

and Yuen Long as well as Mong Kok and To Kwa Wan provide good examples of this, particularly at 

the 30-minute assessment scale. In the cases of Mong Kok and To Kwa Wan, the topography and the 

resultant network are less efficient at providing access to building volume to the areas beyond their 

immediate surroundings. However, it should also be again noted that the results of this assessment 

are ratios between built volume accessible through the network and Euclidian distance and, therefore, 

do not reflect the actual amount of built volume which is accessible. Therefore, the results of the 

assessment should be read with care. Additionally, future studies should apply a weighting to the 

assessment so as to consider the overall quantity of opportunities accessible for each location.  

7.4.5 Diversity directive 

The preceding sections discussed the results of the individual metrics which form the diversity 

directive. While the results of each assessment provide insights into different qualities of structural 

diversity for the Hong Kong study area, they cannot give the full picture. To this end, the diversity 

directive attempted to capture different qualities of each metric into a single result using the method 

described in Chapter 5. As explained previously, the four quantitative diversity assessments of 

functional evenness index, building type heterogeneity, accessible building density ratio and 

accessible built volume density ratio are combined through a weighted linear combination approach. 

The results of the created diversity directive for the Hong Kong study area are discussed in this section. 

The spatial results for all scales are shown in Maps 7.37 to 7.39, while the statistically summary is 

shown in Table 7.15, with the visualisation the distributions of the values presented in Figure 7.22a-c. 
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Map 7.37: Diversity directive, 10-minute scale 
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Map 7.38: Diversity directive, 20-minute scale 
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Map 7.39: Diversity directive, 30-minute scale 
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(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.22: Diversity directive (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

The statistical results show that the change between the mean normalised values (x̅10 = 0.57, x2̅0 = 

0.69, x̅30 = 0.75) between the 10- and 20-minute scale is quite large (0.12 difference), while also 

reflecting the change in the overall distribution of the normalised values. More specifically, with the 

increased scale, the distribution of the values becomes skewed more towards the higher scores (Figure 

7.22a), while the interquartile range decreases as the assessment scale becomes larger (Figure 7.22b). 

The significant change in the scores is also reflected in the eCDF (Figure 7.22c), where, at the 10-

minute scale, 50% of the locations had a diversity directive score of 0.6 or less. However, at the 30-

minute scale, the diversity directive score is higher, where 10% of the locations have a score of 0.6 or 

less and nearly 40% of all locations have a diversity directive score of 0.75 or less. 

Table 7.15: Summary statistics for the diversity directive assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  111 351 111 351 111 351 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 63 388 77 297 83 893 

Median 0.60 0.73 0.79 

Mean (x̅) 0.57 0.69 0.75 

Variable 0.03 0.02 0.02 

Standard deviation (σ) 0.16 0.15 0.14 

Spatially, the results capture and reflect the combined impact of the urban form and distribution of 

functions measured through each of the individual metrics. The 10-minute scale results specifically 

are able to capture the variation within the urban form at the most local level. The results also clearly 

show how the configuration of the network, distribution of functions and the clustering of buildings 

affects the overall structural diversity available to a location. Here, areas which have small blocks with 

many buildings (both large and small in volume) that are in close proximity to each other, tend to 

perform better.  

Moreover, the most notable better performing areas on the 10-minute scale are typically located on 

the Hong Kong Island (Wan Chai, Causeway Bay and Central), while the areas of Mong Kok, To Kwa 
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Wan, Hun Hom and Tsim Sha Tsui in Kowloon, also perform well at this scale. In the New Territories 

of Hong Kong, the only the areas which are located in the urban centre of the larger urban clusters 

(Yuen Long, Tsuen Wan and Tai Po) tend to perform well. Additionally, at the 10-minute scale, the best 

performing areas are also those located near an MTR station. This result begins to suggest the 

importance of the MTR stations in generating functional and structural diversity for Hong Kong. 

Additionally, the results also show that Hong Kong, and particularly the New Territories, has been 

developed through a transit oriented development approach around the MTR stations (Cervero and 

Murakami, 2009). This, however, also indicates the reliance of the city on the functioning of the MTR 

and any disruption to the MTR, such as during the 2019 protests (see Future Rail, 2020, Sala, 2019 and 

Tsang and Wong, 2019) can have a significant impact on the functioning of the city.  

While the location of the MTR stations is likely to have an impact on the results, due to the fact that 

the functional mix assessment is conducted using the integrated public transport network, this is not 

the only contributing factor. In particular, the results of the 20- and 30-minute diversity directive 

assessment show how both the quality and configuration of the network, as well as the proximity of 

the locations to each other, also have an impact of the diversity available to any location. This can be 

clearly seen in the area of Mong Kok, which, at the 10-minute scale, is one of the highest scoring areas. 

However, at the 20- and particularly the 30-minute scale, its relative diversity directive score has 

remained the same or even decreased due to the fact that the areas to the east of Mong Kok have 

fewer buildings and lower connectivity, due in part to the terrain. This has an impact on the overall 

diversity score for the Mong Kok area as, at the higher scales, the locations are able to access 

proportionally less opportunities compared to the areas to the north and south of Mong Kok, despite 

being in the centre of the urban cluster. However, as the assessment largely pertains to the pedestrian 

network (excluding the functional mix assessment), it should also be noted that, as shown in the access 

to locations assessment, the Mong Kok area is well connected through the public transport network. 

However, this also has implications for the time and costs associated to accessing the additional 

opportunities through the public transport network.  

In addition to the Mong Kok area, also noticeable as the assessment scale moves from the 10- to 30-

minute scale, is how the area of To Kwa Wan tends to perform less well with the increased scale. For 

To Kwa Wan, at the 10-minute scale, large sections of the area had diversity directive scores between 

0.64 and 0.84. However, at the 30-minute scale, this has decreased to a range of between 0.52 and 

0.78. This decrease in diversity directive score shows how, at a local level, To Kwa Wan has sufficient 

levels of diversity, yet, due to the network configuration as well as its location next to the former Kai 

Tak international airport, the area performs poorly at the higher scales.  

Within the New Territories of Hong Kong, the larger urban centres (for example, Yuen Long, Tuen Mun 

and Fanling) generally gain in diversity directive scores with the increase in scale, with Yuen Long 

having the best overall diversity directive score for the Hong Kong study area at the 30-minute scale. 
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The area of Tin Shui Wai, at the 30-minute scale, is split between areas of high diversity directive 

scores on the north-western side and lower high diversity directive scores on the south-eastern side. 

This arises from the results of the accessible building density ratio and accessible built volume density 

ratio assessment discussed previously. Finally, while some areas which did not perform as well on any 

scale; yet have small blocks with many buildings (for example, Mong Kok), still had relatively high 

scores for all scales. However, those areas which are more disconnected or have larger buildings and 

blocks (To Kwa Wan, Kowloon Bay district and Beacon Hill) did not see any significant gains in the 

diversity directive scores.  

7.5 Urban potential assessment  

Urban potential, the third structural directive, is described in Chapter 3 as the extent and ease with 

which an urban area is able to house and access capital. In the case of this study, capital is conceived 

in the form of built volume, with more building volume implying more potential space to house urban 

activities. Additionally, easy access to the potential capital is also essential, as without access, the 

stored capital would essentially be meaningless or require high costs (financial or time) to make use 

of it. However, enhanced access to stored capital encourages improved adaptive capacity of a city, as 

this provides the city with more options in times of need, while also allowing more urban functions to 

be provided (stored) closer to each other, decreasing the costs of moving between locations. The 

urban potential directive, as described in Chapter 5, is measured through a single metric, accessible 

built volume, which captures the amount of building volume that is accessible through the integrated 

public transport network. To account for the multimodal travel friction as well as to capture to spatial 

interaction, a modified Gaussian assess function is applied to the assessment.  

The statistical summary of results of the assessment for the Hong Kong study area is presented in 

Table 7.16, with the statistical distribution for all assessment scales shown in Figure 7.23a-c. From the 

results seen in Table 7.16, all three scales have low mean normalised access to built volume scores 

(x1̅0 = 0.10, x2̅0 = 0.11, x3̅0 = 0.13), with only 0.03 separating the mean normalised score of the 10- and 

30-minute scales. The eCDF (Figure 7.23c) not only reflects this low mean score, it also shows how all 

three assessment scales have very similar distributions. Additionally, the eCDF also shows that for all 

scales, 75% of all locations have low normalised access to built volume scores of 0.19 or less (10-

minute scale = 0.14, 20-minute scale = 0.16 and 30-minute scale = 0.19). Furthermore, due to the 

heavy-tailed distribution seen in Figure 7.23a, only a small fraction of the locations (<2.5%) for all 

scales have normalised access to built volume scores of 0.5 or higher (10-minute scale = 1.74%, 20-

minute scale = 2.31% and 30-minute scale = 2.46). The presence of such a heavy-tailed distribution 

means that only a few locations for each scale have access to proportionally more potential capital 

compared to the rest of the study area. Additionally, the existence of a heavy-tailed distribution may 



 

590 

also indicate the presence of a power-law distribution within the results; however, this is explored in 

more detail in Section 7.8. 

Table 7.16:  Summary statistics for accessible built volume assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  122 219 122 219 122 219 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 12 266.18 13 996.67 15 458.98 

Median 0.04 0.06 0.07 

Mean (x̅) 0.10 0.11 0.13 

Variable 0.02 0.02 0.02 

Standard deviation (σ) 0.13 0.14 0.14 

 

   

(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.23:  Urban potential directive (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 
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Map 7.40: Urban potential directive, 10-minute scale 
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Map 7.41: Urban potential directive, 20-minute scale 
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Map 7.42: Urban potential directive, 30-minute scale 
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Moving the discussion from the statistical to the spatial results, depicted in Map 7.40 (10-minute 

scale), Map 7.41 (20-minute scale) and Maps 7.42 (30-minute scale), it can be seen that at all scales, 

the locations with high access to built volume scores are located within a few areas. Within the 

northern part of Hong Kong Island the high scoring areas are Central, Wan Chai and Tsat Tsz Mui (Hong 

Kong Island). While the high scoring areas for Kowloon are Mong Kok (particularly the area around 

Mong Kok and Yau Ma Tei MTR stations), Hung Hom (particularly at the 20- and 30-minutes scale) and 

Kwun Tong. The New Territories tend to show a reduction in the relative proportion of accessible built 

volume available as the assessment scale increases. This reduction in the proportion of high values in 

the New Territories reflects the general trend for the high values to be concentrated within fewer and 

smaller areas as the assessment scale increases, implying that as the scale increase, a few locations 

gain proportionally more access to the built volume compared to most locations.  

At the 10-minute scale (Map 7.40), the results reflect a strong relationship between the proximity of 

the MTR and major bus interchanges, building size, building density and block size. The relationship 

between these variables is clearly see in the areas of Sham Shui Po and Mong Kok, Kowloon, and Wan 

Chai and Central, Hong Kong Island. All these locations have several similar characteristics. First, all 

areas have predominantly short blocks. Second, they have many closely clustered buildings with small 

footprints, with Central and Wan Chain having the additional bonus of very tall buildings. Finally, all 

locations have MTR stations with at least two lines stopping in the areas. In addition to the MTR 

stations, the actual locations of the MTR entrances also play an important role in facilitating access. 

This is because the underground connections, some of which are far from the train platforms, give a 

more direct path between some areas, while also avoiding the above-ground traffic. A good example 

of this phenomenon is the two stations in Tsim Sha Tsui (Tsim Sha Tsui Station and East Tsim Sha Tsui 

Station) which are not only connected through two underground tunnels, but they also have entrances 

that extend far beyond the actual station location and are located deeper within the urban centre (see 

Figure 7.23 for an example).  
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Figure 7.24: Example of the underground connections and movement networks between 

Tsim Sha Tsui and East Tsim Sha Tsui MTR stations 

As the assessment scale moves to the 20-minute scale (Map 7.41), the specific impact of the urban 

form in providing access to built volume diminishes. Instead, the advantages of the improved 

accessibility provided by the high density of public transport begins to be more prominent. More 

specifically, the locations of the high values tend to be clustered around the areas that especially have 

better connected public transport and large built volumes. Nevertheless, this is not always the case. 

For example, in the high scoring area of Tsat Tsz Mui (east of North Point in Hong Kong Island), the 

area itself is very narrow and does not have extremely voluminous buildings. Rather, the area is in 

close proximity to two MTR stations (within 500n m). Additionally, Tsat Tsz Mui also has access to bus 

stops, whose routes cross the harbour provide access to the area of Kwun Tong, which has many large 

buildings. Tsat Tsz Mui’s relative location between two stations and near a cross-harbour tunnel 

means that the area has access to the large buildings in Hong Kong Island as well as much of eastern 

Kowloon.  
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At the 30-minute scale (Map 7.42), the trend favouring locations within close proximity to public 

transport (MTR stations specifically), is further intensified. At this assessment scale, even fewer 

locations have many high values. Here the areas of Wan Chai, Tsat Tsz Mui, Causeway Bay and Central 

are the most prominent areas, all located on Hong Kong Island. The location of the largest concertation 

of high values on Hong Kong Island (for all scales) is not surprising as this is the part of Hong Kong that 

has the highest concentration of skyscrapers and therefore building volume. Additionally, the 

northern part of Hong Kong Island is highly connected with multiple modes of transport, including 

MTR, bus, ferry and tram. These two factors combined mean that the northern section of Hong Kong 

Island has accesses to the highest amount of stored capital within the city. However, the terrain on 

Hong Kong Island also has a large impact on which locations have higher access. More particularly, as 

seen on Hong Kong Island at the 30-minute scale (Map 7.42 insert), several rings of high values (<0.64) 

extending from Sheung Wan, Hong Kong and Central MTR stations can be seen. The presence of these 

rings reflects both the importance of the MTR (facilitating) and the impact of the terrain (hindering) 

in providing access to opportunities. As noted by Higgins (2019a), the terrain in this section of Hong 

Kong greatly impacts the access to the MTR stations. Higgins (2019) found that the terrain reduces the 

catchment area around the MTR stations by about 19%. The results of this study tend to support the 

findings of Higgins and further reveals how the terrain impacts access, as the identified rings conform 

well with the change in terrain. 

7.6 Redundancy assessment 

The assessment of spatial redundancy measures the extent to which the same or similar functions can 

be achieved through different elements. In essence, the redundancy assessment used in this study 

attempts to capture how well the city is spatially able to provide access to alternative or duplication 

of functions. Using the method described in Chapter 5, three metrics of spatial redundancy are 

evaluated individually before combining them to form the redundancy directive. The first of these 

metrics is path redundancy (Section 7.6.1), which measures the extent to which alternative paths or 

routes are available at each location. The second metric assesses the duplication of key urban facilities 

through evaluating the functional redundancy (Section 7.6.2). The third redundancy metric considers 

the duplication of public transport facilities through the transport redundancy metric (Section 7.6.3). 

After discussing each of the individual metrics, the results of the combined redundancy directives are 

discussed in Section 7.6.4 for the Hong Kong study area. 

7.6.1 Path redundancy  

The configuration of the network can greatly impact the number of possible routes available at any 

location. More open networks provide more alternative routes, while networks that are more tree-

like, tend to provide fewer route choices (Nel and Landman, 2015; Salat, 2011). As described in 
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Chapter 5, the path redundancy metric is used to evaluate the number of alternative paths or routes 

available at any location within the Hong Kong study area. The path redundancy assessment for the 

study area was performed on the entire Hong Kong pedestrian network (not only the network within 

the study area). Once completed, the results of the initial assessment were transferred to the buildings 

dataset using the method described previously (Chapter 5). The final normalised results for each are 

discussed in this section. The outcomes of the assessment are shown in Maps 7.43 and 7.46 (10-

minute scale), Maps 7.44 and 7.4.7 (20-minute scale) and Maps 7.45 and 7.48 (30-minute scale)18, with 

the statistical summary (Table 7.17) and graphical distribution of the results (Figure 7.25 a-c) also 

provided. 

The summary statistics of the assessment results show that all scales have a low mean normalised 

path redundancy score (x1̅0 = 0.06, x2̅0 = 0.08, x3̅0 = 0.11), which rises with the increase in scale. The 

low mean score is also reflected in the heavy-tailed right skewed distribution of the values (Figure 

7.25a-c). More specifically, the distribution of the eCDF (Figure 7.25c) for all scales indicates that less 

than 12% of all locations have a normalised path redundancy score larger than 0.25, which implies 

that the vast majority of the locations have a relatively low path redundancy and therefore only have 

a few alternative paths available to them. Moreover, the results also suggest that the path redundancy 

relative to the maximum score, does not improve a great deal for all areas with the increase in 

assessment scale.  

Table 7.17: Summary statistics for path redundancy assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  111 314 111 314 111 314 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 6 680 9 296 12 245 

Median 0.03 0.05 0.07 

Mean (x̅) 0.06 0.08 0.11 

Variable 0.01 0.01 0.02 

Standard deviation (σ) 0.10 0.11 0.13 

 

 

 

18  Because of the scale and complex nature of the pedestrian network in the Hong Kong case study, the results of the line-

based assessment have been included in this section to aid in the interpretation of the results. 
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Map 7.43: Path redundancy – buildings, 10-minute scale 
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Map 7.44: Path redundancy – buildings, 20-minute scale 
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Map 7.45: Path redundancy– buildings, 30-minute scale 
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Map 7.46: Path redundancy – streets, 10-minute scale 
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Map 7.47: Path redundancy – streets, 20-minute scale 
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Map 7.48: Path redundancy – streets, 30-minute scale 
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(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.25: Path redundancy (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

Viewing the spatial results, for the 10-minute scale (Maps 7.43 and 7.46), the highest path redundancy 

scores are concentrated in the villages of the New Territories. More specifically, the villages of Tung 

Tau Tsuen (Yuen Long), Tai Po and Sheung Shui (Fanling) all have the highest path redundancy scores. 

Tsuen Wan, Kwun Tong, Mong Kok and Central are the only other areas with significantly large clusters 

of high path redundancy scores at the local level. Among the reasons for the location of highest values 

is that the villages are typically made up of small square blocks, with only a few small buildings per 

block. These collections of many small blocks in close proximity to each other mean that there are 

many potential path options available within 10-minutes’ walk. In addition to the small blocks, the 

identified villages which performed best also have the added advantage of being either directly next 

to or within a major urban centre. The locational advantage means that these villages are also able to 

make use of the dense urban network which further improves the path options available.  

An additional finding from the 10-minute scale results is related to the fact that a hybrid metric-

topological distance was used in the assessment. In this case, many of the longer and straighter roads 

which connect branching streets also have slightly higher values. Also worth noting, is the deviation 

within Mong Kong, where the grid pattern is deformed with diagonal streets (intersections of Lai Chi 

Kok Road, Nullah Road and Nathan Road). These are the sections where the path redundancy is 

highest. This finding (as also seen in the Manhattan case study) supports the idea that the addition of 

diagonal streets to break up a rigid grid pattern also increases the overall route options at the local 

level.  

As the assessment scale increases to the 20- and 30-minute level, the size of the high scoring clusters 

increases while also moving towards the relative centre of the urban core. Furthermore, the highest 

scoring areas are no longer located within the urban villages (as they were at the 10-minute scale). 

Instead, the areas that have the highest scores at the 20- and 30-minute scale are now the areas that 

are the most central within the local urban core. This result reflects the trend for the areas that are 

the most central within a network to have the highest access and in this case more route options at 

the higher assessment scales due to the edge effect discussed previously. At the same time, as the 

central areas increase their redundancy scores, the relative normalised path redundancy scores for 

the more peripheral areas tend to decrease.  
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A final observation can be made for the areas of Tuen Mun and Sha Tin at the 20- and 30-minute scale. 

Both these areas are separated into two halves by a large river with several bridges spanning the 

length of the river. In both cases, the values are the highest around the bridges, even if these are not 

in the middle of the geometric centre of the network. This finding highlights the value of a few routes 

which are able to connect different areas and thereby improving the overall path options available. 

However, this finding also suggests that these can also be the sections of streets which are the most 

vulnerable to disruption.  

7.6.2 Functional redundancy  

The access to additional or surplus facilities not only improves competition between facilities, it also 

improves the options available for any location. With additional options come an improvement to the 

adaptive capacity of a location (Ferreira, 2016). Also, access to more facilities implies that should one 

facility be unable to function, there are alternative facilities available that can provide the same or a 

similar function. This then reduces the vulnerability of an area to disruption.  

As described in Chapter 5, the extent to which each location has access to surplus urban functions was 

captured through the functional redundancy metric where several functions were assessed 

individually before being incorporated into a single functional redundancy metric. The assessed 

functions are kindergartens, schools, higher education, cultural and community facilities, emergency 

services, health facilities, recreation and public open space. The results of the combined functional 

redundancy metric are discussed below.  

The first set of results discussed are the statistical results of the assessment, which are shown in Table 

7.18 and graphically in Figure 7.26a-c. The distribution of the normalised assessment results indicates 

a slightly right skewed but generally even or flat distribution of values across all scales. Because of the 

nature of the distribution, the mean normalised functional redundancy score for all scales is low (x1̅0 

= 0.16, x2̅0 = 0.19, x3̅0 = 0.23). However, the mean score, as well as the standard deviation (σ10 = 0.15, 

σ20 = 0.17, σ30 = 0.19), also increases with the assessment scale.  

Table 7.18: Summary statistics for functional redundancy assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  105 499 105 499 105 499 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 17 193 19 547 24 761 

Median 0.12 0.15 0.19 

Mean (x̅) 0.16 0.19 0.23 

Variable 0.02 0.03 0.03 

Standard deviation (σ) 0.15 0.17 0.19 
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Map 7.49: Functional redundancy, 10-minute scale 
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Map 7.50:  Functional redundancy, 20-minute scale 
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Map 7.51:Functional redundancy, 30-minute scale 
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(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.26: Functional redundancy (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

The results presented in the eCDF plot (Figure 7.26c) also indicate that the distribution varies across 

scales. The 20-minute scale exhibits a multimodal distribution within the range of 0.0−0.25, after 

which the distribution more closely reflects the 10-minute scale. The 30-minute scale reflects an even 

distribution of scores until the score is at ±0.62, after which the number of the locations with higher 

scores drastically decreases. Also seen within the eCDF plot, for the 10- and 20-minute scales ±75% of 

the locations have a functional redundancy score of 0.25. At the 30-minute scale, this value decreases 

to about 55% of the locations with a score of 0.25 or lower. However, for all three scales, over 90% of 

the locations have a score of ±0.62 or lower. These finding suggests that only a few locations have 

access to extensive surplus urban functions and that, in relation to the higher scoring locations, the 

vast majority of the locations are underserved. 

Indeed, from a review of the spatial results of the assessment (Map 7.49 to 7.51), and particularly at 

the 30-minute scale (Map 7.51), only a few small areas have very high functional redundancy scores 

(>0.72). These high functional redundancy areas form clusters within several parts of Hong Kong, 

namely on Hong Kong Island, Wan Chai, North Point and the southern part of Central all have a high 

functional redundancy. For Kowloon, the areas with the highest functional redundancy at the 30-

minute scale are Yau Ma Tei, Mong Kok (specifically around Mong Kok station), Hung Hom, Kwun Tong 

and Kowloon Bay. Of the settlements within the New Territories, only Sha Tin and Tsuen Wan have 

significant clusters of high functional redundancy at the 30-minute scale.  

At the 20-minute scale the results of the assessment seen in the eCDF (Figure 7.25c) and spatially 

(Maps 7.50) indicate that ±50% of all locations have a normalised functional redundancy score of 

between 0.15 and 0.40. The majority of the locations within this range fall within Kowloon (excluding 

Mong Kok) and the New Territories. The areas which have the highest scores are Wan Chai (extending 

towards central), San Po Kong (near Dimond Hill), Hung Hom and Yau Ma Tei (extending into Mong 

Kok).  

At the 10-minute scale (Map 7.49), the medium to high values (>0.35) tend to be clustered around the 

main urban centres. However, the areas with the highest scores are Wan Chai, Tsim Sha Tsui, Sham 

Shui Po and Mong Kok, as well as the central parts of Yuen Long and Tsuen Wan. Conversely, locations 

on the periphery of the urban clusters and in many of the smaller villages tend to have low scores at 
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the 10-minute scale. In addition to the peripheral areas, the large buildings and developments, such 

as the West Kowloon development (including the International Commerce Centre and Kowloon MTR 

station) and the Olympic development tend to perform poorly at this assessment scale. This is likely 

due in part to the fact that the developments are situated outside of the urban core and connected 

with only a few pedestrian links. As a result, these developments are highly dependent on the MTR 

for access to additional facilities and are therefore more vulnerable to disruptions. Any disruptions 

within these areas would result in increased travel time and effort to access the same number of 

facilities.  

The results at the 10-minute scale also reflect the apparent disparities in the distribution of facilities 

and the quality of the pedestrian network across the city. This is especially true for the areas of Tuen 

Mun and Shai Tin, which do not have any significant clusters of high functional redundancy. The result 

of this disparity in the distribution of facilities is likely due to the way in which facility planning is done. 

Typically, the aim of facility planning is to optimise efficiency over redundancy, thereby reducing 

construction and operating costs. Moreover, the goal is to minimise the number of facilities while 

maximising the number of people who can access and use the facility. This, as the 10-minute results 

indicate, means that facilities are more likely to cluster in the centre of urban centres and closer to 

MTR stations (as seen in Mong Kok, Wan Chai, Sham Shui Po, Yuen Long, Tsim Sha Tsui and Tsuen 

Wan).  

7.6.3 Transport redundancy  

Having easy access to multiple modes of transport means that should one mode of transport be 

delayed or stopped, there is an alternative option available. Additionally, more transport stops nearby 

(even of the same mode of transport) also implies that more route options are available to a location. 

The availability of additional routes also suggests that more potential locational options can be 

reached. Together, the abundance of access to route choice and mode options facilitates higher 

adaptive capacity, as more possibilities are available at less cost. Using the method described in 

Chapter 5, the transport redundancy metric captures these two qualities (route choice and mode 

options) by assessing the extent to which a location is able to access multiple modes of transport and 

routes within the assessment scale. For the Hong Kong study area, access to the following transport 

modes were assessed: subway [MTR], bus and tram/light rail stops as well as ferry terminals. Once 

the access to each stop was assessed for each scale, the results were combined to form the transport 

redundancy assessment. The results of the combined transport redundancy assessment for each 

assessment scale within the Hong Kong study area are shown spatially in Map 7.52 (10-minute scale), 

Map 7.53 (20-minute scale) and Map 7.54 (30-minute scale), with the statistical summary being 

provided in Table 7.19 and graphically in Figure 7.27a-c. 
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Map 7.52: Transport redundancy, 10-minute scale 
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Map 7.53: Transport redundancy, 20-minute scale 
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Map 7.54: Transport redundancy, 30-minute scale 
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(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.27: Transport redundancy (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

The statistical summary of the results show how the mean normalised transport redundancy score 

increases with the assessment scale (x1̅0 = 0.12, x̅20 = 0.17, x3̅0 = 0.21). However, while the mean values 

increase with scale, so does the standard deviation (σ10 = 0.14, σ20 = 0.18, σ30 = 0.21), indicating a larger 

variation between high and low values. The results from the statistical distributions for all scales 

(Figure 7.27b,c), show that there are clear bands where values tend to cluster around specific values 

throughout the distribution. These clusters of values are indicative of multimodal distributions across 

the entire range of values. Moreover, the bands are also reflected in the spatial results. For example, 

areas such as To Kwa Wan and Cheung Sha Wan (10-minute scale [Map 7.52 Insert]), show a clear split 

or jump between different levels of transport redundancy. In both examples, the values jump between 

values (skip a class break) in the spatial results and may indicate either poor network connections or 

that these areas are underserved. The presence of these bands or jumps in values may be an indicator 

of how the public transport has been planned within Hong Kong. Some areas are only provided the 

minimal number of transport routes or mode options within a 10-minute walk, which may also point 

to transport planning practices which focus on efficiency over redundancy. 

Table 7.19: Summary statistics for transport redundancy assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  108 452 108 452 108 452 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 13 288 18 640 22 663 

Median 0.07 0.12 0.15 

Mean (x̅) 0.12 0.17 0.21 

Variable 0.02 0.03 0.04 

Standard deviation (σ) 0.14 0.18 0.21 

The spatial results also show how locations which have access to a ferry terminal near the sea also 

have added options, as they are not solely reliant on land-based movement options. Contrarily, areas 

such as Yuen Long, Fanling and Tia Po have reduced transport mode options. Besides the ferry 

terminals, the light rail network is also not distributed evenly within Hong Kong. Only Hong Kong Island 
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(Tram19), and the western settlements in the New Territories (for example, Tuen Mun, Tin Shui Wai 

and Yuen Long) have light rail trains running through them. This further increases the transport mode 

redundancy of these areas when compared to areas such as Tai Po, Fanling and Tsing Yi which do not 

have any light rail.  

At the 10-minute assessment scale, the areas of Central and Wan Chai (Hong Kong Island) are the two 

areas that scored the highest. This is followed by Mong Kok, and Sham Shui Po (Kowloon) and North 

Point (Hong Kong Island). The common feature of these locations is that they all have access to at least 

two MTR stations and are characterised by long, straight streets with short blocks, making it easier to 

access public transport by walking. The Central and Wan Chai areas that have a very high transport 

redundancy score are notably the only areas within Hong Kong (excluding Tuen Mun) which have easy 

access to all modes of public transport available in Hong Kong. This combination of factors means that 

they are also the areas which perform the best at the 20-minute (Map 7.53) and 30-minute (Map 7.54) 

assessment scales, while the size of the Central and Wan Chai high value clusters also extends greatly 

with the increase in assessment scale. These results also highlight how overconnected the northern 

part of Hong Kong Island is when compared to the rest of Hong Kong and especially the New 

Territories. 

The Mong Kok cluster is relatively small at the 10-minute scale. However, as the assessment scale 

increases to 20 and 30 minutes, the size of the cluster expands, especially to the south and the west, 

and is probably attributed to the additional MTR stations (Shek Kip Mei, Kowloon Tong, Yau Ma Tei 

and Jordan) that are within walking distance. Furthermore, with the increased travel time, the 

locations in and around Mong Kok are now also able to access more areas through the extensive 

network of bus stops found within the Kowloon peninsula.  

The spatial results also show how relative functional redundancy scores in the two north-western 

settlements of the New Territories (Fanling and Tai Po) also decrease as the assessment scale rises. At 

the 10-minute scale, the urban cores of both areas have normalised functional redundancy scores of 

between 0.091 and 0.244. However, at the 30-minute scale, the values range between 0.082 and 

0.130. While the spatial variation between high and low values has decreased within these areas, so 

has the relative score that suggests that as the scale increases, the relative transport redundancy stays 

the same or decreases proportionally to the highly accessible areas of Hong Kong Island and Mon Kok.  

 

 

19  The tram on Hong Kong Island is affectionately called the Ding Ding. 
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7.6.4 Redundancy directive  

Three measures of redundancy (path, functional and transport redundancy) were described in the 

sections above. Each measure captures a single and specific quality of redundancy that are first, the 

availability of alternative routes; second, the extent the urban form and distribution of urban 

functions; and third, public transport are able to provide access to alternative functional and transport 

options for a location. While each of these qualities was measured separately, the redundancy 

directive, as described in Chapter 5, attempts to capture all three assessed qualities of spatial 

redundancy into a single metric. The redundancy directive, therefore, provides an overall assessment 

on the quality of the urban form and distribution of key urban functions and transport at providing 

alternatives within the study area. Locations with high redundancy directive scores are less vulnerable 

to random failures or disruptions and are better able to respond when needed.  

The results of the created redundancy directive for the Hong Kong study area are presented below. 

Here, the statistical summary of the results is shown in Table 7.20, with accompanying graphics 

(Figures 7.29a-c). The spatial results of the assessment for each scale are shown in Map 7.55 (10-

minute scale), Maps 7.56 (20-minute scale) and Maps 7.57 (30-minute scale).  

Table 7.20: Summary statistics for redundancy directive assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  114 894 114 894 114 894 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 22 931 26 290 30 415 

Median 0.15 0.19 0.23 

Mean (x̅) 0.20 0.23 0.26 

Variable 0.03 0.04 0.04 

Standard deviation (σ) 0.18 0.20 0.20 
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Map 7.55: Redundancy directive, 10-minute scale 
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Map 7.56: Redundancy directive, 20-minute scale 
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Map 7.57: Redundancy directive, 30-minute scale 
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(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.28: Redundancy directive (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

The summary statistics of the results show that there is a small increase in the mean normalised 

redundancy directive score as the assessment scale increases (x̅10 = 0.20, x2̅0 = 0.23, x3̅0 = 0.26). 

Moreover, as seen in Figure 7.29a, b and c, all three scales have a relatively similar shape in the 

distributions of their normalised values. Additionally, for all three scales, 25% of the locations have a 

redundancy directive score of below 0.1, but thereafter, all scales show a gradual but consistent 

decrease in the number of the locations with higher values. This means that at all scales, between 85% 

and 90% of all locations have a redundancy directive score of 0.5 or lower, which indicates that the 

majority of the locations have limited options available to them and are likely underserved in terms 

of redundancy.  

Spatially, at the 10-minute scale, the location of the medium (0.34−0.49) and higher values (0.49−0.70) 

are clustered into a few areas. These high redundancy directive clusters are located in the centre of 

Yuen Long, Tai Po and Tsuen Wan (new territory), while the grid pattern area running from Sham Shui 

Po to the southern part of Mong Kok (up until Pitt Street) forms the second largest cluster of high 

values. The northern part of Hong Kong Island, running from Sheung Wan (west) to Victoria Park (east), 

has the largest cluster of high and very high values (>0.7) within Hong Kong. The medium−low values 

(0.15−0.34) are scattered throughout the territory. However, the areas of Hun Hom, To Kwa Wan and 

Tin Shui Wai generally have medium−low redundancy directive scores. The lowest redundancy 

directive values are typically found in the industrial areas (for example, the Tai Po Industrial and Yuen 

Long Industrial Estates), small villages (Tze Tin Tsuen) and the peripheral areas.  

One notable area with a low redundancy directive score at the 10-minute scale is the area surrounding 

the Fo Tan MTR station in Sha Tin (Map 7.58). The Fo Tan area is characterised by large podium 

buildings (including buildings on the podiums), which are the size of an urban block. Not only does this 

type of urban form (large blocks) reduce the number of path options available, it also limits the types 

of functions and public facilities which may be located and accessed in this area, as seen in the previous 

assessments.  
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Map 7.58: Sha Tin 10-minute redundancy directive score  

Greener values indicate low scores while red values indicate higher redundancy 

The results at the 20-minute assessment scale are similar to those at the 10-minute scale. However, 

the noticeable difference is that the high value clusters in Yuen Long and Tai Po have now become 

smaller or have a lower relative redundancy directive score. This also reflects the general trend for the 

settlements within the New Territories to have a slightly lower redundancy directive score at the 20-

minute scale. However, the variation between the high and low values within these areas is also 

reduced.  

In contrast to the New Territories, the clusters of high redundancy directive scores within Kowloon, 

and specifically the northern part of Hong Kong Island, have grown significantly. At the 20-minute 

scale, almost all of the northern part of Hong Kong Island has a normalised redundancy directive score 

of 0.38 or greater, with larger portions of the linear development having a score of 0.7 or higher. 

Within Kowloon, the Mong Kok high score cluster (>0.53) becomes slightly larger but has shifted south 

and is now closer to Yau Ma Tei. Additionally, more locations within Kowloon (such as Kowloon Tsai) 

now have medium to high values (0.26−0.53). The increased size of the clusters is a result of the 

additional route options, facilities and public transport stops which become available with the 

increased travel time. Locations that are already within the centre of an urban area are likely to have 

access to more facilities in more directions.  

The results at the 30-minute scale show a large change in the size and location of the clusters of high 

(0.58−0.77) and very high (>0.77) values within the Hong Kong Island, and especially Kowloon. At the 

30-minute scale, the size of the Mong Kok high-value cluster has not only moved further south, but 

also become smaller and is now focused along Nathan Road (Mong Kok) and in Yau Ma Tei. The shift 

south is related to the fact that the Tsim Sha Tsui Star ferry pier, as well as additional MTR stations 

and bus stops, are accessible at this scale. Furthermore, the MTR stations and ferry pier are all mostly 

aligned with Nathan Road (see Map 7.54 Section 7.6.3). In addition to the alignment of locations within 
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the high-score cluster, being in the centre of an urban core, locations within this area are able to access 

more route options (Section 7.6.1) as well as having a higher access to functional redundancy (see 

Section 7.6.2) within this area.  

Overall, the results indicate that the denser the road network with small blocks (see Mong Kok and 

Wan Chai), as well as facilities and public transport that are clustered together all promote access to 

higher redundancy. Additionally, larger and more continuous urban areas, such as Kowloon or the 

northern part of Hong Kong Island, also have more potential paths, facilities and public transport. This 

is especially true when compared to the relatively isolated New Towns of the New Territories which 

are limited in their size and extent due to natural and policy constraints. These constraints are not the 

only limiting factors.  

The density of the network, linked to the size of blocks (and buildings), is a contributing factor as is 

evident when comparing the areas of Tuen Mun and Tai Po (Figure 7.59). Tai Po, excluding the Tai Po 

industrial area, has an overall higher redundancy directive score for all scales. Additionally, Tai Po is 

characterised by a finer urban block pattern with smaller buildings. Conversely, Tuen Mun (Figure 

7.59]), which has access to all modes of public transport available within Hong Kong, has an lower 

overall redundancy directive score for all scales compared to Tai Po. Tuen Mun is characterised by 

large blocks and with very large buildings that often take up the entire block. The combination of large 

blocks and buildings not only limits the possible routes available but also the location of public 

transport stops which means that facilities are likely to be located within a single large building or 

cluster of buildings. The consequences of these characteristics within Tuen Mun can be seen, for 

example during the 2019−2020 protests in Hong Kong, where the MTR and light rail services were 

severely disrupted (Yau, 2020; Young Post, 2019). This disruption resulted in the highways and main 

roads in the area to be congested with busses and private motor vehicles of people who would 

normally use the light rail or MTR. Additionally, many people now had to walk further, and were 

hindered further by the large urban blocks to access alternative public transport or facilities.  

  
Map 7.59: Redundancy directive for Tuen Mun (left) and Tai Po (right) 
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7.7 Modularity assessment  

Modularity is an essential trait for the effect of functioning (Simon, 1962) and resilience (Walker and 

Salt, 2006) of any complex system but is especially important for urban systems (Salingaros, 2000). As 

discussed in Chapter 3, modularity is the quality which builds efficient hierarchies, contains risk and 

disturbances, while also allowing for experimentation. The modularity assessment attempts to 

capture the relative modularity that a location, in combination with its surroundings, has access to.  

For the assessment of spatial-morphological modularity, three properties of modularity are assessed 

individually before being combined to form the modularity directive. The first modularity property 

discussed is internal connectedness, which describes the strength of short-range connections 

between locations. To capture the extent a location is able to function autonomously, the spatial-

functional autonomy is the second property to be assessed. Third, the configurative nesting 

assessment captures the nestedness of the urban form. The results of each of these assessments are 

discussed individually for the Hong Kong case study. Thereafter, the results of the created modularity 

directive are presented and discussed.  

7.7.1 Internal connectedness 

Strong short-range internal connections, with weaker long range connections, are one of the main 

hallmarks of modularity (Salingaros, 2000). Strong short-range connections allow information, people 

or goods to move quickly and efficiently within a system without affecting the larger area should a 

disruption happen (Suárez et al., 2016). As Chapter 5 described, to capture the extent of the strength 

of the short-range internal connections between locations, the number of buildings accessible for each 

scale is assessed through the pedestrian network. More specifically, the assessment makes use of a 

negative exponential impedance function gravity-type metric to account for the distance decay 

between locations. The closer and better connected locations are to each other, the higher the score 

will be. The results of the assessment of internal connectedness of the Hong Kong case study are 

presented in this section. The summary statistics for each assessment scale are shown in Table 7.21, 

with Figure 7.30a-c providing a graphical summary of the statistical distribution of values. The spatial 

distribution of the result are presented in Map 7.60 (10-minute scale), Map 7.61 (20-minute scale) and 

Map 7.62 (30-minute scale).  
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Map 7.60: Internal connectedness, 10-minute scale 
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Map 7.61: Internal connectedness, 20-minute scale 
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Map 7.62: Internal connectedness, 30-minute scale 
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(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.29: Internal connectedness (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

Beginning with the statistical results of the assessment, an examination of the summary statistics 

(Table 7.21) shows that there are no significant changes in the mean values (x1̅0 = 0.24, x̅20 = 0.24, x3̅0 

= 0.25) of the normalised internal connectedness with the increase in assessment scale. Furthermore, 

as with the mean values, the statistical distribution of values is similar for all assessment scales. More 

specifically, all scales display a right skewed distribution (Figure 7.30a) with similar interquartile ranges 

(Figure 7.30b). Furthermore, as seen in Figure 7.30c, the only significant difference seen between the 

shape of the distributions for all scales is when the distributions reach a score of 0.75 and above. At 

this point, the 10-minute scale has slightly more locations with very high scores (>0.75) when 

compared to the 20- and 30-minute scales. Also seen in Figure 7.30c), at all assessment scales, 75% of 

the locations have a normalised internal connectedness score of ±0.3 or lower, while only ±10% of the 

locations have a normalised score of 0.75 or higher. This result reflects that only a few locations have 

very strong internal connections at all scales.  

Table 7.21: Summary statistics for internal connectedness assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  111 342 111 42 111 342 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 27 205 26 855 27 735 

Median 0.15 0.15 0.16 

Mean (x̅) 0.24 0.24 0.25 

Variable 0.06 0.06 0.06 

Standard deviation (σ) 0.25 0.23 0.24 

Indeed, when the results are studied spatially for all scales, only a few select locations have significant 

clusters of high normalised internal connectedness scores. Of these high-scoring areas, Yuen Long is 

the area which performs the best at all scales. Additionally, the collection of the small villages along 

Castle Peak Road (between the Siu Hong MTR station and Chung Uk Tsuen village) and around Po Sam 

Pai Village (near Tai Po) also perform well for all scales. In addition to Yuen Long, Mong Kok and To 

Kwa Wan also have relativity high (0.45−0.67) internal connectedness scores for all scales.  
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Unsurprisingly, the areas which are on the urban periphery of the urban cores or are isolated due to 

topography, are also areas which have the lowest scores. However, and more importantly, there are 

large urban centres which also perform poorly at all scales in terms of the internal connectedness. The 

most notable of these areas are Tuen Mun, Tin Shui Wai and Kowloon Bay. Tuen Mun (Figure 7.31a) 

and Kowloon Bay (Figure 7.31e) have similar urban forms in that they can be characterised as having 

large urban blocks that are covered almost exclusively by a single large building. Tin Shui Wai (Figure 

7.31b) on the other hand, also has large blocks; however, the street pattern is more similar to a typical 

suburban (curvilinear) pattern, with winding streets and long blocks that do not encourage walking. 

Additionally, the buildings within Tin Shui Wai are spaced further apart from each other which further 

reduces the number of the locations that can be easily reached.  

     

(a) Tuen Mun (b) Tin Shui Wai (c) Yuen Long 
(d) Mong Kok– Sham 

Shui Po 
(e) Kowloon Bay 

Figure 7.30: Examples of urban blocks (blue) all at the same scale 

The changes in spatial results between the 10- and 20-minute scale are not large, with most locations 

gaining a small amount of internal connectedness scores. However, the main observable changes are 

that locations within the Kowloon area generally improve their scores more than other areas. The 

exception to this is the very high score cluster in Sham Shui Po (Map 7.60, 10-minute scale) that has 

disappeared at the 20-minute scale (Map 7.61).  

The difference between the 20- and 30-minute assessments is marginal, as is also reflected in the 

mean values and eCDF (Figure 7.30c). The only significant changes in values are in the Kowloon Tsai 

area (Kowloon), which sees a large improvement in the normalised internal connectedness score. The 

lack of significant changes between the 20- and 30-minute scales may be a result of the fact that the 

impedance measure used, drastically tapers off after 20-minutes travel time. This implies that only 

marginal gains are possible after the 30-minute travel time. When coupled with the fact that Hong 

Kong is relatively compact and topographically constrained, the number of the locations within any 

area will remain limited.  

In terms of spatial resilience, the locations which fall within the clusters of high internal connectedness 

are the locations where more information and opportunities can be easily accessed and with limited 

effort. From an urban form perspective, the results indicate that areas which perform well across all 

assessment scales, have several common morphological characteristics. First, well-performing areas 

tend to have many buildings (locations) in close proximity to each other. Second, to accommodate 
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more buildings in a smaller area, the buildings tend to have smaller footprints (area); however, this is 

not a fixed rule as seen in To Kwa Wan. The third trait is that the better performing areas have smaller 

urban blocks, which improves the walkability of an area (Dovey and Pafka, 2019). A more walkable 

area means that more locations can be reached within a smaller distance. A fourth aspect, which is 

particularly relevant for Hong Kong, that areas that are flat and wide (or round), as opposed to narrow, 

are also the areas that have high internal connectedness scores for all scales. This latter point is 

particularly clear within the results as the areas of Mong Kok, To Kwa Wan and Yuen Long are relatively 

flat and therefore allow for development to be more spread out. Additionally, as this study made use 

of a slope-aware network to calculate movement on the pedestrian network, the impact of the terrain 

is clearly seen in the results of Central and Wan Chai. These two areas conform to many of the first 

three traits; however, the two areas are built against a mountain, which, as Higgins (2019a) 

demonstrated, has a large impact on actual accessibility of a location.  

7.7.2 Spatial-functional autonomy 

The ability of an area to function semi-autonomously is essential for resilience (Allan and Bryant, 2011) 

and is also the second characteristic of modularity explored. To capture the extent that a location can 

function autonomously in concert with its surroundings, the spatial-functional autonomy metric (SfA) 

was proposed in Chapter 5. The SfA incorporates several factors in the assessment of autonomy. These 

factors include the Live, Work and Visit functions used in the MXIA as well as the facilities used for 

functional redundancy. Locations which have high amounts of all these factors are therefore regarded 

as being able to function semi-independently from the larger system should the need arise. 

Conversely, areas with a low SfA score are the areas that would require residents to travel further to 

access the same functions and are also more vulnerable to any disruptions.  

The statistical results, shown in Table 7.22 and Figure 7.32a-c, show that the mean normalised SfA 

value doubles between the 10- and 30-minute scales (x1̅0 = 0.11, x2̅0 = 0.17, x3̅0 = 0.22). However, all 

scales show a relatively even distribution which is skewed slightly to the right. Additionally, the 

distribution of the values indicates that ±25% of the locations have very low scores (<0.1) for all scales. 

Additionally, at the 10- and 20-minute scales, only 25% of the locations have SfA scores of 0.25 or 

higher, while at the 30-minute scale, this value improves as 75% of the locations have access to SfA 

scores of 0.35 or higher. However, for all scales, less than 5% of the locations have SfA scores of 0.6 

or higher. These results indicate that there is a large disparity between the number of the locations 

which have access to medium to high values. Indeed, as shown in the discussion below, the spatial 

distribution of the high to medium values tend to be focused in a few areas.  
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Table 7.22: Summary statistics for Spatial-functional Autonomy assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  111 822 111 822 111 822 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 11 919 18 697 24 637 

Median 0.04 0.13 0.17 

Mean (x̅) 0.11 0.17 0.22 

Variable 0.02 0.03 0.04 

Standard deviation (σ) 0.13 0.17 0.19 

 

  
 

(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.31: Spatial-functional autonomy (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 
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Map 7.63: Spatial-functional autonomy, 10-minute scale 
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Map 7.64: Spatial-functional autonomy, 20-minute scale 



 

633 

 

 

Map 7.65: Spatial-functional autonomy, 30-minute scale 
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The results of the 10-minute scale assessment (Map 7.63) show that there is an even spatial 

distribution of the medium (>0.26) to high values (>0.41) throughout the territory. More specifically, 

all main urban centres have at least some small clusters of medium values. This suggests that at the 

local scale, there are many small clusters of the locations which have some, albeit limited, capacity to 

function autonomously. Areas which were shown to be more monofunctional in the MXIA assessment 

(section 7.4.1.1) are also the areas that have low normalised SfA scores at the 10-minute scale. These 

low scoring SfA areas include the Yuen Long and Tai Po industrial estates as well as the Hong Lok Yuen 

low-density residential estate, and the area from Fo Tan to Providence Bay in Sha Tin. 

As the assessment scale increases to the 20-minute (Map 7.64) and then 30-minute (Map 7.65) 

assessment scales, the settlements in the New Territories generally see a reduction in the relative SfA. 

For example, at the 20-minute scale, the New Towns of Yuen Long, Tin Shui Wai, Fanling and Tuen 

Mun all have an overall reduction in their SfA scores, and a dispersion of the concentration of higher 

values. Moreover, the results of the 30-minute scale show that within the same New Towns identified 

earlier, small clusters with higher SfA scores form, while the rest of the New Towns show an overall 

reduction of SfA scores for locations outside of the clusters. For example, in Yuen Long, the highest 

SfA scores are clustered around the Yuen Long MTR station but not near the Long Ping MTR station, 

and then move west parallel to Castle Peak Road. A similar pattern to the one identified in Yuen Long 

can be seen in the other identified New Towns (excluding Tuen Mun). In these cases, the higher SfA 

scores also tend to be clustered around the MTR stations at the 30-minute scale. 

The results from the assessment of the New Towns suggest that at the local (10-minute) scale, the 

New Towns are able to function autonomously to some extent. However, at the higher scales, the 

New Towns are likely more dependent on the larger urban system to provide all their functional needs 

and are therefore less autonomous at the higher scales. Moreover, the clustering of higher SfA values 

around the MRT stations also alludes to the importance of the MRT stations at not only providing 

access to functions outside of the areas, but also how the MTR stations may in fact be the catalysts 

that cause functions to cluster near the MTR stations in the New Towns.  

In a pattern which is somewhat in opposition to that of the New Towns, areas such as the West 

Kowloon development area (including the Kowloon MTR station and the International Commerce 

Centre) only have higher normalised SfA scores at the higher spatial scale. This result suggested that 

West Kowloon is entirely depended on access to the extended urban area and is therefore more 

vulnerable to any disruptions which may limit access to the area beyond its immediate surroundings.  

Outside of the New Towns, the locations which have the highest SfA scores at the 10-minute scale are 

located within Wan Chai and between Sham Shui Po and Mong Kok. However, with the increase in the 

30-minute scale, the Sham Shui Po-Mong Kok cluster sees a reduction in the number of the locations 

with very high SfA values. In addition to the reduction in high values, the higher values within the 
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Sham Shui Po-Mong Kok cluster also shifts south-east, to now form closer to Yau Ma Tei and Tsim Sha 

Tsui. The Sham Shui Po area, at the 30-minute scale, now only has values between 0.18 and 0.38. This 

suggests that at the higher scales, Sham Shui Po functions less autonomously relative the rest of Mong 

Kok. Moreover, while the results show that the SfA values in the Mong Kok cluster have generally 

decreased with the increased scale, the overall SfA mean values for the Kowloon Peninsula (KP) have 

generally grown with the higher assessment scales (𝐾𝑃̅̅ ̅̅ 10 = 0.27, 𝐾𝑃̅̅ ̅̅ 20 = 0.32, 𝐾𝑃̅̅ ̅̅ 30 = 0.35). Areas such 

as Kowloon Bay and Kwun Tong now having much higher values (>0.5) at the 30-minute scale.  

The high value cluster within the Wan Chai area displays an unexpected pattern as the assessment 

scale changes. At the 10-minute scale (Map 7.63), the Wan Chai cluster typically has SfA values ranging 

between 0.26 and 0.64. At the 20-minute scale, the Wan Chai cluster becomes larger, expanding into 

Causeway Bay. Additionally, the Wan Chai cluster at this scale also has an overall increase in SfA scores 

(>0.74) and is the area with the highest overall SfA score in Hong Kong for the 20-minute scale. 

However, at the 30-minute assessment scale, the Wan Chai cluster (Hong Kong Island), like the Mong 

Kok clusters, sees a reduction in the overall score to now have a SfA score which ranged between 0.38 

and 0.73. The reason for the reduction in normalised SfA values in both the Mong Kok and Wan Chai 

clusters is likely a result of the interplay between the different inputs used in the creation of the SfA, 

particularly the change in values reflects a similar pattern to that seen in the functional redundancy 

assessment discussed previously (section 7.6.2). However, the impact of the access to Live, Work and 

Visit is also visible, as the areas in and around Central reflect similar patterns seen in these 

assessments (Section 7.4.1).  

From the results, the areas which generally have higher scores at all scales have some similar traits. 

Locations with higher values tend to be the areas which are closest to the centre of an urban core (as 

seen in Yuen Long and Tai Po, for example). Furthermore, areas which are flat and near an MTR station 

also generally perform better because the terrain greatly impacts on the ease of movement in some 

areas (for example, Central and the Mid-Levels on Hong Kong Island). Thus, flatter areas are able to 

have larger and more evenly spread-out agglomerations of buildings (for example, Mong Kok), which 

spatially enables more opportunities for different functions to be located and distributed evenly 

within these areas.  

The combination of these factors means that a larger mix of functions (Live, Work and Visit) and 

facilities (for example, schools and hospitals) are able to be accessed more easily by more locations. 

This also means that locations near the periphery of settlements (such as in the New Territories) are 

not as disadvantaged as they are able to internally access a larger variety of functions and facilities. 

This then improves their overall ability to function independently at all scales.  
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7.7.3 Configurative nesting 

To measure the degree to which the urban form is subdivided into smaller units, the concept of 

granularity is useful. However, as Chapter 5 described, typical measures of granularity are static and 

therefore unable to capture the interaction or coupling between elements, as discussed by Salingaros 

(2000). As a result, the configurative nesting metric was introduced in an attempt to capture both the 

intensity of the subdivision of land as well the strength of the coupling between the plots the blocks 

and interaction between plots and blocks. In short, the configurative nesting metric captures the 

multiplicity of the interaction between the plots and blocks at a given assessment scale, with low 

scores indicating that there is a breakdown within the nesting of the urban form and that a single scale 

is dominant. 

As mentioned in Section 7.2, for the Hong Kong case study the plots dataset was unavailable. As a 

result, the buildings were used as proxies for the plots. While using buildings instead of plots has its 

drawbacks, it does provide a rough indication of the relative structural granularity for the territory as 

the results below illustrate. Additionally, due to the fact that there are many small buildings within 

the Hong Kong dataset, some of which are merely small structures (such as subway entrances, small 

substations or buildings in parks), many of these smaller buildings were removed from the assessment 

of configurative nesting. This was done as the addition of too many buildings would skew the results 

and suggest that the land was subdivided more than it actually is. The smaller buildings were removed 

through a process of elimination. First, the buildings which were not classified as either Live, Work or 

Visit within the MXIA (see Section 7.2.2.1) were selected. Next, from the non-MXIA buildings, the 

buildings that were identified as being utilities, or other (including military facilities20) or smaller than 

35 m² were removed from the analysis. In addition to this process, manual checks were performed to 

ensure that, as far as possible, any large building were excluded or that very small buildings were 

included from the assessment. Figure 7.33 shows an example where the red structures have been 

removed based on the selection criteria, while the black structures are the ones which have been used 

in the assessment. 

 

20  Military facilities were excluded as they are not accessible to the public and do not effectively contribute to the coupling 

between elements.  
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Figure 7.32: Example of the removal of small buildings from assessment 

The results of the configurative nesting assessment of the Hong Kong study area are presented below. 

Map 7.66 (10-minute scale), Map 7.67 (20-minute scale) and Map 7.68 (30-minute scale) show the 

spatial distribution of the results for the respective assessment scales, while Table 7.23 and Figure 

7.34a-c provide the statistical summary of the assessment results.  

Table 7.23: Summary statistics for configurative nesting assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  107 334 107 334 107 334 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 2 788 10 099 15 526 

Median 0.00 0.02 0.05 

Mean (x̅) 0.03 0.09 0.14 

Variable 0.00 0.03 0.04 

Standard deviation (σ) 0.06 0.17 0.20 
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Map 7.66: Configurative nesting, 10-minute scale 
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Map 7.67: Configurative nesting, 20-minute scale 
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Map 7.68: Configurative nesting, 30-minute scale 
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(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.33:Configurative nesting (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

The results of the statistical distribution show that scales have a strong right skewed distribution 

(Figure 7.34). The strong right skewed distribution means, as shown in the eCDF (Figure 7.34c), that 

at the 10-minute scale, 90% of the locations have a normalised configurative nesting score of 0.12 or 

less, while the mean normalised score for the 10-minute scale being x̅10 = 0.03. However, the mean 

values increase with the higher scales (x2̅0 = 0.09, x3̅0 = 0.14). The higher mean values also suggest that 

the amount of potential coupling between elements grows by a factor of 3.0 between the 10- and 20-

minute scale and a factor of 0.15 between the 20- and 30-minute scales.  

The spatial results at the 10-minute scale (Map 7.66) also clearly reflect the statistical distribution of 

values, as there are only a few small clusters (Yuen Long, Mon Kok and Sheung Shui, as part of the 

Fanling area) where there are configurative nesting score values between 0.12 and 0.35. The only area 

in Hong Kong that has locations with configurative nesting scores above 0.35, is Yuen Long. In contrast, 

excluding the locations on the periphery of the urban centres, the most notable areas that have the 

lowest normalised configurative nesting scores at the 10-minute scale, are the Tai Po and Yuen Long 

industrial estates as well as Kowloon Bay, Taikoo Shing (Hong Kong Island), Chai Wan (Hong Kong 

Island) and the entire area of Tin Shui Wai.  

In Hong Kong Island, the impact of the terrain on the potential interaction is also reflected in the 

configurative nesting scores at the 10-minute scale within the district of Central. Despite having small 

blocks with many buildings (see Figure 7.35), Central still has a lower configurative nesting score than 

what was expected. The topography in Central not only impacts the walking speed, it also impacts the 

shape of the blocks. In the latter case, the blocks further up the mountain tend to be longer, following 

the contours of the mountains.  
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Figure 7.34: Example of how the terrain impacts the urban blocks (blue) and grain in Central (Hong Kong Island) 

The results of the 20-minute (Map 7.67) and 30-minute (Map 7.68) scale assessments show that the 

clusters which already had higher configurative nesting scores at the 10-minute assessment scale have 

become larger. More specifically, at the 30-minute scale almost all the locations within the Yuen Long 

area have high values (>0.52). The results within Yuen Long were somewhat unexpected as Yuen Long 

has medium- to large-sized urban blocks.21 However, upon closer inspection (see Figure 7.36), each 

block within Yuen Long tends to have many buildings within it. Additionally, Yuen Long has several 

small villages (for example, Tai Kei Leng, Yeung Uk Tsuen and Sai Pin Wa) located in and around the 

urban core. These small villages, which have densely packed small buildings, also increase the relative 

configurative nesting for the entire Yuen Long. The Yuen Long Industrial Estate (north of the main 

Yuen Long area), which – despite being in close proximity to Yuen long and specifically the Fuk Hing 

Tsuen village, directly to the south – has a much lower configurative nesting score compared to the 

rest of Yuen Long. This result points to the fact that the industrial area, with its larger blocks and 

buildings (see Map 7.67 and Figure 7.36), does not have a fine-grain urban (as expected) as there is 

still limited interaction between the locations, despite being in close proximity to locations which have 

a finer grain.  

 

21  As noted previously and especially seen in Yuen Long, many of the smaller villages have been allocated to a single urban 

block even though they do in fact make up smaller urban blocks. This was done due to practical reasons as well as because 

the method used to create the urban blocks relied primarily on the motorised network and not the pedestrian network 

to delineate the blocks.  



 

643 

  

  

Figure 7.35: Example of urban grain in Yuen Long (top) and Yuen Long industrial estate (bottom) 

Similar to the Yuen Long industrial estate, the areas of Kowloon Bay and Kwun Tong (see Figure 7.37) 

also show low configurative nesting values at the 30-minute scale (Map 7.68). However, within the 

Kwun Tong area, the location of the higher values changes greatly between the 20- and 30-minute 

scales. At both the 10- and 20-minute scales, the higher values in Kwun Tong are centred around the 

Kwun Tong MTR station. However, at the 30-minute scale, the values have shifted westwards from 

Kwun Tong to now be centred in the area around the Ngau Tau Kok MTR station (between Kwun Tong 

and Kowloon Bay). The shift in the higher values within the Kwun Tong area is also coupled with an 

overall decrease in the normalised configurative nesting score between the 20- and 30-minute scales. 

The reason for the shift in the centre of the cluster of the higher values may be related to the formation 

of a localised edge effect within the area that suggests that higher values tend to cluster around the 
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weighted geometric centre of an area as they are the most central and therefore are closest to all 

locations (Crucitti et al., 2006b).  

  

  

Figure 7.36: Examples of the urban grain for Kowloon Bay (top) and Kwun Tong (bottom) 

In addition to the Kwun Tong and Kowloon Bay area, the larger Kowloon area, centred around Mong 

Kok, also strongly reflects the impact of the edge effect as the assessment scale increases. In the case 

of the high configurative nesting score cluster in Kowloon, the centre of the cluster, at the 10-minute 

scale, is located in the southern part of Mong Kok and spreads northward to Sham Shui Po. At the 20-

minute scale, the configurative nesting score for Mong Kok increases (>0.23), while the centre of the 

cluster shifts to the northern part of Mong Kok. Additionally, the overall size of the cluster increases 

and begins to shift eastwards towards the Kowloon Walled City Park. At the 30-minute scale, the 

centre of the Kowloon high configurative nesting score cluster is now located in Kadoorie Hill (east of 

the Mong Kok East MTR station), whose urban form is relatively coarser compared to areas such as 



 

645 

Mong Kok. However, Kadoorie Hill, due it its proximity and long straight streets means that it has good 

access to finer-grain areas. However, this is only true at the higher assessment scales.  

An additional observation in the Kowloon high-score cluster, is the relatively low score of the Mong 

Kok East MTR station development at all scales. Despite being in the centre of the high score cluster 

(at the 20- and 30-minute scales), Mong Kok East MTR station still scores lower relative to its 

surrounding buildings. This result is likely a reflection of the fact that the station cannot be accessed 

as easily or directly. Access to the MTR station typically requires that pedestrians go through the 

attached mall or through the elevated walkways as shown in Figure 7.38.  

 

Figure 7.37: Example of access to Mong Kok East mass transit railway station 

The red areas show the limited access provided by the raised pedestrian walkways into the MTR station (blue).  

The purple indicates the Moko Mall and attached hotel which also provide access to the station.  

Source: Google Earth (aerial photo) modified by author 

Overall, the results of the configurative nesting assessment for the Hong Kong case study indicate that 

in areas where a combination of several factors are true, the configurative nesting for the area tends 

to be higher for all scales. These factors include smaller urban blocks; smaller floor area of buildings 

(footprints); higher density of buildings; and a relatively flat terrain (as noted for Hong Kong Island). 

The smaller blocks not only allow for a more walkable area, they also restrict the potential size 

(footprint) of buildings. While bigger blocks are able to potentially hold more buildings in close 

proximity (for example, Yune Long), they are also able to hold a single large building which takes up 

the entire area of the blocks (for example, Tuen Mun). The presence of many large buildings on larger 

sites reduces the grain of the urban fabric (for example, Kowloon Bay). Finally, as seen in Hong Kong 

Island, the terrain can not only impact the ease of movement within an area, it can also influence the 

shape and size of blocks which are more likely to be long and narrow in steeper terrain.  
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7.7.4 Modularity directive  

The previous sections each assessed one of the three main properties of spatial-morphological 

modularity, namely internal connectedness, spatial-functional autonomy and configurative nesting. 

Using the method described in Chapter 5, the modularity directive combines the three properties in 

an attempt to capture the overall modularityness of a location at each assessment scale. Locations 

with higher modularity directive scores for all scales represent the locations that form part of a nested 

hierarchy, that have strong internal connections and can function in a semi-autonomous way. The 

results of the assessment for the Hong Kong case study are provided in this section. The statistical 

summary of the results is provided Table 7.24 and Figure 7.39a-c, while the spatial results are shown 

in Map 7.69 (10-minute scale), Map 7.70 (20-minute scale) and Map 7.71 (30-minute scale). 

Table 7.24: Summary statistics for modularity directive assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  127 694 127 694 127 694 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 27 524 30 145 39 539 

Median 0.15 0.17 0.25 

Mean (x̅) 0.22 0.24 0.31 

Variable 0.03 0.04 0.06 

Standard deviation (σ) 0.18 0.20 0.24 
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Map 7.69: Modularity directive, 10-minute scale 
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Map 7.70: Modularity directive, 20-minute scale 
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Map 7.71: Modularity directive, 30-minute scale 
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(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.38: Modularity directive (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

The statistical results show that the mean value of the normalised modularity directive tends to 

increase with the increase in assessment scale (x1̅0 = 0.22, x̅20 = 0.24, x3̅0 = 0.31). While the difference 

between the mean normalised score of the 10- and 20-minute scales is marginal (0.02), the difference 

of the mean normalised score between the 20- and 30-minute scales is much larger at 0.07. The 

increase in mean values indicates that as the assessment scale increases, proportionally more 

locations have higher scores relative to the largest value. The 10- and 20-minute scales not only have 

similar mean scores, their distribution of values are also comparable (Figures 7.38a,c), while also 

having similar interquartile ranges (Figure 7.39b). Additionally, as the statistical results for the 10- and 

20-minute scales are comparable, for both scales, 50% of the locations have a normalised modularity 

directive score of 0.16 or lower (0.15 for 10-minute and 0.17 for 20-minute scales). At the 30-minute 

scale, the scores increase so that 50% of the locations now have a normalised modularity directive 

score of 0.25 or lower, while only 25% of the locations have a score of 0.12 and lower at the 30-minute 

scale.  

Spatially, for all scales, the Yuen Long area generally has the highest modularity directive scores. This 

result was expected considering that spatially, and to an extent conceptually, Yuen Long was designed 

to function as a self-contained community as it was developed under the principles of the New Town 

movement (He et al., 2020; Hills and Yeh, 1983). The Yuen Long area likely performs well in terms of 

the modularity directive as locations within the area that have strong short-range connections (high 

internal connectedness), are able to easily access a mixture of urban functions (high SfA) and also have 

a high degree of configurative nesting, due to the medium-sized blocks which are coupled with the 

larger number of tightly packed small to medium-sized buildings.  

While Yuen Long performs well in terms of the modularity directive assessment, other new towns 

within Hong Kong, such as Tuen Mun, Tin Shui Wai and Sha Tin perform less well. The new towns 

which have lower scores are typically characterised by large blocks and buildings which coarsen the 

urban grain, and therefore reduce the configurative nesting. Additionally, the larger blocks, in 

combination with the large buildings, also reduce the strength of the internal connections between 

locations, as the number of unique locations which can be assessed easily is also reduced. The 

combination of these two factors also means that the urban functions (SfA) that are within these areas 
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cannot be accessed easily. Consequently, these new towns are less able to function autonomously at 

all assessment scales when compared to areas such as Yuen Long and Fanling.  

Excluding Yuen Long, the Mong Kok area also has a large cluster of the locations with high modularity 

directive scores at all scales, but especially at the 20- and 30-minute scales. At the 10-minute scale, 

the higher modularity directive values are located in Mong Kok and spread out towards Sham Shui Po 

(north) and Yau Ma Tei (south). At the 20- and 30-minute scales, the size of the high value cluster in 

Mong Kok has grown. Moreover, for both the 20- and 30-minute scales, there are corridors of higher 

values extending out from central Mong Kok along Prince Edward Road and Argyle Street. These two 

roads are the main roads which connect Mong Kok to the north-eastern parts of Kowloon (Kowloon 

City) as well as to areas such as Kowloon Bay.  

The results of the assessment also show that in Hong Kong Island the areas of Wan Chai and Central 

generally have higher than average scores for all scales yet they have lower scores than initially 

expected. Moreover, for the Wan Chai cluster, the mean modularity directive scores for the area only 

increase marginally from the 20- to the 30-minute scale. More specifically the mean values change by 

an average of 0.01, from 0.45 (20-minute scale) to 0.46 (30-minute scale) for the Wan Chai area. While 

the Wan Chai area scores well in terms of the SfA for all scales, the area has lower scores for the 

internal connectedness and configurative nesting metrics, meaning that the overall modularity 

directive score for the area is lower than what would have been expected.  

A few things can be said about the cross-scale modularity directive scores and the implications for 

resilience. From the assessment results, only the areas of Yuen Long and Mong Kok (with its extension) 

show clear evidence of forming modules that operate across scales. Other areas, such as Fanling, Wan 

Chai and Central, show some evidence of weaker, but above average, levels of the modularity 

directive. However, areas such as Tuen Mun, Sha Tine, Tai Po, and especially Tin Shui Wai, all show 

low levels of the modularity directive. The results suggest that these low-scoring areas do not form 

part of a nested system of modules and are therefore vulnerable to disruptions. Their higher 

vulnerability arises as these areas are unable to effectively draw on local resources and would 

therefore require more inputs from the larger system. For the same reasons, the low modularity 

directive areas are also less likely to adapt easily. 

7.8 Hierarchic-efficiency  

The presence of power-law distributions within data have been suggested to be a sign of self-

organisation, an important quality of resilience. Moreover, within the context of this study (see 

Chapter 3), the presence of power-law distributions for all assessment scales are also regarded as a 

sign that an urban area functions in a hierarchically efficient manner. In Chapter 5, for this study, three 

hypotheses were used to test if the case study under examination functions in a hierarchically effect 
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way. The first hypothesis tests if the assessed data for each assessment scale, can be described by a 

power-law distribution. The second hypothesis checks if all scales have similar distributions. The final 

hypothesis compares the scaling parameters (αa = αb; ±0.02) of all assessment scales for a metric to 

see if they are similar.  

For the case of Hong Kong, the three hypotheses were tested on the following metrics for all 

assessment scales: (1) access to locations (buildings), (2) betweenness centrality, (3) urban potential, 

(4) configurative nesting (5) and the modularity directive. In addition to the listed metrics, the 

distribution of the building volume for the Hong Kong study area was also assessed in terms of the 

three hypotheses. Building volume was preferred over building area as the building height, and 

therefore volume, can vary a great deal, while the floor area of buildings may not vary as much. 

Therefore, building volume could provide a better representation of the potential variation within the 

buildings. The results of the hierarchic-efficiency assessment of the selected metrics for Hong Kong 

are shown in Table 6.23 and Figures 7.40 to 7.45. For all metrics and scales, a figure is provided, which 

shows the distribution of the data on a log−log cumulative distribution plot, as well as the additional 

fitted heavy-tailed distributions (power-law, log-normal, exponential and Weibull) used in the 

assessment.  

From the initial visual assessment of the results, the only variables which showed a possibility of 

following a power-law distribution for values larger than 𝑥𝑚𝑖𝑛 were the building volume and 

betweenness centrality for the 20- and 30-minute scales. However, it should be noted that the Weibull 

distribution may also suit 20- and 30-minute betweenness centrality data. As seen in Figures 7.40 to 

7.45, the Weibull distribution matches the betweenness centrality values well from the lower values 

up until an upper value of the distribution. After the upper limit of the distribution, the Weibull 

distribution does not fit the data of the two betweenness centrality datasets well.  

While the visual inspection was only an initial test, it does provide some insights into which of the 

tested metrics potentially follow a power-law distribution. Indeed, after more rigorous statistical 

testing through the goodness-of-fit test,22 the initial results of the visual inspection were partially 

confirmed. From the goodness-of-fit test, only the building volume metric had a p-value (p = 0.64) 

larger than the p ≥ 0.1 threshold. While the large p-value for the building volume distribution would 

typically provide strong evidence for the presence of a power-law distribution within the data, further 

inspection of the results suggest that this cannot be the case. More specifically, the results show that 

the tail of the distribution (n-tail), where the power law is located, only contains 543 out of 111 314, 

or 0.49% of all data points. Clauset et al. (2009) cautioned against assuming the presence of a power 

 

22  The goodness-of-fit test compares the distribution under question with the distribution of 2 500 simulated power-law 

distributions with the same 𝑥𝑚𝑖𝑛 and α parameters. 
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law where the n-tail is very small, as there is a great chance for statistical error and a reduced ability 

to validate the results. Due to the small tail, the power-law distribution within the building volume of 

Hong Kong cannot be accepted.  

Table 7.25: Power-law distribution assessment results 

Metric Scale 𝑥-min 
α  

(±0.02) 
n-tail 

n-tail % 
of total 

GoF 𝑝-value 

Log likelihood ratio 
Support 

for 
power-

law 

Comments 
Log-normal 

(𝑝-value) 
Exponential  

(𝑝-value) 
Weibull  

(𝑝-value) 

Two- 
sided 

One- 
sided 

Two- 
sided 

One- 
sided 

Two- 
sided 

One- 
sided 

Access to 
buildings 

10 0.390 4.06 20 758 18.6 0.080 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None 
Exponential or 
Weibull fit 

20 0.373 3.91 23 261 20.9 0.080 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

30 0.414 4.35 21 910 19.7 0.108 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

Betweenness 
centrality 

10 0.037 2.66 12 108 10.9 0.020 0.03 0.20 0.90 0.00 0.00 0.00 1.00 None  

20 0.033 2.73 11 140 10.0 0.027 0.00 0.20 0.90 0.00 0.00 0.00 0.00 None Weibull may fit 

30 0.057 2.94 6 043 5.4 0.016 0.02 0.34 0.83 0.00 0.00 0.00 0.00 Low Weibull may fit 

Urban  
potential 

10 0.326 4.89 10 475 9.4 0.032 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

20 0.314 4.65 13 866 12.5 0.033 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

30 0.356 5.06 10 579 9.5 0.052 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None 
Exponential 
may fit 

Configurative 
nesting 

10 0.065 2.34 12 804 11.5 0.092 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

20 0.225 2.63 15 091 13.6 0.102 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

30 0.033 1.64 62 451 56.1 0.126 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

Modularity 
directive 

10 0.418 5.92 16 660 15.0 0.072 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

20 0.370 3.92 23 157 20.8 0.078 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

30 0.415 3.88 31 497 28.3 0.095 0.00 0.00 1.00 0.00 1.00 0.00 1.00 None  

Building 
volume 

NA 184 140 2.88 543 0.49 0.017 0.64 0.81 0.41 0.00 0.00 0.31 0.16 None 
n-tail is only 
0.5%  

Whereas Hypothesis 1 (if the data follows a power-law distribution) was rejected for all assessed 

metrics, Hypothesis 2 (all scales have similar distributions) and Hypothesis 3 (scaling parameters are 

similar) were still checked even though they were reliant of the first hypothesis being accepted. The 

results of the visual comparison of the scale variance between the distributions for each assessed 

metric are shown in Figures 7.40 to 7.45. Table 7.26 supplies the results of the Kolmogorov-Smirnov 

test, used to test Hypothesis 2, as well as the results of the variance between the scaling parameters 

(α) between the different assessment scales used to test Hypothesis 3.  
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Table 7.26: Scale comparison per metric 

Metric Scale comparison KS statistic (D)23 KS p-value Variation in α 

Access to plots 

10- & 20-minute scales 0.072 0.00 0.16 

10- & 30-minute scales 0.149 0.00 0.29 

20- & 30-minute scales 0.100 0.00 0.29 

Betweenness 

centrality 

10- & 20-minute scales 0.041 0.00 0.07 

10- & 30-minute scales 0.021 0.00 0.28 

20- & 30-minute scales 0.039 0.00 0.21 

Urban potential 

10- & 20-minute scales 0.071 0.00 0.23 

10- & 30-minute scales 0.084 0.00 0.18 

20- & 30-minute scales 0.031 0.00 0.41 

Configurative 

nesting 

10- & 20-minute scales 0.223 0.00 0.29 

10- & 30-minute scales 0.349 0.00 0.70 

20- & 30-minute scales 0.142 0.00 0.99 

Modularity 

directive 

10- & 20-minute scales 0.078 0.00 2.00 

10- & 30-minute scales 0.224 0.00 2.04 

20- & 30-minute scales 0.152 0.00 0.04 

From the visual inspection and confirmed by the results of the Kolmogorov-Smirnov (KS) test, for all 

assessed metrics, none of the scales could be considered to be statistically similar to each other. 

Moreover, the result of the KS showed that all scales that were compared for each metric, produced 

a small p-value of p = 0, where a large p-value (p ≥ 0.1) was required for the distributions to be 

considered significantly similar.  

In terms of the comparison of the scaling parameters (α) between each assessment scale, none of the 

α values, when compared, were within the threshold ±0.02 difference between the two scaling 

parameters. The 20- and 30-minute modularity directives were the closest to each other with only a 

0.04 difference between the α values However, the results of the tests of Hypotheses 2 and 3 carry 

little significance in light of the fact that Hypothesis 1 was rejected for metrics assessed. The results 

suggest that there is a disjuncture between the scales and that there is likely no clear or well-formed 

hierarchically nested structure within which the city operates.  

    
(a) 10-minute scale (b) 20-minute scale (c) 30-minute scale (d) Scale comparison 

Figure 7.39: Scale comparison: Access to buildings 

 

23 KS = Kolmogorov-Smirnov D statistic. 
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(a) 10-minute scale (b) 20-minute scale (c) 30-minute scale (d) Scale comparison 

Figure 7.40: Scale comparison: Betweenness centrality 
 

    
(a) 10-minute scale (b) 20-minute scale (c) 30-minute scale (d) Scale comparison 

Figure 7.41: Scale comparison: Urban potential 
 

    
(a) 10-minute scale (b) 20-minute scale (c) 30-minute scale (d) Scale comparison 

Figure 7.42: Scale comparison: Configurative nesting 
 

    
(a) 10-minute scale (b) 20-minute scale (c) 30-minute scale (d) Scale comparison 

Figure 7.43: Scale comparison: Modularity directive 
 

 

Figure 7.44: Building volume 
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The results of the hierarchic-efficiency assessment have a few potential implications in terms of the 

resilience of the Hong Kong study area. First, as with the Manhattan case study, Hong Kong’s 

development is also a result of extensive top−down planning and management. Moreover, if the 

argument made by Nilsson and Gil (2019) is also applied within this context, it means that due to the 

extensive planning, there is limited possibility for self-organisation to occur at a single scale or across 

all scales of the study area.  

Next, while no power-law distributions were identified across the entire study area, this does not, 

however, rule out the possibly that some of the older areas within Hong Kong, such as Central, Wan 

Chai or Mong Kok, do indeed contain power-law distributions within the assessed metrics. Moreover, 

as Hong Kong may be described as a collection of urban areas (such as Hong Kong Island, Kowloon and 

the separate new towns within the New Territories), there could be better evidence of self-

organisation processes taking place which are lost when viewed on the scale of the larger territory. 

Finally, it may be that the data contains, or is best described by, two separate distributions where one 

distribution (for example, Weibull) fits the data best for the lower values up until some upper limit 

(𝑥𝑚𝑎𝑥), and thereafter, a second distribution (for example, power-law) may fit the data better, as 

shown in Figure 7.46. If this is indeed the case, the implications are still uncertain and future studies 

would benefit from exploring the possibility.  

 

Figure 7.45: Example of a possible combination of two distributions within the data on a log−log plot  

The blue line represents a Weibull distribution while the red line shows the power law distribution  

within the tail of the data 
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7.9 Spatial adaptive potential and directives relationships 

The creation and assessment of the SAP of a study area is conceived under the assumptions that high 

urban form resilience (SAP) is created in locations that have an access of sufficient quantities of all five 

of the spatial directives. Therefore, within the context of this study, areas that have high SAP scores 

are regarded as having a higher potential to allow for areas to adapt. In addition to exploring the 

results of the SAP assessment, this section also explores the statistical and spatial relationship 

between each of the spatial directives in response to research question 4. Section 7.9.1 discusses the 

results of the adaptive potential assessment for Hong Kong, while Section 7.9.2 goes into the details 

of the results of the relationships between the different directives.  

7.9.1 Spatial adaptive potential assessment 

As discussed in Chapter 5, the SAP is intended to identify the locations where the spatial distribution 

of elements and the configuration of the urban form allows for the majority of the spatial resilience 

directives to occur in a significant way. Therefore, areas that have higher scores of the SAP metric are 

the locations, within the framing of this study, that are more likely to be spatially resilient by providing 

a higher spatial capacity to facilitate change, while also being able to respond to threats. 

The results of the SAP assessment for the Hong Kong case study are discussed in this section, with 

Table 7.27 and Figure 7.47a-c providing the statistical summary of the results. The spatial distribution 

of the results are shown in Map 7.72 (10-minute scale), Map 7.73 (20-minute scale) and Map 7.74 (30-

minute scale) for each of the respective assessment scales.  

Table 7.27:  Summary statistics for spatial adaptive potential assessment  

Statistics 
Scale 

10 minutes 20 minutes 30 minutes 

Number of values  111 314 111 314 111 314 

Minimum 0 0 0 

Maximum 1 1 1 

Range 1 1 1 

Sum 39 314 44 444 50 792 

Median 0.32 0.37 0.44 

Mean (x̅) 0.35 0.40 0.46 

Variable 0.03 0.03 0.03 

Standard deviation (σ) 0.17 0.17 0.18 

 



 

658 

 

 

Map 7.72: Spatial adaptive potential metric, 10-minute scale 
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Map 7.73: Spatial adaptive potential metric, 20-minute scale 
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Map 7.74: Spatial adaptive potential metric, 30-minute scale 
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(a) Histogram (b) Boxplots (c) eCDF 

Figure 7.46: Spatial-adaptive potential metric (a) histogram, (b) boxplots and (c) empirical cumulative distribution functions 

The statistical findings indicate that as the assessment scale increases, the mean normalised SAP score 

also increases (x1̅0 = 0.35, x2̅0 = 0.40, x3̅0 = 0.46). This suggests that at the higher assessment scales, 

more locations are able to respond and adapt more easily. While the increase in mean SAP score at 

the higher scales is not unexpected, the results for both the 10- and 20-minute scales show that 75% 

of the locations only have a SAP score of 0.5 or less. Additionally, because all scales distributions are 

right skewed (Figure 7.47a]), more than 54% of the locations have an SAP score of less than or equal 

to the mean value for the respective scale (10-minute scale = 57.5%, 20-minute scale = 56.6%, 30-

minute scale = 54.1%). This suggests that only a few locations within Hong Kong have high (>0.6) spatial 

adaptive capacity scores at each scale (10-minute scale = 10.3%, 20-minute scale = 13.4%, 30-minute 

scale = 22.9%).  

Indeed, when studying the spatial distribution of the results of the assessment (Maps 7.72 to 7.74), 

the results across all assessment scales show that higher SAP values cluster into a few small areas, 

specifically Mong Kok, Wan Chai, Central and Yuen Long. It should, however, be noted that the specific 

size and location of the clustering of the higher values tends to change for each assessment scale. For 

example, the highest values within the Mong Kok cluster are centred around the Mong Kok MTR 

station at the 10-minute scale. However, at the 20-minute scale, the size of the cluster grows and 

extended north towards Sham Shui Po. At the 30-minute scale, the pattern of the highest values 

changes again, with Sham Shui Po no longer having some of the highest values within the cluster. 

Rather, the cluster with the highest values has become narrower and running along Nathan Road to 

Yau Ma Tei and only expanding at the northern parts of Mong Kok or around the MTR stations that 

are located along Nathan Road (Prince Edward, Yau Ma Tei and Jordan MTR stations).  

Viewing the results in terms of the urban form, at the 10-minute scale, the locations that perform well 

(SAP >0.47) are in areas which typically have a grid pattern (for example, Mong Kok, Sham Shui Po and 

Wan Chai). However, the grid pattern is not the only factor, as areas such are Yuen Long and Central 

that do not have grid street patterns, also perform well. Rather, the results suggest that a combination 

of smaller urban blocks and buildings with smaller footprints close to each other are the locations that 

perform well at the 10-minute scale (for example, Yuen Long and Central). The manner in which the 

results are clustered around the MTR stations also suggest that, even at the local level, the MTR 

stations play an important role beyond simply providing additional access but suggest that the MTR 
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stations function as attractors that draw in different urban functions and facilities to cluster in and 

around the stations. This observed phenomenon is one of the defining features of transit-oriented 

developments (Belzer and Autler, 2002; Sung and Oh, 2011) and is especially prominent within the 

Hong Kong landscape (Cervero et al., 2017; Lau et al., 2005).  

When taking all these factors into account, the results of the 10-minute SAP assessment indicate that 

locations that have conducive urban form characteristics (small blocks and clustering of smaller 

buildings) in combination to being in close proximity to an MTR station, are the locations that have a 

higher spatial adaptive capacity. 

When reviewing the spatial results of the 20- and 30-minute scales, similar conclusions can be drawn. 

However, while the 10-minute scale showed the impact of the urban form more clearly through the 

formation of smaller and more localised clusters of higher values, the 20- and 30-minute scales provide 

additional insights into interaction of the locations at the higher scales. For example, the low SAP score 

of large developments, such as the West Kowloon development or the Olympic Development, at the 

10- and 20-minute scales would suggest that such developments are reliant on movement at the 

higher scales and that these locations are likely to be highly vulnerable to local disturbance but are 

especially vulnerable to any disruptions on the higher levels that may affect the potential movement 

to and through the development. Also, because these types of developments are somewhat separated 

from the urban core, they are reliant on public transport and a few long foot bridges to connect the 

pedestrian routes to the urban core. The need for particular footbridge connections not only makes 

the walking trip longer, it also reduces path and destination options along the way, while also increases 

vulnerability to disruptions. 

The results at the 30-minute scale also show that within Kowloon and Hong Kong Island, the higher 

SAP scores tend to be focused along the long straight streets which are in the centre of urban cores. 

Yuen Long and a small section of Tai Po are the only areas within the New Territories which have high 

SAP scores (>0.64). Within both Yuen Long and Tai Po, the higher values are largely centred within the 

vicinity of the MTR stations. This observation is also true for the areas of Tuen Mun and Fanling, which, 

despite having much lower SAP scores, also have their highest values in and around the MTR stations 

at the 30-minute scale.  

Overall, the areas which scored the highest SAP scores were the areas which have smaller blocks and 

with buildings that are clustered close to each other and were close to the MTR stations and were in 

the centre of urban agglomerations with straighter roads. However, given the difficult terrain within 

Hong Kong, the incidence of long and straight streets is often limited in areas near the urban periphery 

as these tend to be on or against the mountains or the sea. In such areas, improved access to public 

transit in combination with smaller blocks and buildings and an equitable distribution of urban 

functions and facilities could improve their overall SAP. 
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While the combined effect of all of the resilience directives have been examined through the created 

SAP metric, the results do not give specific insights into the relationship between the different 

directives. The next section explores the spatial and statistical relationship between each of the 

resilience directives.  

7.9.2 Resilience directives relationship 

The previous section explored the outcomes of the application of the SAP assessment protocol within 

the Hong Kong case study. From the results of the SAP assessment, the locations that have a higher 

potential to be spatially adaptive were identified. The SAP assessment, however, does not provide 

insights into the type of statistical and spatial relationship between the directives. This section 

responds specifically to RQ4 of this study, which questions the type and nature of the relationships 

between the resilience directives. To answer this question, the relationship between the spatial 

directives and the SAP metric are explored in two ways: First, the statistical relationship is studied 

through an examination of the scatterplots (Figure 7.48), the Spearman correlation coefficients (Figure 

7.49) and the correlation network (Figure 7.50) between the variables. Second, the spatial relationship 

between the directives are studied through bivariate choropleth maps (Maps 7.75 to 7.104), which 

are able to visualise the spatial and quantitative relationship between two variables.  

7.9.2.1 Resilience directives statistical relationship 

Studying the results from the scatterplots (Figure 7.48), all directives per scale show a positive, albeit 

weak, linear relationship with the SAP metric of the same scale. The exception to this rule is the 

diversity directive that, for each scale, shows a general non-linear (potentially exponential or 

quadratic) relationship with the SAP metric as well as with the other directives. The presence of a 

positive exponential or quadratic relationship indicates that as one variable increases (for example, 

Diversity10), the second variable (for example, SAP10) is likely to increase at a rate equal to the 

exponent (for an exponential relationship). The exploration of the significance of this particular 

phenomenon, however, is beyond the scope of this study and can be taken up in future studies.  

As a supplement to the scatterplots, the results of the Spearman correlation analysis (Figure 7.49) 

confirm the trends identified in the scatterplots, where all variables showed a significant positive 

correlation (p ≤ 0.01). From the results, the 10-minute connectivity directive generally had the lowest 

correlation coefficient between all the metrics. However, the 30-minute connectivity directive was 

one of the directives which had the highest correlation coefficients with all variables as well as the 

SAP metrics. This finding, supported by the scatterplots, suggests that the connectively directive, at 

the higher assessment scales, is potentially a good indicator of the other directives and the SAP of an 

area. However, it should also be noted that the redundancy directive has a strong linear relationship 

and high correlation coefficient with the SAP metric. The results from the correlation network (Figure 
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7.50), further support this observation as the redundancy directives (for all scales) as well as the 

connectivity directives (20- and 30-minute scale) are clustered around the SAP metric within the 

correlation network.  

 

Figure 7.47: Scatterplots between resilience directives spatial adaptive potential metric  

for all assessment scales 
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Figure 7.48: Spearman correlation coefficient between resilience directives spatial adaptive potential metric 

for all assessment scales 

Non-significant (p > 0.01) correlations are shown in white  

 

Figure 7.49: Correlation netork between directives 
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7.9.2.2 Resilience directives spatial relationship 

The examination of the statistical relationship between the variables showed that there tends to be a 

positive linear relationship between the majority of the variables. By using bivariate choropleth 

mapping, or simply bivariate maps, it is possible to begin to study the spatial relationship between the 

directives. Moreover, by studying the spatial relationship between the directives it is possible to gain 

insights into where the relationship between the directives is strongest. An additional benefit of the 

bivariate mapping is that it is also possible to see where one directive may be more prominent in 

relation to another directive. The text below provides a summary of the relationship between each of 

the directives for all assessment scales.  

The Connectivity and Diversity directive bivariate maps (Maps 7.75 to 7.77) show that generally, at 

the 10-minute scale, most locations tend to have a higher relative proportion of the diversity directive 

compared to the connectivity directive. Only a few locations such as Mong Kok, Yuen Long and Tai Po, 

have clusters of the locations with high−high values for both directives. As the scale shifts from the 

10- to 20- and into the 30-minute assessment scales, the balance between the directives becomes 

more even. However, the majority of the locations which had a high diversity at the 10-minute scale 

(such as Hong Kong Island and Tuen Mun) still tend to have a ratio which is weighted more towards 

the diversity directive. An additional observation within the results is the high−high cluster that was 

present in Mong Kok at the 10- and 20-minute scales, now changes to be focused in the areas of Sham 

Shui Po and Yau Ma Tei, while central Mong Kok now shows a higher proportion of the connectivity 

directive. 
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Map 7.75: Directives relationship: Connectivity and diversity directives, 10-minute scale 

 

Map 7.76: Directives relationship: Connectivity and diversity directives, 20-minute scale 
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Map 7.77: Directives relationship: Connectivity and diversity directives, 30-minute scale 

As seen in the scatterplots (Figure 7.48), there is not a strong relationship between the Connectivity 

and Urban Potential directives (Maps 7.78 to 7.80). Moreover, the relationship between the two 

directives at the 10-minute scale is typically weighted towards the urban potential directive. As the 

assessment scale increases, the balance between the two directives tends to become more equal. 

However, the overall balance remains towards the urban potential directive. The Mong Kok (including 

Sham Shui Po) area is the only area within Hong Kong that has high−high values of both directives at 

all scales. This suggests that Mong Kok has a good balance between the two directives at all scales. 

Wan Chai and a small part of Central are the only other areas which have clusters of high−high values 

of both directives.  
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Map 7.78: Directives relationship: Connectivity and urban potential directives, 10-minute scale 

 

Map 7.79: Directives relationship: Connectivity and urban potential directives, 20-minute scale 
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Map 7.80: Directives relationship: Connectivity and urban potential directives, 30-minute scale 

The results of the bivariate maps of the Connectivity and Redundancy directives (Maps 7.81 to 7.83) 

indicate that as the assessment scales increase, the balance between the directives becomes more 

even. However, within Yuen Long, the balance between the two directives changes as the scale 

increases. For example, at the 10-minute scale, Yuen Long is predominantly weighted towards having 

a higher ratio of the redundancy directive. However, at the 20- and 30-minute scales, the balance has 

shifted towards the larger area predominantly having a higher ratio of the connectivity directive. An 

additional observation within the results is that the locations that have high values for both directives 

are all located within areas that are typically close to an MTR station. The Mong Kok and Sham Shui 

Po areas are prime examples of this trend as clear rings of high−high values can be seen around the 

Mong Kok, Prince Edward and Sham Shui Po MTR stations. 
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Map 7.81: Directives relationship: Connectivity redundancy directives, 10-minute scale 

 

Map 7.82: Directives relationship: Connectivity and redundancy directives, 20-minute scale 
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Map 7.83: Directives relationship: Connectivity and redundancy directives, 30-minute scale 

For all scales with the Connectivity and Modularity directive bivariate maps (Maps 7.84 to 7.86), there 

is generally a stronger linear relationship between the directives. Moreover, because of the stronger 

relationship between the directives, there is also a clearer spatial separation between the locations 

with high−high values and those with low−low values. The high−high locations are typically located 

within the urban cores while the low−low values of locations tend to be further from the main urban 

centres. In relation to the high−high scores, Mong Kok and Sham Shui Po are the only areas with 

high−high values for all scales. Wan Chai and Central typically have medium−medium values for the 

10- and 20-minute scales. However, at the 30-minute scale, Wan Chai’s ratio between the two 

directives tends to be weighted more towards the connectivity directive. Also seen within the results 

is that the relationship between the directives within Tin Shui Wai tends to become more balanced 

with the increase in assessment scale. However, the values of both directives tend to move more 

towards the low−low end of the spectrum.  
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Map 7.84: Directives relationship: Connectivity and modularity directives, 10-minute scale 

 

Map 7.85: Directives relationship: Connectivity and modularity directives, 20-minute scale 
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Map 7.86: Directives relationship: Connectivity and modularity directives, 30-minute scale 

The results of the bivariate mapping between the Diversity and Urban Potential directives are shown 

in Maps 7.87 to 7.89. The areas that need to have high values for both directives are the locations that 

have the highest access to locational opportunities in that they are able to access large amounts of 

stored urban capital in the form of built volume (urban potential). Additionally, through the access to 

high diversity directives, these locations also have access to a larger variety of activities (functional 

mix) and variation in the urban form. From the results of bivariate mapping at the 10-minute scale, 

the ratio between the two directives is weighted towards the diversity directive. The 10-minute scale 

is also the assessment scale which has the largest clusters of the locations with high−high values of 

both directives. The two largest clusters of high−high values are the cluster which starts in Tsim Sha 

Tsui and extends north up to Sham Shui Po, and the cluster which runs the length of the northern side 

of Hong Kong Island, from Sai Ying Pun in the west to Taikoo Shing in the east. As the scale increases 

from the 10-minute scale to the 30-minute scale, the number of the locations with high−high values 

decreases at each scale interval. Moreover, the ratio of the two directives moves more towards the 

diversity directive within the northernmost New Towns (Fanling, Tai Po, Tuen Mun and Yuen Long). 

Conversely, within the southern New Towns (Tsuen Wan and Sha Tin) and Kowloon, the ratio between 

the two directives shifts more towards the urban potential directive. The most noticeable shifts are 

within central Mong Kok, Tsuen Wan and Kowloon Bay, which have all changed from having high−high 

values of both directives at the 10-minute scale to having a higher ratio of the urban potential directive 

at the 30-minute scale.  
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Map 7.87: Directives relationship: Diversity and urban potential directives, 10-minute scale 

 

Map 7.88: Directives relationship: Diversity and urban potential directives, 20-minute scale 
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Map 7.89: Directives relationship: Diversity and urban potential directives, 30-minute scale 

Because of the non-linear relationship between the Diversity and Redundancy directives, seen in the 

scatterplots for all scales (Figure 7.48), the spatial relationship (Maps 7.90 to 7.92) between the two 

directives reflects a similar trend across all scales. Due to this non-linear relationship, locations which 

have low diversity directive scores are also likely to have low redundancy scores. However, locations 

with higher diversity directive scores are just as likely to have a high redundancy directive score as 

they are to have a low redundancy directive score. As this trend is true for all scales, this result 

(supported by the findings in Section 7.4) supports the notion that the urban centres within Hong Kong 

can generally be regarded as being diverse. However, the quality of the access to redundancy varies 

across the territory as well as with scale. A more detailed view of the results on the 10-minute scale 

shows that there are more and larger clusters of the locations with high−high values for both directives 

than when compared to the 20- and 30-minute scales. The largest clusters on the 10-minute scale are 

located in Yuen Long Tsuen Wan, Tai Po Mong Kok (including Sham Shui Po, Yau Ma Tei and Tsim Sha 

Tsui) and most of the northern parts of Hong Kong Island. While the overall trend is for the ratio of 

the two directives to be weighted towards the diversity directive at the 10-minute scale, as the 

assessment scale increases and locations are able to access more transport, facilities and path options, 

the redundancy directive becomes more prominent. This is particularly true for both the locations on 

the outskirts of the urban centres and central Kowloon (especially within Mong Kok, To Kwa Wan and 

the larger Kowloon city district). However, the locations within the New Towns of Tuen Mun, Yuen 

Long, Fanling and Sha Tin generally maintain a higher ratio of the diversity directive.  
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Map 7.90: Directives relationship: Diversity and redundancy directives, 10-minute scale 

 

Map 7.91: Directives relationship: Diversity and redundancy directives, 20-minute scale 
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Map 7.92: Directives relationship: Diversity and redundancy directives, 30-minute scale 

Within the Hong Kong study area, the bivariate maps of the Diversity and Modularity directives (Maps 

7.93 to 7.95) indicate that the spatial relationship between the two directives is typically weighted 

towards the diversity directive for the majority of the locations across all assessment scales. Yuen Long 

is the only area which has a balanced, high−high, relationship between the two directives for all 

assessment scales. Mong Kok and Wan Chai are the only other areas which have significant clusters of 

high−high values of both directives; however, this is only true for the 10- and 20-minute scales. At the 

30-minute scale, the Wan Chai areas tends to be weighted towards the diversity directive, albeit with 

a higher relative ratio of the modularity directive. The Mong Kok cluster shifts to be weighted more 

towards the modularity directive at the 30-minute scale. However, the areas of Yau Ma Tei and Sham 

Shui Po now have a high−high ratio of both directives. The overall pattern for the study area of Hong 

Kong is for the urban cores to maintain a ratio of the two directives which is weighted more towards 

the diversity directive for all scales. The exception to this pattern is for the areas of Kowloon (excluding 

Kwun Tong and Tsim Sha Tsui), Tuen Wan and Sha Tin. Within these areas, the ratio between the 

directives is weighted towards diversity directive at the 10-minute scale. However, as the travel time 

increases to the 30-minute scale, the ratio changes to be weighted more towards the modularity 

directive. This identified pattern arises because these areas tend to have lower relative diversity 

directive scores as the assessment scale increases (see Section 7.4.4), while at the same time the 

relative modularity directive scores increase with the assessment scale (see Section 7.7.4). 
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Map 7.93: Directives relationship: Diversity and modularity directives, 10-minute scale 

 

Map 7.94: Directives relationship: Diversity and modularity directives, 20-minute scale 
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Map 7.95: Directives relationship: Diversity and modularity directives, 30-minute scale 

The spatial relationship between Urban Potential and Redundancy directives (Maps 7.96 to 7.98) 

strongly reflects the trend seen within the scatterplots (Figure 7.48). Moreover, as the assessment 

scale increases, the relationship between the two directives becomes stronger and more linear, with 

many locations having an even ratio (medium−medium) of the two directives. For example, at the 10-

minute scale, the areas of Yuen Long, Tai Po and Fanling have a ratio which is weighted towards the 

redundancy directive. However, at the 30-minute scale, the ratio is generally balanced 

medium−medium. The converse is true within the industrial area of Tuen Mun (directly west of the 

Tuen MTR station) which is weighted towards the urban potential directive at the 10-minute scale but 

has a balanced medium−medium ratio at the 30-minute scale. Tsuen Wan diverges from the trend as 

it has a large cluster of high−high values at the 10-minute scale; however, the ratio changes to become 

more weighted towards the urban potential directive at the 30-minute scale. The locations Kowloon 

City District show an opposite pattern to that of Tsuen Wan. In this case, at the 10-minute scale, the 

majority of the locations have a balanced medium−medium ratio between the directives but at the 

30-minute scale the ratio has changed to be weighted more towards the redundancy directive.  
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Map 7.96: Directives relationship: Urban potential and redundancy directives, 10-minute scale 

 

Map 7.97: Directives relationship: Urban potential and redundancy directives, 20-minute scale 
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Map 7.98: Directives relationship: Urban potential and redundancy directives, 30-minute scale 

The bivariate maps of the Urban Potential and Modularity directives (Maps 7.99- 7.101) show that 

the New Towns (excluding Yuen Long and Tsuen Wan), as well as the locations on the periphery of the 

urban cores, generally have a balanced medium−medium ratio of the two directives for all scales. 

However, the locations within Yuen Long have a much higher ratio of the modularity directive across 

all scales and can be easily identified within the scatterplots (Figure 7.48) as they form separate 

clusters within scatterplots. In addition to Yeun Long, the locations within the larger Kowloon City 

District that have a balanced medium−medium ratio at the 10-minute scale, tend to have a higher 

ratio of the modularity directive as the assessment scale increases. Contrary to the Kowloon City 

District, the locations within Tsuen Wan, Hong Kong Island, Kowloon Bay and Kwun Tong typically have 

high values for both directives; however, the ratio is weighted predominantly towards the urban 

potential directive for all assessment scales. For the entire study area, only the Sham Shui Po / Mong 

Kok area have a cluster high−high values for all scales.  



 

683 

 

Map 7.99: Directives relationship: Urban potential and modularity directives, 10-minute scale 

 

Map 7.100:  Directives relationship: Urban potential and modularity directives, 20-minute scale 
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Map 7.101: Directives relationship: Urban potential and modularity directives, 30-minute scale 

The final bivariate relationship explored for the Hong Kong study area was between the Redundancy 

and Modularity directives (Maps 7.102 to 7.104). The results of the maps show that the locations 

within the New Towns (excluding Yuen Long) are typically weighted towards the redundancy directive 

at the 10-minute scale. However, as the scale increases to the 30-minute scale, the weighting becomes 

more balanced, although not evenly. However, the centres of Fanling and Tsuen Wan have a balanced 

medium−medium ratio of the two directives at the 30-minute scale. Of all the major areas within Hong 

Kong, Yuen Long is the only area whose ratio between the two directives becomes weighted more 

towards the modularity directive as the assessment scale increases. At the 10-minute scale, the centre 

of Yuen Long has a high−high ratio of the two directives. However, as the scale increases to the 30-

minute scale, the ratio between the two directives changes to become weighted more towards the 

modularity directive, with only the locations close to the Yuen Long MTR station still having a 

high−high ratio between the directives. In a trend opposite to Yuen Long, Wan Chai changes from 

having a high−high ratio of the two directives at the 10-minute scale to having a ratio of the two 

directives weighted towards the redundancy directive as the scale increases to the 30-minute travel 

time. Finally, for all scales, the Sham Shui Po / Mong Kok area has a large cluster of high−high values. 

As the scale increases, the size of the cluster also increases such that the cluster extends all the way 

to Jordan MTR station in the south and Ma Tau Wa, directly south of the Kowloon Walled City Park in 

the west.  
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Map 7.102:  Directives relationship: Redundancy and modularity directives, 10-minute scale 

 

Map 7.103:  Directives relationship: Redundancy and modularity directives, 20-minute scale 
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Map 7.104: Directives relationship: Redundancy and modularity directives, 30-minute scale 

To summarise, this section predominantly explored the relationship between the directives. The 

results from the scatterplots as well as the correlation analysis show that there is generally a positive 

linear relationship of varying strength between the majority of directives and across all assessment 

scales. The exception to this, however, is with the diversity directive which generally has a non-linear 

relationship with the other four directives for each assessment scale. Moreover, both the connectivity 

directive (20- and 30-minute scale) and redundancy directive (all scales) show a linear relationship and 

high correlation coefficient with the SAP metric. As such, these two metrics may be used to predict 

any changes to the SAP of a location. However, further analysis, for example through regression 

analysis, is needed to confirm this hypothesis. 

The overall results of the bivariate mapping between the directives shows that Mong Kok, Yuen Long 

and the northern part of Hong Kong Island (particularly Wan Chai) are the only areas which tend to 

have high−high values for all combinations of directives. Of these identified areas, Mong Kok proved 

to be the area which constantly have high−high values for all assessment scales. Additionally, the 

bivariate mapping has also shown that, in most cases, one of the two directives compared tends to 

have an overall higher ratio for the study area. As such, few locations have an even balance between 

any two directives. However, it should also be noted that, in most cases, the ratio between the two 
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directives became more even as the assessment scale increased. Additionally, in only a few cases did 

the ratio between the two directives become less balanced as the scale increased, such as within the 

Yuen Long area when the bivariate maps of the redundancy and modularity directives were compared.  

While the focus of this chapter up to this point has been on exploring the results of the application of 

SAP assessment protocol within the Hong Kong case study area, the next section explores which types 

of urban forms are more likely to facilitate the formation of spatially resilient urban settlements. The 

identification of these types is done through the application of the proposed SAUT protocol, the results 

of which are described in the section to follow.  

7.10 Spatial adaptive urban typologies 

The outcomes of the application of the proposed SAP assessment protocol for the Hong Kong case 

study were discussed in previous sections. Research questions 6 and 7 aimed to identify a series of 

typologies that are able to describe the urban form characteristics that are most likely to promote the 

spatially adaptive urban settlements. In response to these two questions, the Spatial Adaptive Urban 

Typology (SAUT) protocol was proposed in Chapter 5 and is implemented in this section for the Hong 

Kong case study. The discussion of the result is presented in three parts. The first section (Section 

7.10.1) describes the case study specific process used to identify the urban type clusters (UTC) for the 

Hong Kong study area. The second part of this section (Section 7.10.2) explores the characteristics of 

the UTCs with the aim to identify the best performing UTC, which are then regarded as the SAUT for 

Hong Kong. The third and final part of this section (Section 7.10.3) explores the detailed morphological 

characteristics of the selected SAUT for Hong Kong.  

7.10.1 Creating urban type clusters 

This section describes the process used to identify the UTCs within the Hong Kong study area and 

specifically how the final number of UTCs for Hong Kong were selected. While Chapter 5 provided the 

details of the method used to create the UTCs, the process can be summarised in five basic steps, 

being: (1) creating the latent constructs; (2) selecting the appropriate Gaussian mixture model (GMM) 

and number of components (clusters) for the data; (3), applying the GMM to the case study to identify 

the primary urban type clusters (P-UTCs); (4) examining and ranking the P-UTCs; and (5) creating the 

final (secondary) UTCs. The text to follow describes the specific results of these five steps for Hong 

Kong. 

The first step in the process of identifying the UTCs for Hong Kong is to create the latent constructs to 

represent each of the five spatial resilience directives. The latent constructs contain the majority of 

the original variability (information) of the input metrics used to create each directive. Thus, the latent 

constructs are able to retain the majority of the underlying properties of the urban form that were 

captured through each individual metric. To create the latent constructs, a principal component 
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analysis (PCA) was performed using the input metrics related to each directive at the 10-minute scale. 

For example, for the connectivity latent construct, the 10-minute connectivity metrics of access to 

buildings, betweenness centrality and straightness centrality were used.  

Before running the PCA analysis to create each latent construct, all variables were centred (mean = 0) 

and standardised (Z-score). From the PCA analysis, the first principle component, which contains the 

majority of the variability, was extracted and used as the latent construct for that directive. As shown 

in Table 6.26, for the Hong Kong case study all latent constructs retained more than 55% of the original 

information of the input metrics. It should, however, be noted that for the diversity directive, the 

building type heterogeneity metric was dropped as the amount of the variability retained was only 

47%.  

Table 7.28: Percentage of variance explained by each latent construct 

Construct Percentage of variance 

Connectivity 56 

Diversity 59 

Urban potential* 100 

Redundancy 74 

Modularity 67 

*The urban potential latent construct has a variance of 100% as this construct   

only has one variable and therefore was able to capture all the variance.  

To ensure that the latent constructs retained the spatial logic and findings from the previous 

assessments of the original variables, the latent constructs for each directive were mapped and the 

visual checks were done on the results. The results of the mapped latent constructs, shown in Maps 

7.107 to 7.109, agree well with the findings from the SAP assessment discussed previously. For 

example, within the modularity latent construct (Map 7.109), the areas of Yuen Long and Mong Kok 

both retain their high modularity scores, while areas such the Tai Po Industrial Estate still have a low 

modularity score. Moreover, the result of the created diversity latent construct still conforms well 

with the diversity directive, despite the exclusion of the building type heterogeneity metric.  

The visualisation groupings are done by half (1/2) standard deviation intervals. Areas in white are half 

a standard deviation from the mean and the warmer colours represent the locations which have a 

score higher than the mean, while cooler colours represent locations which have a score below the 

mean. 
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Map 7.105: Connectivity latent construct: Connectivity 

 

Map 7.106: Connectivity latent construct: Diversity 
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Map 7.107: Connectivity latent construct: Urban potential 

 

Map 7.108: Connectivity latent construct: Redundancy 
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Map 7.109: Connectivity latent construct: Modularity 

The second step in the process to create the UTCs for Hong Kong was to use the created latent 

constructs as inputs into a GMM cluster analysis. However, as discussed in Chapter 5, it is necessary 

to first determine the number of components (clusters) and the type of model (covariance structure) 

that suits the data best. To identify the number of clusters and appropriate covariance structure for 

the Hong Kong study area, the mclust package (Scrucca et al., 2016) was used within the R 

programming environment (R Core Team, 2020). More specifically the expectation–maximisation 

algorithm was initialised to test 14 different covariance structures (models) against a range of 1−25 

components (clusters). This resulted in 350 different model-component combinations being tested for 

this case study.  
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To determine which model-component combination suites the data best, the computed integrated 

complete-data likelihood (ICL) scores were plotted (Figure 7.51) and the top six models that maximised 

the ICL score were selected for further assessment. In the case of the Hong Kong study area, the 

varying volume, shape and orientation (VVV) covariance structure and the models that had 20−25 

components, had the highest ICL scores (see Table 7.29).  

Figure 7.50: Integrated complete data likelihood scores for each of the 14 models tested 

Next, the GMM analysis was implemented on the full dataset using top six candidate model-

component combinations identified previously, where the best model was chosen by selecting the 

model that produced the highest log-likelihood score. The results of the log-likelihood assessment are 

show visually in Figure 7.52 while Table 6.27 contains the results of the ICL and log-likelihood scores 

for the top six models. From the results, the VVV model with 24 components model (VVV24) had a 

higher ICL score, however, the VVV25 model had a higher log-likelihood score. Therefore, the VVV25 

model was selected and used to create the Primary Urban Type Clusters (P-UTC) for the Hong Kong 

study area.  

Table 7.29: Gaussian mixture modelling analysis of integrated complete-data likelihood and log-likelihood of 
top six models 

Model Number of components 
Model integrated  

complete-data likelihood 
Log-likelihood Rank 

VVV 25 -560 663.9 -250 066.9 1 

VVV 24 -561 683.4 -250 519.3 2 

VVV 23 -566 886.5 -253 385.6 3 

VVV 21 -578 223.5 -259 163.9 4 

VVV 22 -577 229.3 -260 019.8 5 

VVV 20 -5780 43.8 -262 440.6 6 
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Figure 7.51: Comparison of the top six models log-likelihood  

Once the VVV25 model was applied to the input dataset and the P-UTCs were derived for the Hong 

Kong study area, the next step was to explore and rank the results of the initial clusters.  

The results of the P-UTC were examined in three ways: First, the mean latent construct values for all 

P-UTCs were plotted on a parallel plot to help confirm that there is a clear separation between each 

cluster. Moreover, as part of this process, the P-UTCs were ranked based on the sum of the mean 

normalised (0−1) score for each latent component (rank 1 having the highest mean score). The clusters 

were then renamed and reordered based on their rank as shown in Figure 7.53.  

 

Figure 7.52: Mean values of the primary urban type clusters for the latent constructs 
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From the parallel plot in Figure 7.53 the top four ranked P-UTCs all have mean scores for each of the 

five latent constructs which are higher than the global mean (i.e., mean value >0). An additional 

observation within the results is that the modularity latent construct had the least amount of variation 

in the mean score for all P-UTCs.  

Once the mean values per P-UTC were checked and ranked, the second part was to map the P-UTCs 

(Maps 7.110 to 7.111) the to ensure that there is a clear spatial logic and continuity within the results.24 

As seen in Map 7.110, the top five ranked clusters correspond well with the areas which had the 

highest overall SAP metric scores. For example, the locations within the areas of Sham Shui Po and 

Mong Kok have mostly been classified as P-UTC 1. Additionally, the locations situated on the urban 

periphery or on the mountains (such as in The Peak or Waterfall Bay in Hong Kong Island) are typically 

ranked lower, as would be expected.  

 

 

24  In Map 7.110, the cluster number corresponds to the ranked type (cluster) within the parallel plot shown in Figure 7.53.  
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Map 7.110:  Spatial distribution of primary urban type clusters 



 

696 

 

Map 7.111: Spatial distribution of the classification uncertainty 

The third and final evaluation of the P-UTC involves examining the uncertainty within the classification. 

The results of the classification show that 33.4% (37 150 out of 111 313) of all locations have a 

classification uncertainty of 0.05 (5% uncertainty) or less. Moreover, 65.7% of all locations have a 

classification uncertainty score of 0.25 (25% classification uncertainty) or less, while 92.1% of all 

locations have 50% or less uncertainty in their classification. Put in other words, 26.4% (29 362 

locations) of all locations have an uncertainty in their classification of between 0.25 and 0.5. However, 

when viewing the spatial distribution of the uncertainty (Maps 7.110 and 7.111), the majority of the 

locations which have higher uncertainty values (uncertainty > 0.5) tend to be located along the urban 

periphery on in areas whose urban form is strongly influenced by the topography, requiring the urban 

form to be relatively narrow. An example of this can be seen in the western side of Sha Tin. In this 

case, the urban area is developed between the mountain on the west and the Shing Mun River. In 

addition to constrained physical geography, the area also has a wide range of building types which are 
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all packed closely together. The combination of these two factors, as well as the fact that the metrics 

used in the assessment are locational- (accessed-) based, means that no single clear type likely formed 

within this area. Rather, the locations within this type may well be described by two or more UTCs.  

The final step in the process of identifying the final UTCs was to aggregate the P-UTCs into a series of 

secondary urban types. As noted by Jochem et al. (2020), and discussed in the Manhattan case study 

(Chapter 6), the use of information criteria, such as Bayesian Information Criterion or ICL, can result 

in a larger number of clusters being identified than what actually suits the data. As a result, it is often 

necessary to aggregate the clusters into secondary clusters, as has been done in this study.25 

Using the method described in Chapter 5, the P-UTCs were grouped by combining the clusters which 

have similar mean values per latent construct as well as being spatially close to each other, where 

possible. For example, P-UTC 18 and 19 have similar mean values for the majority of the latent 

constructs (see Figure 7.53), while at the same time also usually being spatially close to each other or 

on the urban periphery. As a result, these two P-UTCs were aggregated together to form UCT 13. By 

following this process, the total number of clusters were reduced from the initial 25 P-UTCs to a total 

of 14 secondary UTCs for the Hong Kong study area. 

As a final part of the process and to aid in the interpretation of the results, the aggregated secondary 

clusters were ranked based on the sum of the mean values of the 14 original directive metrics (such 

as betweenness, transport redundancy, configurative nesting). This was done so that the clusters 

which had the overall highest mean score for both the latent constructs, as well as the original metrics, 

could be identified before being cross-referenced with the SAP metric to select the SAUT for the Hong 

Kong study area. The next section provides more detail on the properties of the final ranked UTCs in 

terms of their spatial distribution and statistical characteristics. Additionally, once the properties of 

the UTCs have been described, the highest ranked UTCs are selected and considered the SAUT for 

Hong Kong. 

7.10.2 Exploring urban typology clusters 

Discussed in the previous section was the process of creating the UTCs for Hong Kong. This section 

provides a more detailed description of the spatial and statistical qualities of the UTCs. The final aim 

of this section is the identification and selection of the top performing UTCs which are then considered 

to be the SAUT for the Hong Kong study area.  

As discussed in the previous section, the 25 P-UTCs were aggregated into 14 secondary UTCs. Figure 

7.54 shows the mean latent construct values for each of the 14 aggregated UTC. Additionally, the UTCs 

have been reordered and renamed based on their rank, so that Cluster 1 in the figure represents the 

 

25  See Chapter 5 for a more detailed discussion on this. 



 

698 

UTC which has the highest total mean value for all latent constructs and input metrics. The results in 

Figure 7.54, show that there is still a clear differentiation between the clusters after the clusters have 

been aggregated. Moreover, the results also show that the top four UTCs, except for UTC 4, have 

above average mean scores for all latent constructs,26 while UTC 4 has above average mean latent 

construct scores for all latent constructs except for the urban potential latent construct. UTC 6−10 and 

UTC 14 all have at least one latent construct which has an above average value. However, UTC 11−13 

do not have any latent constructs that have above average mean values. 

 

Figure 7.53: Mean latent construct values of secondary urban type clusters 

When viewing the spatial distribution of the aggregated UTCs shown in Map 7.112, the top four UTCs 

are spatially well defined and separated from each other while also generally being located within the 

centre of the urban cores. More specifically, UTC 1 is located within the area of Mong Kok and Sham 

Shui Po as well as in a small portion of central Tai Po. UTC 2 forms a corridor which runs most of the 

length of the northern part of Hong Kong Island, starting from Sheung Wan in the west up to Tsat Tsz 

Mui in the east. UTC 3 can be easily described as falling predominantly within the central core of Yuen 

Long, while UTC 4 is predominantly made up of the small villages to the north of Yuen Long (Sai Pin 

Wai, Choi Uk Tsuen and Yeung Uk Tsuen) as well as the villages (Sheung Shui Wai and Fanling Wai) in 

the Fanling / Sheung Shui area.  

 

26  As the latent constructs use centred and standardised Z-scores, where the mean value is 0 and the actual values represent 

deviation from the mean, the ‘0 line’ within the figure represents the global mean score for the entire study area. 

Therefore, clusters which have a mean latent construct score larger than 0 have a mean latent construct score which is 

above the global average of the entire study area. 
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Map 7.112: Spatial distribution of secondary urban type clusters 

The buildings classified as UTC 5 are predominantly located within the Kowloon and Hong Kong Island 

and specifically, the areas with the largest groupings of UTC 5 are the areas of Hung Hom, To Kwa 

Wan, Tsim Sha Tsui, Yau Ma Tei, Kowloon City and Tsuen Wan. Additionally, there are large areas of 

UTC 5 around the periphery of UTC 2 on Hong Kong Island. Many of the buildings which have been 

classified as UTC 6 and UTC 7 are scattered intermittently within the urban cores. However, the largest 

areas with buildings classified as UTC 6 are in Tuen Mun, Tin Shui Wai, Sai Wan, Chai Wan and Tai Po 

(forming a ring around UTC 1 in Tao Po). Additionally, the largest areas of UTC 7 are located within 

Kowloon Tsai, Yuen Long industrial estate and the buildings in the southern parts of Yuen Long that 

surround the Yuen Long UTC-3.  

The areas that have many large buildings are also the locations that contain many buildings which are 

classified as UTC 8. The areas with the largest collection of buildings classified as UTC 8 are in Kwan 
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Tong, Kowloon Bay, Tai Po industrial estate and the industrial area to the west of the Tuen Mun MTR 

station. UCT 9 falls exclusively within the Lam Tei area (north of the Siu Hong MTR station) and mostly 

comprises the small villages (for example, Tuen Mun San Tsuen and San Hing Tsuen) located within 

the area. As with UTC 9, the spatial distribution of UTC 10 and UTC 11 can each almost be confined in 

a single area. For the case of UTC 10, the majority of the buildings with this classification are located 

within the residential housing estate of Hong Lok Yuen (north of Tai Po). All buildings classified as 

UTC 11 fall exclusively within the Ting Kok area (to the east of Tai Po). Finally, UTC 12−14 are largely 

scattered throughout the study area and are predominantly located on the periphery of the major 

urban cores or in isolated areas. 

When studying the characteristics of UTCs in relation to the mean normalised values for the original 

metrics, shown together in Figure 7.55 and separately in Figure 7.56, the results can be summarised 

through several observations. The results show that there is a clear separation and differentiation 

between each UTC, with no two UTCs having similar mean values for all metrics. Additionally, the 

mean values for betweenness centrality metric show the least variation across all UTCs, with only a 

0.084 score separating the UTCs with the highest and lowest mean betweenness scores. However, the 

mean betweenness centrality values for all UTCs tend to be low, as no UTC has a mean normalised 

betweenness centrality value higher than 0.1. Despite the low mean values for all UTCs, the mean 

values of the betweenness centrality do generally decrease as the UTC rank increases, with UTC 1−4 

and UTC 6 having mean values greater than the global 10-minute scale mean betweenness (≥ 0.02). 

In contrast to the betweenness centrality metric, the internal connectedness metric has the highest 

variation between each rank, showing no clear relationship between the rank and the mean values.  

 

Figure 7.54: Comparison of the mean values of the assessment metrics for Hong Kong’s urban type clusters 
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Figure 7.55:  Individual mean values of the assessment metrics for Hong Kong’s urban type clusters 

Yet, the UTC which have higher mean values of betweenness centrality, functional redundancy, 

transport redundancy and spatial-functional autonomy metrics are mostly ranked higher. This 

suggests that the quality and extent that these metrics are present within a UTC may be good 

indicators of the overall rank of a UTC. Additionally, the top three ranked UTCs (UTC 1−3) have mean 

values that are above global average (at the 10-minute assessment scale) for the majority of the 

metrics. More specifically, UTCs 1−3 have among the highest values for the access to buildings 

(locations), betweenness, functional evenness, functional redundancy and transport redundancy 

metrics. However, UCT 4 (discussed in more detail in the next section) has relatively high mean values 

for the access to buildings, betweenness, path redundancy, internal connectedness and configurative 

nesting metrics. The presence of high values for these metrics reflects an area with high local levels 

connectivity, which, in the case of UTC 4, is created by a fine-grain block structure associated with the 

villages. 

While the mean values per UTC provide an indication of the aggerate values for each type, they do 

not provide any information about the internal distribution of the values within each type. To explore 

the internal distribution of metrics for each UTC, ridgeline plots (Figure 7.57) were used. Within these 

ridgeline plots shown in Figure 7.57, the X-axis indicates the normalised score for the specific metric, 

while the number on the stacked Y-axis indicates the ranked UTC and the height of the density plot 

indicates the frequency of the locations with a specific value for that UTC.  
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Figure 7.56: Ridgeline plot of the internal distribution of values per assessment metric per urban type cluster  

The results within the ridgeline plots show that there is a great deal of variability within each UTC and 

that many UTCs have multimodal distributions. However, the betweenness and straightness centrality 

metrics, which had low variations in the mean values, also show similar distributions and low 

variations in the distributions across all UTCs. The distributions within the functional evenness per UTC 

shows that the higher ranked UTCs (UTC 1−5) have tighter distributions and are typically positively 

skewed. In contrast, the lower ranked UTCs (UTC 8−14), have more spread-out distributions that are 

also mostly negatively skewed, which appears to be the general trend across all assessment metrics 

related to diversity (functional evenness, building type heterogeneity, building density ration and built 

volume assess ratio). However, the opposite is true for metrics related to access to locational options 

(access to buildings, assess to built volume, functional redundancy, transport redundancy and spatial-

functional autonomy). In the latter case, the higher the rank of the UTCs, the more spread-out the 

distribution tends to be. Finally, as reflected in the mean values per UTC, the internal connectedness 

metric also has high variations in the distribution of values across urban types. This suggest that 

internal connectedness of an area does not correspond to the overall rank of an UTC. However, when 

internal connectedness is combined with the other metrics (spatial-functional autonomy and 

configurative nesting) which make up the modularity directive and latent construct, the relationship 

between the rank of the UTC and the modularity latent construct is stronger. 

The discussion in this section up to this point has only provided a description of the underlying 

characteristics of the UTCs in relation to the latent constructs and original metrics. Moreover, the 

results discussed thus far do not themselves give a direct indication of the morphological types which 
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are more likely to encourage an area to be spatially adaptive. Therefore, the discussion now shifts to 

selecting the UTCs which may be considered as providing the highest SAP and therefore be regarded 

as the SAUT for the Hong Kong study area. To evaluate the UTCs which are most conducive to creating 

spatially resilient urban forms, the UTCs are related back to the SAP metric. The SAP per UTC are shown 

in Table 6.28 (summary statistics), Figure 7.58 (mean SAP values per UTC for multiple scales) and 

Figure 7.59 (SAP distributions per UTC for multiple scales). In addition to showing the mean SAP values 

per UCT for the 10-minute assessment scale, the mean SAP values for the 20- and 30-minute scales 

are also shown. Additionally, the results of the multiscale SAP score are also included.27 The inclusion 

of the addition of the SAP results for the 20- and 30-minute scales, as well as the multiscale metric, 

means that the overall performance of the UTC in relation to its SAP across all assessment scales can 

be assessed.  

Table 7.30: Summary statistics of spatial adaptive potential values per urban type cluster  

Properties UTC 1 UTC 2 UTC 3 UTC 4 UTC 5 UTC 6 UTC 7 UTC 8 UTC 9 UTC 10 UTC 11 UTC 12 UTC 13 UTC 14 

n 4 647 4 331 1 703 5 356 12 996 11 378 5 893 8 613 2 373 3 854 2 246 17 798 23 788 6 338 

Spatial adaptive potential 10-minute scale 

Mean 0.71 0.68 0.62 0.53 0.51 0.39 0.39 0.34 0.32 0.26 0.31 0.27 0.19 0.17 

SD 0.07 0.10 0.08 0.10 0.07 0.07 0.07 0.07 0.03 0.07 0.07 0.05 0.05 0.06 

Median 0.72 0.68 0.63 0.50 0.51 0.39 0.40 0.33 0.32 0.25 0.32 0.27 0.19 0.16 

Spatial adaptive potential 20-minute scale 

Mean 0.73 0.71 0.65 0.53 0.56 0.44 0.46 0.38 0.39 0.24 0.32 0.34 0.24 0.24 

SD 0.08 0.10 0.07 0.10 0.09 0.08 0.07 0.08 0.03 0.08 0.04 0.06 0.06 0.08 

Median 0.74 0.72 0.65 0.51 0.55 0.44 0.46 0.37 0.39 0.24 0.32 0.33 0.24 0.23 

Spatial adaptive potential 30-minute scale 

Mean 0.76 0.75 0.66 0.59 0.63 0.51 0.55 0.42 0.45 0.25 0.36 0.40 0.29 0.29 

SD 0.08 0.09 0.06 0.10 0.11 0.10 0.10 0.10 0.04 0.10 0.05 0.09 0.08 0.10 

Median 0.77 0.76 0.67 0.58 0.62 0.51 0.57 0.43 0.46 0.23 0.37 0.40 0.29 0.29 

Spatial adaptive potential multiscale 

Mean 0.73 0.71 0.63 0.54 0.55 0.43 0.45 0.36 0.37 0.23 0.31 0.32 0.22 0.21 

SD 0.07 0.10 0.07 0.10 0.08 0.08 0.07 0.08 0.03 0.08 0.04 0.06 0.06 0.08 

Median 0.74 0.71 0.64 0.53 0.55 0.43 0.46 0.36 0.37 0.22 0.32 0.32 0.22 0.20 

UTC = Urban type clusters 
SD = Standard deviation 

 

The results of the parallel plot (Figure 7.58) show that there is a close relationship between the mean 

values of the 20-minute scale and the multiscale SAP assessment for all UTCs. Given the close 

relationship, the 20-minute scale SAP score could be used as an approximation of the mean multiscale 

SAP score. However, when comparing the distributions of SAP values within each UTC and across 

assessment scales (Figure 7.59), the distributions within each UTC vary significantly between the two 

metrics, implying that while the mean values between the 20-minute scale and the multiscale SAP 

 

27  The multiscale spatial adaptive potential metric is calculated by computing the mean spatial adaptive potential metric 

value for all three scales per UTC.  
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scores are indeed similar, the interplay between the scales still produces internal variation in the 

individual scores.  

The general trend seen in the parallel plot of the mean SAP results per UTC, particularly for the 10-

minute scale (SAP 10 in Figure 7.58), is that the allocated rank for each UTC typically corresponds well 

with the mean SAP score for each urban type. The higher the rank, the higher is the overall mean SAP 

score for all scales. This pattern holds true even when considering the high variation in mean values 

within the 30-minute SAP score. Moreover, when taking a more detailed view of the mean SAP score 

for the UTCs (Table 6.28), the results show that the top five UTCs all have significantly higher mean 

values for all assessment scales, and none of the top five UTCs have a mean SAP value below 0.5 for 

any assessment scale. Additionally, after UTC 5, none of the other UTCs have higher mean SAP values 

than the top five UTCs for any assessment scales, which is reflected in the gradual overall decline in 

all mean values seen in the parallel plot (Figure 7.58).  

 

Figure 7.57: Mean spatial adaptive potential value per urban type cluster 
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Figure 7.58: Ridgeline plot of the internal distribution of spatial adaptive potential values per urban type cluster  

Given the clear separation in the mean SAP scores, the cut-off point for the selection of the types that 

will be considered as the SAUT for the Hong Kong case, are the UTCs which have a mean SAP score of 

0.5 or higher for all assessment scales. Therefore, UTCs 1−5 are the only UTCs which qualify under this 

criterion. In addition to having the highest SAP scores for all assessment scales, UTCs 1−5 also generally 

had the highest mean scores for both the latent constructs and original assessment metrics (at the 10-

minute scale). Moreover, given these results, the top five UTCs generally represent the urban forms 

that are most likely to facilitate spatially resilient urban settlements within the context of Hong Kong. 

In other words, the top five UTCs (UTC 1−5) are regarded as the SAUT for the Hong Kong case study.  

Having identified SAUT for the Hong Kong case studies, the morphological characteristics of each of 

the SAUT need to be explored. The next section provides the details of each of Hong Kong’s SAUT in 

terms of the geometric characteristics of three basic morphological units, namely buildings, blocks and 

streets. The exploration of the geometric characteristics of the morphological units is done in an 

attempt to identify if there are any defining features within the SAUT which can be used to inform the 

design of cities to improve the overall spatial resilience.  

7.10.3 Spatial adaptive urban typologies 

The aim of this section up to this point was to provide a general description of the different UTCs 

identified within the Hong Kong case study to provide an overview of the spatial distributions of the 

clusters as well as a statistical summary of the different assessment metrics within each cluster. As 

part of the description of the UTCs, UTC 1-5 were identified as the clusters with the highest probability 
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of being spatially adaptive, as these five UTCs not only had the highest mean SAP metric scores for all 

the assessment clusters, but they also performed well for most assessment metrics. Because UTCs 1−5 

performed the best against all the assessment criteria, they are considered as examples of urban forms 

which are most likely to produce spatially resilient settlements. Consequently, UTCs 1−5 were 

renamed to SAUT 1−5 to help differentiate them from the other UTCs 

Moving on from the identification of the SAUT, the remainder of this section is dedicated at providing 

a more detailed description of each of the five types. The following subsections first provide a general 

disruption of the location of each SAUT within the case study area that includes a general description 

of the shape and configuration of each SAUT. Next, with the aim to help inform current and future 

urban planning and design to create more spatially adaptive cities, a description of the geometric 

characteristics of each SAUT are discussed in terms of their morphological units, namely buildings, 

blocks and streets.  

7.10.3.1 Locations of spatial adaptive urban types  

Given the extent of the Hong Kong case study, providing a general description of the locations of each 

SAUT is helpful to provide more context for each SAUT. Shown in Map 7.113 are the location and 

distribution of the buildings which have been classified as SAUT 1−5, while Figure 7.60 provides a 

close-up view of all the areas that have been classified as a SAUT. As seen in the map, the five SAUT 

are distributed throughout Hong Kong with the majority of buildings which are classified as a SAUT 

located in Hong Kong Island and the Kowloon peninsula. However, a large proportion of the Yuen Long 

area has been classified as either SAUT 3 or SAUT 4. 
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Map 7.113: Location and distribution of the spatial adaptive urban types within Hong Kong 
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Figure 7.59: Buildings within Hong Kong’s spatial adaptive urban types 
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 Spatial Adaptive Urban Type 1 

In terms of the individual SAUT, two areas have been classified as SAUT 1. The smallest of the two 

SAUT 1 areas is located within Tai Po, between the Lam Tsuen River, Tai Po River and the East Rail MTR 

line (near the Tai Po Market Station). The second and largest SAUT 1 areas falls roughly within the 

areas of Mong Kok and Sham Shui Po (between Waterloo Road in the south and Yen Chow Street in 

the north). The entire SAUT 1 covers an area of roughly 2.05 km² (0.74% of Hong Kong’s built-up area) 

and can be predominantly characterised by grid street patterns; however, in both locations which are 

classified as SAUT 1, the grid pattern is distorted at one point with at least one diagonal street. SAUT 1 

also typically has medium high buildings (6−10 floor walk-ups, sometimes called extruded shop-

houses, according to Shelton et al., 2010) with a few taller buildings scattered throughout. Of the two 

areas classified as SAUT 1, the Mong Kok / Sham Shui Po section not only has the largest areas, it also 

has the most buildings between the two parts; thus, the Mong Kok / Sham Shui Po section can be 

considered as the best representation of the SAUT 1 classification. Therefore, for simplicity’s sake, the 

Mong Kok / Sham Shui Po area will be the focus of the discussion and visualisation for the rest of the 

section when discussing SAUT 1.  

 Spatial Adaptive Urban Type 2 

SAUT 2 is made up of three parts, the two largest parts are located on the northern section of Hong 

Kong Island (Sheung Wan – Victoria Park [western part] and Causeway Bay – Tsat Tsz Mui [eastern 

part]), while the third and smallest part is located in and around Kwun Tong MTR station. The 

combined area of all three of the SAUT 2 parts is 3.99 km² (1.44% of Hong Kong’s built-up area), making 

it the second largest of the five SAUT in Hong Kong. Because all three areas which make up SAUT 2 

have a long or linear shape, SAUT 2 can be considered to be a corridor or linear urban type. However, 

despite the linear shape of the SAUT, the street pattern largely conforms to variations of a grid pattern 

within the SAUT. The exception to this street pattern is in the older sections of Hong Kong, specifically 

within Central, were the streets are impacted by the terrain and tend to run parallel or perpendicular 

to the slopes. As the mean building height within SAUT 2 is 36 m or 12 storeys (described in more 

detail later) it is also the most vertical SAUT within Hong Kong. Indeed, as SAUT has 151 buildings that 

are over 100 m tall, SAUT 2 also describes the area within Hong Kong that has the most skyscrapers. 

Moreover, while SAUT 2 has the most tall buildings within Hong Kong, the SAUT also has a large range 

of other building types, as reflected in the high building type heterogeneity score shown previously 

(Section 7.4.2). An additional note about SAUT 2 is that in all three areas which have been classified 

as SAUT 2, there are large sections of buildings classified as SAUT 5 which run along the edges of 

SAUT 2. The presence of SAUT 5 in all three cases may suggest that SAUT 5 functions as a type of edge 

or transition zone between areas which have higher and lower spatial adaptive qualities.  
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 Spatial Adaptive Urban Type 3 

Two areas within Hong Kong have been classified as SAUT 3. The smallest of the two SAUT 3 clusters 

is located within Sheung Shui, while the second and largest of the two SAUT 3 areas is located within 

the urban core of Yeun Long.28 More specifically, the section of SAUT 3 which falls within Yuen Long is 

located within the area bound by Yuen Long Tai Yuk Road (west), Ma Tong Road (south), Yau Tin Road 

(east) and the West MTR rail line to the north (along Wang Tat Road/Long Yip Street). In total, SAUT 3 

covers a total area of 1.98 km² or about 0.72% of the built-up land within Hong Kong. SAUT 3 has an 

irregular street pattern that can be described as a deformed or irregular grid pattern, where the blocks 

are relatively square or rectangular but the size of the blocks varies, which breaks the grid pattern. 

There are two prevailing building types within SAUT 3. The first type is that of six to eight floor walk-

ups (extruded shop-houses) which are common throughout Hong Kong and were generally built in the 

1940s to 1960s. The second prominent building type is that of pencil towers (varying heights) on small 

podiums which have been present in Hong Kong from the 1960s (Shelton et al., 2010). Unlike areas 

such as Tuen Mun, the podium buildings within SAUT 3 (as well as the blocks) are not particularly large, 

which means that many urban blocks contain multiple buildings (unlike in many parts of Tuen Mun). 

An additional observation is that there is a relationship between SAUT 3, SAUT 4 and UTC 7. As in all 

areas where SAUT 3 is present, both SAUT 4 and UTC 7 essentially form a boundary around SAUT 3. 

This suggests that the formation of SAUT 3 may be dependent on the proximity of the SAUT 4 and 

UCT 7 urban fabrics, or even vice versa. 

 Spatial Adaptive Urban Type 4 

SAUT 4 is a unique type within Hong Kong as it represents the only SAUT which may be considered as 

low density (by Hong Kong’s standards). This is because SAUT 4 is predominantly made up of several 

clearly defined villages, where the prevailing building typology is that of low rise buildings (one to four 

storeys). As such, SAUT 4 may be considered as the spatial adaptive urban village type within Hong 

Kong. Because of the nature of the urban villages, the urban blocks are very small and rectangular and 

typically conform to a grid pattern. Moreover, because it consists of small villages, SAUT 4 is split into 

five different parts. Three of the parts are located in Yuen Long, while the other two are located in the 

Fanling-Sheung Shui area. In total, SAUT 4 covers an area of 1.69 km² (0.61% of Hong Kong’s built-up 

area), making it the smallest of the SAUT. As mentioned previously, SAUT 4 is only present in areas 

adjacent to locations classified as SAUT 3 or UTC 7. While this is not conclusive evidence, it does 

suggest a link between the three different typologies.  

 

28  As the Yuen Long section of SAUT 3 is by far the largest, with most buildings of the two portions which make up SAUT 3 

(74% of the total buildings of SAUT 3), for this study it is considered to be the area that is most representative of the 

SAUT 3 classification and can therefore be used as the reference point when discussing or visually representing SAUT 3.  



 

711 

 Spatial Adaptive Urban Type 5 

SAUT 5 is the final of the five adaptive typologies to be described in this section. As seen in Map 7.114, 

SAUT 5 is the most widely distributed of the five SAUT and is found within Hong Kong Island, large 

parts of Kowloon, including Cheung Sha Wan, Mong Kok, Yau Ma Tei, Tsim Sha Tsui, Hung Hom, To 

Kwa Wan, Kowloon City and Kwun Tong, as well as Tuen Wan and Fanling. In addition to being to most 

spread out of the five adaptive urban types, SAUT 5 is also the largest, covering an area of about 

11.56 km², or 4.2% of the total built-up area of Hong Kong. Due to the spread-out nature of SAUT 5, it 

has a variety of street patterns; however, the prevailing street pattern is that of a deformed or broken 

grid. Moreover, SAUT 5 also has a large amount of variation in the building types, with the dominant 

building type dependent on which section the SAUT 5 is studied. For example, the Sai Ying Pun part of 

the SAUT 5 section (western section of Hong Kong Island) has a mixture of many tall buildings as well 

as walk-ups. In contrast, the Hung Hom-To Kwa Wan SAUT 5 area has a very few tall buildings and is 

dominated by walk-ups as well as short pencil towers on podiums.  

Given this rudimentary description of each of the five SAUT, the remainder of the section is dedicated 

to providing a detailed description of the geometric characteristics of the basic morphological units 

which make up each SAUT. Buildings, being the lowest level morphological unit, will be the first of the 

three units whose characteristics are described for each SAUT, followed by a description of the urban 

blocks, and the section concludes with a description of streets characteristics.  

The results to follow show that SAUT 4 is somewhat of an outlier compared to the other five identified 

adaptive types because SAUT 4 predominantly consists of urban villages. As the urban villages within 

Hong Kong have a very unique urban form when compared the rest of the urban area within Hong 

Kong, the results of the properties for SAUT 4 should be read specifically within the context of the 

urban villages and not the broader Hong Kong development trend. Moreover, while the results 

associated with SAUT 4 are not insignificant for the Hong Kong context, the deviation of the results 

from the other SAUT means that it is difficult to draw any generalisations that may be used to inform 

design principles or guidelines that would be applicable outside of the Hong Kong context. As a result, 

the focus of the discussion to follow primarily focuses on what can be learnt from the remaining SAUT 

(SAUT 1−3 and 5) in terms of the geometric properties of the morphological units within the SAUT.  

7.10.3.2 Building properties of spatial adaptive urban types 

Buildings are the lowest of the morphological units whose geometric properties were studied for each 

of the SAUT within the Hong Kong case study. As noted in Chapter 5, six metrics were used to describe 

the overall geometric properties of the buildings. These metrics are the building area (m²), building 

length (m), building width (m), building height (m), building volume (m3) and building thickness ratio. 
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Table 7.3129 provides the summary statistics for each metric as they relate to Hong Kong’s five SAUT. 

As a companion to the table, Figures 7.61 to 7.65 provide a visual representation of the buildings of 

each SAUT, while Figures 7.66 to 7.71 shows the boxplots for each metric. 

Table 7.31:Summary statistics of spatial adaptive urban type building geometric properties 

Properties SAUT 1 SAUT 2 SAUT 3 SAUT 4 SAUT 5 UTC 6 UTC 7 UTC 8 UTC 9 UTC 10 UTC 11 UTC 12 UTC 13 UTC 14 

N 4 647 4 331 1 703 5 356 12 996 11 378 5 893 8 613 2 373 3 854 2 246 17 798 23 788 6 338 

Building area (m²) 

Mean 184 378 333 63 331 574 239 908 77 177 56 335 313 103 

SD 340 789 838 335 835 1 698 972 3 257 398 723 52 1 339 1 410 392 

Median 86 156 102 38 95 113 63 287 64 52 63 64 65 50 

Building length (m) 

Mean 20.6 26.0 24.6 11.1 24.2 29.7 18.3 37.0 11.9 16.0 11.1 20.9 20.5 12.9 

SD 11.0 19.8 21.2 8.8 20.4 33.9 21.0 37.1 8.8 17.8 3.5 25.7 25.7 11.9 

Median 18.9 20.1 19.4 10.4 18.7 17.7 12.1 27.3 11.4 11.5 11.4 12.3 12.5 11.3 

Building width (m) 

Mean 13.6 19.0 17.1 8.3 16.9 20.6 13.4 26.7 9.9 11.6 9.4 15.0 14.7 9.9 

SD 9.3 14.1 14.2 4.9 14.3 19.9 13.5 24.4 5.2 11.4 2.8 15.8 14.8 7.4 

Median 9.4 15.5 11.4 7.2 11.0 12.4 9.6 20.4 10.4 8.9 10.4 10.4 10.5 8.9 

Building thickness ratio 

Mean 0.37 0.43 0.44 0.43 0.41 0.44 0.45 0.44 0.51 0.45 0.50 0.45 0.46 0.47 

SD 0.12 0.13 0.17 0.13 0.14 0.14 0.13 0.13 0.14 0.13 0.13 0.13 0.13 0.12 

Median 0.34 0.42 0.41 0.40 0.41 0.44 0.44 0.44 0.49 0.44 0.49 0.44 0.45 0.47 

Building height (m) 

Mean 25.3 35.7 16.8 8.8 26.1 23.7 11.7 29.4 7.4 10.0 7.4 13.9 12.9 6.9 

SD 14.4 30.6 18.1 4.3 21.4 30.1 14.7 34.7 4.4 16.7 2.9 21.8 19.5 6.9 

Median 23.0 23.8 11.9 9.0 21.9 9.8 8.5 15.3 7.9 6.6 8.5 7.6 8.0 5.7 

Building floors 

Mean 8.5 11.9 5.6 3.0 8.7 7.9 3.9 9.8 2.5 3.4 2.5 4.7 4.3 2.3 

SD 4.8 10.2 6.0 1.5 7.1 10.0 4.9 11.6 1.5 5.5 1.0 7.3 6.5 2.3 

Median 8.0 8.0 4.0 3.0 7.0 3.0 3.0 5.0 3.0 2.0 3.0 3.0 3.0 2.0 

Building volume (m³) 

Mean 5,165 18,239 7,103 803 9,857 17,799 4,789 32,310 700 4,107 451 8,953 7,291 1,320 

SD 13,528 55,573 22,506 8,119 25,759 45,712 18,664 12,8050 2,739 18,757 544 34,018 38,826 8,167 

Median 2,179 3,988 1,412 349 1,988 1,258 506 4,861 480 376 520 496 565 277 

SAUT = Spatial adaptive urban typology; UTC = Urban type clusters; SD = Standard deviation 

 

 

29  For comparative purposes, the summary statistics is provided for the SAUT as well as the UTCs discussed previously. 
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Figure 7.60: Example of buildings within SAUT 1 

 

 

Figure 7.61: Example of buildings within SAUT 2 
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Figure 7.62: Example of buildings within SAUT 3 

 

 

Figure 7.63: Example of buildings within SAUT 4 
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Figure 7.64: Example of buildings within SAUT 5 

The Building area is the first of the metrics discussed in relation to each SAUT. From the results, SAUT 4 

has the smallest mean building area (building footprint) being only 63 m² (σ = 335). In addition to the 

small mean area, SAUT 4 also has a small interquartile range (Q1 = 28 m²; Q 3 = 63.8 m²). Compared to 

the other four adaptive types, SAUT 4 may be considered as an outlier with regard to the building 

area. This is because all four of the other SAUT have much higher mean values as well as first quartiles. 

When SAUT 4 is excluded, all four other SAUT have similar first quartiles which range between 58.3 m² 

and 69 m². However, as seen in Table 7.31 and Figure 7.66, SAUT 1 has a much lower mean building 

area (x̅ = 184 m²; σ = 340) as well as lower third quartile (Q 3 = 187 m²). The mean building areas for 

SAUT 2 (x ̅= 387 m²; σ = 789), SAUT 3 (x ̅= 333 m²; σ = 838) and SAUT 5 (x̅ = 331 m²; σ = 835) do not vary 

a great deal, as there is only a 53 m² difference between the mean area of these SAUT. An additional 

observation in terms of the building area is that when boxplots of the SAUT (Figure 7.66) are compared 

with the other UTC, the SAUT (excluding SAUT 4) all have similar first quartiles, while other UTCs 

typically have lower first quartiles and also either have much higher (UTC 6 and 8) or lower (UTC 7, 9, 

10−14) third quartiles.  
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Figure 7.65: Boxplots of the building area within Hong Kong’s spatial adaptive urban types 

The second geometric property discussed for the buildings within the SAUT is the building length. As 

seen in Table 7.31 and Figure 7.67, SAUT 4 has the lowest mean building length (x ̅= 11.1 m; σ = 8.3 m) 

of all the SAUT as it predominantly comprises small buildings within the urban villages. SAUT 2, 3 and 

5 have similar mean building lengths, ranging from 24.2 m (SAUT 5) to 26 m (SAUT 2), while SAUT 1 

has the second smallest mean building length (x ̅= 20.6 m; σ = 11 m). Also seen within the results is 

that that all SAUT’s (excluding SAUT 4) building length interquartile range differs from the other UTCs. 

More precisely, the first quartiles of SAUT 1, 2, 3 and 5 are generally higher than the majority of the 

of the UTCs, ranging between 12.6 m (SAUT 3) and 15.7 m (SAUT 1). Additionally, the third quartiles 

for the same SAUT are not too large either, ranging between 22.3 m (SAUT 1) and 30.9 m (SAUT 2).  

 

Figure 7.66: Boxplots of the building length within Hong Kong’s spatial adaptive urban types 

As seen in Figure 7.68, the building widths for the SAUT follow a similar pattern to that seen with the 

building lengths. In the case of building widths, the SAUT (excluding SAUT 4) can be said to be distinct 

from all the UTCs, as they typically have higher mean and first quartiles than the majority of the UTCs, 
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yet not having the highest third quartiles. In the case of the SAUT (excluding SAUT 4), the majority of 

the buildings typically have width ranges between 8.1 m and 24.5 m.  

 

Figure 7.67: Boxplots of the building width within Hong Kong’s spatial adaptive urban types 

While the building length and widths show a clear separation between the SAUT and the UTCs, the 

results of the building thickness ratio30 per SAUT do not show a strong separation between the SAUT 

or the UTCs. All SAUT (excluding SAUT 1) have a mean thickness ratio between 0.41 and 0.44. 

Moreover, as seen in Figure 7.69 and Table 7.31, SAUT 1 has the lowest mean thickness ratio (x ̅= 0.37; 

σ = 12) of all the identified urban types. On additional observation from Figure 7.69 it is clear that all 

of the SAUT have a slightly lower first quartile when compared to the UTCs. However, this difference 

does not seem to be significant.  

 

Figure 7.68: Boxplots of the building thickness within Hong Kong’s spatial adaptive urban types 

 

30  Defined as the ratio of the area of the building in relation the area of the buildings’ minimum bounding square. Values 

closer to one indicate more square building shapes, while smaller values indicate that the building is narrower.  
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The two-dimensional geometric characteristics of the buildings have shown that the buildings within 

the SAUT are similar to each other yet also being somewhat distinct from the other urban types. 

However, when the third dimension, building height (Figure 7.64), is included, the results show that 

there are clear differences between the SAUT. The results show that SAUT 4 has the lowest mean 

building height (x ̅= 8.8 m; σ = 4.3 m) while SAUT 2 has the largest mean building height (x̅ = 35.7 m; σ 

= 30.6 m) of all the SAUT. SAUT 1 and SAUT 5 have similar interquartile ranges, where, for both SAUT, 

50% of all buildings have a height of between 14.3 m and 31.2 m, which translates into buildings of 

between five and ten floors. Moreover, the results reflect that in both SAUT 1 and SAUT 5 the 

dominant building type is that of the extruded shop-houses (walk-ups). However, it should be noted 

that SAUT 5 also has a large range in building types that includes shorter pencil towers, such as those 

located in Hung Hom, as well as taller buildings on podium structures, many of which are located in 

Hong Kong Island. The results also show that SAUT 3 has a large interquartile range (Q1 = 6.20 m; Q 3 

= 16.9 m) in building height, including a low third quartile. This result is likely due to the prevalence of 

many small podium structures which are not very tall (one to two floors). The prevalence of podium 

structures within UTC 6 and UTC 8 is likely the reason why these two urban types also have large 

interquartile ranges.  

 

Figure 7.69: Boxplots of the building height within Hong Kong’s spatial adaptive urban types 

The pattern in the distribution of building volume (Figure 7.71) is similar to that seen in the results of 

the building height for each urban type. Unsurprisingly, SAUT 4, predominantly comprising urban 

villages which have small buildings, has the lowest mean building volume (x ̅= 803 m³; σ = 8 119 m³) of 

the SAUT. However, SAUT 2, being the adaptive type with the tallest buildings and therefore highest 

mean building height, is the SAUT with the highest mean building volume (x̅ = 18 239 m³; 

σ = 55 573 m³). The results also show that the first quartiles for SAUT 1 (Q1 = 1 413 m³), SAUT 2 (Q1 

= 1 388 m³) and SAUT 5 (Q1 = 1 200 m³) are all similar. However, while SAUT 1 and SAUT 5 have similar 

building heights, there is a large difference between their mean building volume, with SAUT 1 having 
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a mean building volume of x ̅= 5 165 m³ (σ = 55 573 m³) and SAUT 5 having a mean building volume of 

x ̅= 9 857 m³ (σ = 25 759 m³). While extruded shop-house buildings are prevalent in SAUT 1 and SAUT 5 

the latter also has many more tall buildings as well as podium structures. Although the podium 

structures are not very tall, they typically occupy large volumes of space and can easily be the size of 

a block. It is likely for the same reason that SAUT 3 has a larger mean building volume (x ̅= 7 103 m³; 

σ = 22 506 m³) than SAUT 1, as SAUT 3 has many buildings which include podium structures.  

 

Figure 7.70:  Boxplots of the building volume within Hong Kong’s spatial adaptive urban types 

In terms of the SAP and the building geometric characteristics, the results show that the SAUT typically 

fall within the midrange of the metrics considered, with SAUT 1, which has the highest SAP scores, 

often representing the most values near the middle of the range of values. When these results are 

viewed within the context of previous studies of other urban areas (Hallowell, 2013; Moudon, 1986; 

Scheer and Ferdelman, 2001), the results support the notion that buildings that are too small or too 

large do not encourage the formation of spatial resilience. Scheer and Ferdelman (2001), who studied 

the change of the urban form in Over-the-Rhine (Cincinnati, USA) between 1840 and 1991, found that 

the buildings which changed the most over the study period were the smallest and largest buildings. 

Additionally, their findings showed that the buildings which lasted the longest and changed the least 

were mid-sized buildings, or what Scheer and Ferdelman (2001) referred to as standard building type 

of the area.31 Hallowell (2013) identified similar patterns, where small buildings were the most likely 

to be demolished or changed. Similarly, Moudon’s (1986) study of urban change in San Francisco also 

showed that smaller buildings were also more susceptible to demolition (fast change). However, 

Moudon also noted that larger elements may change more slowly and are more susceptible to more 

radical change.  

 

31  In the case of the Over-the-Rhine, the standard building type is described as “single or double row house with commercial 

use on the ground floor and three or four floors of residential use above” (Scheer and Ferdelman, 2001:24). 
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In short, the findings suggest that buildings that are too large or too small will likely limit the adaptive 

potential of an area. Large buildings tend to be used for a single or specialised use and therefore do 

not necessarily encourage mixing of functions. While Hong Kong’s building-podium developments are 

able to somewhat circumvent the separation of uses by stacking the different functions into the 

podium structure and within individual buildings on the podium, the uses are still largely separated 

into the individual buildings, requiring users to walk large distances and through complicated 

walkways to access them. Additionally, these large building structures require large portions of land, 

which, given Hong Kong’s constraints on land supply, means that the large developments tend to be 

spatially separated or disconnected from the larger urban fabric, as they are often built on reclaimed 

land (West Kowloon and the Olympic developments are an example of this). The separation from the 

larger urban fabric means that walking longer distances or using public transport is required to gain 

access to the rest of the city. Not only is this inefficient in terms of time and money, it also reduces 

the ease at which individuals are able to respond. Furthermore, large buildings are also usually 

developed and or managed by a single group and do not easily allow for individual responses within 

the building development. Although this means that such groups are likely able to draw on larger 

resources should changes be required, they are also likely to be slower to respond to changes, due to 

bureaucratic processes, while also less likely to permit localised or individual responses. 

While small buildings are more likely to have a single owner and are also easier to adapt, they suffer 

from other challenges which would likely impede the SAP of an area as small buildings are more likely 

to be demolished (Hallowell, 2013; Moudon, 1986; Scheer and Ferdelman, 2001). Additionally, small 

buildings also correspond to less building volume and building and therefore have less potential to 

house opportunities (urban potential). Less locational opportunities in close proximity also means that 

more time and costs are needed to reach the same number of options, which then negatively impacts 

the resilience of an area (Sharifi, 2019b). 

While the buildings may play a role in the SAP of an area, they are also one of the elements from the 

urban tissue which changes the most rapidly and are the easiest to change (Conzen, 1960). However, 

several authors have noted that the rate of change in buildings is also impacted by the characteristics 

of the blocks and streets (Moudon, 1986; Ryan, 2008; Scheer and Ferdelman, 2001). The next section 

explores the characteristics of the urban blocks within the SAUT in an attempt to see if any insights 

can be gained from geometric properties.  
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Figure 7.71: Top view of buildings within Hong Kong’s spatial adaptive urban types 

7.10.3.3 Block properties of spatial adaptive urban types 

Blocks are not only a fundamental unit of urban form (Moudon, 1994), their form and size also impacts 

the configuration of the street network. Importantly, blocks have also been shown to have an impact 

on how a space changes (Moudon, 1986; Ryan, 2008; Scheer and Ferdelman, 2001). The section to 

follow describes the geometric characteristics of the urban blocks for each SAUT in relation to their 

area, length, width and thickness ratios. The size, shape and spatial distribution of the blocks within 

each SAUT are shown in Figure 7.73. Table 7.32 provides the summary statistics for each metric in 

relation to the SAUT while Figures 7.74 to 7.77 graphically show the distribution of values within each 

SAUT through boxplots.  
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Table 7.32: Summary statistics of spatial adaptive urban type block geometric properties  

Properties SAUT 1 SAUT 2 SAUT 3 SAUT 4 SAUT 5 UTC 6 UTC 7 UTC 8 UTC 9 UTC 10 UTC 11 UTC 12 UTC 13 UTC 14 

N 240 320 113 862 753 823 215 636 42 158 34 779 969 101 

Block area (m²) 

Mean 6 165 9 361 14 366 1 072 12 212 28 381 27 183 26 426 25 315 28 011 16 757 25 987 24 017 19 519 

SD 3 092 10 697 18 498 3 821 20 173 44 934 58 632 32 902 26 085 35 718 19 602 30 295 30 385 28 361 

Median 5 853 6 417 9 713 128 6 852 14 922 12 617 15 873 16 677 15 921 8 696 15 197 14 426 10,876 

Block length (m) 

Mean 128.0 162.2 177.6 34.6 171.5 262.1 245.9 264.8 246.9 272.1 196.8 258.6 248.3 210.6 

SD 38.4 103.1 112.7 47.3 119.3 180.2 187.6 167.5 117.2 226.8 108.1 169.1 168.4 130.5 

Median 123.6 138.9 178.4 18.5 136.6 212.5 202.2 222.8 225.5 224.2 159.1 216.1 208.9 178.0 

Block width (m) 

Mean 91.6 96.0 118.1 23.0 109.1 158.3 151.8 155.8 160.6 151.5 129.6 149.6 139.7 127.5 

SD 24.6 45.6 74.9 29.1 62.8 98.5 103.2 91.6 96.0 96.6 74.8 91.1 86.5 86.2 

Median 95.1 86.9 105.0 14.1 97.6 133.2 127.2 132.0 138.9 133.7 104.6 129.2 123.6 106.7 

Block thickness ratio 

Mean 0.42 0.37 0.45 0.42 0.40 0.40 0.41 0.38 0.40 0.39 0.45 0.39 0.38 0.42 

SD 0.10 0.12 0.17 0.13 0.13 0.15 0.14 0.13 0.13 0.14 0.15 0.14 0.13 0.13 

Median 0.42 0.37 0.42 0.43 0.41 0.41 0.42 0.38 0.41 0.38 0.41 0.39 0.37 0.40 

SAUT = Spatial adaptive urban typology 
UTC = Urban type clusters 
SD = Standard deviation 

 

Beginning with a visual inspection of the blocks (Figure 7.73), the urban blocks in SAUT 1 are 

predominantly rectangular in shape, with little variation in their size. Additionally, there are two 

prevailing block orientations, namely north−south and north-west−south-east. The urban blocks 

within SAUT 2 are predominantly rectangular; however, there are many blocks that are irregularly 

shaped and whose orientation is typically parallel or perpendicular to the terrain.  

 

Figure 7.72: Blocks within Hong Kong’s spatial adaptive urban types 
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The urban blocks in SAUT 3 can be characterised being relatively large blocks with a mix of rectangular 

and irregularly shaped blocks. In contrast, SAUT 4 predominantly contains small rectangular blocks as 

the urban villages normally only have a few small buildings on a single block, but also include many 

larger irregularly shaped blocks. SAUT 5 predominantly comprises rectangular shaped blocks, but also 

includes many irregularly shaped blocks. Additionally, the size and orientation of the blocks can vary 

greatly within all SAUT, but especially within SAUT 5, as this SAUT can be found within several parts of 

Hong Kong.  

Focusing on the block area, the results from Table 7.32 and Figure 7.74, show that all the SAUT have 

lower mean block sizes compared to the UTC. SAUT 4 is the lowest mean block area (x̅ = 1 072 m²; σ = 

3 821 m²). However, SAUT 1 has the lowest mean block area (x̅ = 6 16 m²; σ = 3 092 m²) of other, more 

typically normal Hong Kong urban SAUT. SAUT 3, which also has a high mean building area, also has 

the largest mean block area (x ̅= 14 366 m²; σ = 9,713 m²) of the five SAUT. As seen in Figure 7.74, the 

interquartile range of the SAUT are typically lower than that of the majority of the UCTs. This means 

that, if SAUT 4 is excluded as it is an outlier within the SAUT, the majority of the blocks within the SAUT 

typically have an area ranging between 3 600 m² and 11 000 m². However, as seen in 7.73, the 

majority of the blocks within SAUT 1 are not only small but are also similarly sized, which is reflected 

within the small interquartile range (Q1 = 4 697 m²; Q3 = 7 006.9 m²) of SAUT 1. In contrast to SAUT 1, 

the blocks within SAUT 3 show the largest overall variation in the area (Q1 = 3 842 m²; Q3 = 18 725 m²) 

of all the SAUT. 

 

Figure 7.73: Boxplots of the block area within Hong Kong’s spatial adaptive urban types 
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In terms of the block length, when compared to the UTC, the SAUT not only have a lower overall mean 

block length (see Table 7.32 and Figure 7.75), they also all have a lower first and third quartile. 

Moreover, when viewing the results for the individual SAUT, the results show that SAUT 3 (x ̅= 34.6 m; 

σ = 47.3 m) and SAUT 1 (x ̅ = 128 m; σ = 38.4 m) have the lowest and second lowest mean values, 

respectively, while SAUT 3 (x ̅= 177.6 m; σ = 112.7 m) and SAUT 5 (x̅ = 171.5 m; σ = 119.3 m) have the 

highest and second highest mean values, respectively, of the SAUT. Additionally, SAUT 3 has the 

largest interquartile range (Q1 = 96.6 m; Q3 = 224.9 m) of the SAUT, which also reflects the large 

variation in block shape and size as seen in Figure 7.73. Overall, the results suggest that shorter block 

lengths play a role in the formation of the SAUT, as all the SAUT generally have lower mean block 

lengths than the UTCs. As the SAUT typically have smaller and lower interquartile ranges compared to 

the UTCs, less variation in block size would also appear to be a characteristic of the SAUT. 

 

Figure 7.74: Boxplots of the block length within Hong Kong’s spatial adaptive urban types 

Similarly, when the block widths are considered (see Table 7.32 and Figure 7.76), the SAUT all have 

lower mean block widths when compared to the UTCs. Additionally, the SAUT, excluding SAUT 3, have 

lower third quartiles, while also generally having smaller interquartile ranges compared to the UTCs. 

Apart from SAUT 4, the adaptive type with the smallest interquartile range is SAUT 1 (Q1 = 81.4 m; Q3 

= 102.9 m), while SAUT 3 has the largest interquartile range of all the SAUT (Q1 = 65.7 m; Q3 = 115.1 m). 

If SAUT 4 is excluded, as it has the most extreme values of the SAUT, the mean block length of the 

SAUT is x ̅= 103.9 m (σ = 56.2 m), with an interquartile range Q1 = 72.3 m; Q3 = 116.4 m. This mean 

value is much smaller than the mean block width of the UTC (x̅ = 149.6 m; σ = 92.8 m). Considering the 

large difference in the mean values of the SAUT and the UTCs, the results begin to suggest that shorter 

block widths are typically associated with the SAUT.  
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Figure 7.75: Boxplots of the block width within Hong Kong’s spatial adaptive urban types 

Shorter block widths, however, do not necessarily translate into thinner blocks. As seen in Figure 7.77 

and Table 7.32, the block thickness ratio (ratio between the block area and the area of the block’s 

minimum bounding square) of the blocks within the SAUT and UTC typically ranges between 0.3 and 

0.5. However, there is no clear separation between the thickness ratio of the SAUT and UTCs. 

However, SAUT 1 has the smallest interquartile range of all the urban types because of the uniform 

nature of its urban blocks. Overall, the results of the block thickness ratio assessment indicates that, 

while there is some variation within the thickness of the blocks, only a few blocks are extremely 

narrow or square. Rather the majority of the blocks within the Hong Kong study area are somewhat 

longer than they are wide.  

 

Figure 7.76: Boxplots of the block thickness ratio within Hong Kong’s spatial adaptive urban types 
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7.10.3.4 Street properties of spatial adaptive urban types  

The importance and impact of streets, being one of the fundamental morphological units (Moudon, 

1994), cannot be overstated. Streets are the main structuring elements of cities and dictate how places 

are linked together (Hillier, 1996). Changes in the network are not only linked to changes in the 

location of functions (Van Nes, 2021), but also allows the system to reorganise and adapt more easily 

(Romice et al., 2020; Salat, 2018). As such, this section describes the characteristics of the pedestrian 

street networks within the SAUT. The streets within the SAUT are explored in relation to the street 

length, street and intersection density and link-node ratio. Additionally, the overall configuration of 

the network is described through an examination of the street intersection type within each SAUT. The 

results of the assessment for each SAUT are shown spatially in Figure 7.78. The statistical summaries 

for each metric are shown in Table 7.33 and graphically in Figure 7.80 - 7.82. 

Table 7.33: Summary statistics of spatial adaptive urban typology network properties 

Properties SAUT 1 SAUT 2 SAUT 3 SAUT 4 SAUT 5 UTC 6 UTC 7 UTC 8 UTC 9 UTC 10 UTC 11 UTC 12 UTC 13 UTC 14 

Cluster area (km²) 2.05 3.99 1.98 1.69 11.56 35.22 7.06 25.33 1.44 13.15 2.49 35.11 52.56 9.01 

Street length (km) 

N 1 876 3 086 1 428 714 6 663 1 9807 2 745 8 987 454 2 185 518 9 940 8 423 1 198 

Total kilometres 89.2 168.7 82.8 43.9 391.3 1 224.1 187.7 658.7 28.4 185.7 35.6 760.4 759.9 104.5 

Mean 47.5 54.7 58.0 61.4 58.7 61.8 68.4 73.3 62.6 85.0 68.7 76.5 90.2 87.2 

Standard deviation 36.1 47.8 56.8 63.0 58.3 69.1 76.8 86.0 48.2 110.1 73.5 96.2 110.3 110.4 

Median 36.6 41.4 44.1 39.4 43.2 39.6 44.3 46.4 49.8 49.7 44.1 45.5 54.0 51.7 

Intersection type 

Total (n) 1 894 2 578 1 205 1 419 5 791 18 488 2 646 8 290 434 2 403 722 9 857 8 252 1 368 

Cul-de-sac 289 332 96 334 906 3278 576 1 779 171 1 080 243 2 669 2 781 528 

T-intersection 984 1 752 902 705 3 628 12 283 1 684 5 410 228 1 185 408 6 209 4 923 753 

X+ intersection 621 494 207 380 1257 2 927 386 1 101 35 138 71 979 548 87 

Street properties 

Street density (km/km²) 43.5 42.3 41.8 26.0 33.9 34.8 26.6 26.0 19.8 14.1 14.3 21.7 14.5 11.6 

Intersection density 

(Intersection/km²) 
924 647 609 842 501 525 375 327 302 183 290 281 157 152 

Link-node ratio 0.99 1.20 1.19 0.50 1.15 1.07 1.04 1.08 1.05 0.91 0.72 1.01 1.02 0.88 

SAUT = Spatial adaptive urban typology 

UTC = Urban type clusters 
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Figure 7.77: Intersection type and distribution within Hong Kong’s spatial adaptive urban types 

As with much of Hong Kong, the SAUT street networks can be described as laid out in either an 

orthogonal grid (Mong Kok), deformed grid (Central) or rectilinear grid pattern (Yuen Long). However, 

the terrain is often the feature which has the largest impact on the overall configuration of the 

network throughout Hong Kong. In terms of each SAUT, as seen in Figure 7.79, SAUT 1 can be 

described as consisting of two orthogonal grids which are joined together at a 40° angle between 

Prince Edward Road and Boundary Street. At the point of intersection between the two grids, several 

diagonal streets are also formed which cut through portions of each of the orthogonal grids. The street 

pattern within SAUT 2 can be grouped in to two main types. The first type, which is predominantly 

located within Central (Hong Kong Island) can be described as a loose grid (Marshall, 2005) which 

conforms the terrain, with longer streets running parallel to the contour while the shorter and often 

steeper streets tend to be perpendicular to the contour. The second type of dominant street pattern 

within SAUT 2 is that of a more regular oblong grid (with some variation), which is predominantly seen 

within the areas of Wan Chai and North Point (Hong Kong Island). 

The street pattern within SAUT 3, and particularly within Yuen Long, can be described as being a mix 

between rectilinear and deformed grid. More specifically, the vehicular network is predominantly 

rectilinear, while the pedestrian network breaks up the larger blocks to form a secondary deformed 

grid pattern which is structured over the vehicular network. As SAUT 4 predominantly comprises 

urban villages, the prevailing street pattern within this type is a fine-grain square grid pattern. 

However, as the villages form isolated areas, SAUT 4 may best be described using what Marshall 

(2005) describes as a hybrid between a grid and tree structure to form cells of gridded areas which 

are connected to each other through the macro branching tree-like structure.  
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Figure 7.78: Street configuration within Hong Kong’s spatial adaptive urban types 

SAUT 5, being split up into several areas, is characterised by several different street patterns. For 

example, Yau Ma Tei has a square grid pattern, while the Kowloon City area has an oblong grid pattern. 

The areas of To Kwa Wan and Hung Hum, Tsim Sha Tsui, Tuen Wan and Sai Ying Pun are best described 

as having a broken or deformed grid pattern. The other areas which make up SAUT 5, being edge 

areas, are either too small to have a clear discernible street pattern or have a mixture of several street 

patterns. 

With regard to the street length, the results (Table 7.33) show that the SAUT have a mean street 

length which is lower than the UTC. However, the difference between the highest mean value for the 

SAUT (SAUT 4: x ̅= 61.4 m; σ = 63 m) and the lowest UTC mean value (UTC 6: x ̅= 61.8 m; σ = 69.1 m) is 

only 0.4 m. However, when the mean values are compared to the other UTCs (excluding UTC 6), the 

SAUT generally have much lower mean street lengths, with SAUT 1 having the lowest mean street 

lengths (x ̅= 47.5 m; σ = 36.1 m) of the five SAUT. Additionally, SAUT 1 is the only one of the identified 

adaptive urban types which has a mean street length of under 50 m, with the rest of the SAUT having 

a mean street length that ranges between 54.7 m and 61.4 m.  

In addition to the mean values, the overall distribution of the street lengths, seen in the boxplots 

(Figure 7.80), shows that there is little variation across the SAUT (excluding SAUT 4) as well as the UTC, 

and the SAUT and UTC have similar interquartile ranges. Within the identified SAUT (excluding 

SAUT 4), SAUT 2 has the smallest interquartile range (Q1 = 21.3 m; Q3 = 51.5 m) while SAUT 5 has the 

largest interquartile range (Q1 = 19.9 m; Q3 = 68.2 m). The results of the mean street lengths can be 

partly explained by the fact that Hong Kong has a compact urban form, which results in streets which 



 

729 

tend to be shorter on average. However, an additional factor which needs to be considered is that the 

ground level street network is supplemented by additional layers of connections, which also reduce 

the overall street segment length. In the case of Hong Kong, the supplemental connections take the 

form of underground and raised walkways as well as connections which pass through buildings at 

multiple levels. The addition of these type of connections means that there are many shortcuts 

available which allow pedestrians to cut through buildings and blocks, thereby reducing the length of 

streets as well as the overall walking distance.  

 

Figure 7.79: Boxplots of the street lengths within Hong Kong’s spatial adaptive urban types 

The addition of the extra connections also means that the street density (kilometre of streets per 

square kilometre) within Hong Kong, and particularly the SAUT, is quite high. As seen in Figure 7.81, 

the street density of the SAUT (excluding SAUT 4) is much higher than the majority of the UTCs. When 

the street density is read in combination with the mean street length, then one can conclude that the 

SAUT generally provides a higher intensity of streets. This factor is particularly true for SAUT 1−3, 

which have the lowest mean street lengths as well as the highest street density (over 40 km of streets 

per square kilometre) of all urban types. An additional factor worth noting is that SAUT 3 has a high 

street and intersection density, despite the fact that SAUT 3 has the largest blocks of the SAUT. This 

difference can be attributed to the fact that SAUT 3 has a dense pedestrian network which is able to 

cut through or even over many urban blocks. This, in turn, means that the pedestrian network density 

is much higher than the vehicular network. Indeed, a study by Sun et al. (2019) found that the 

pedestrian network within Hong Kong is 2.4 times longer than the vehicular road network. 
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While indicators show that more and shorter streets are present within the SAUT when compared to 

the UTCs, this does not, however, automatically translate into better connectivity. To better 

understand the connectivity of the network, it is necessary to understand how the network is 

connected and configured. This can be done by studying the qualities of the intersections. The first 

quality considered is that of intersection density (intersections per square kilometre). From the 

assessment of the intersection density of the pedestrian network (Table 7.33 and Figure 7.81), the 

results show that all SAUT, except for SAUT 5, have a higher density of intersections compared with 

the UTCs. SAUT 1 has the highest intersection density, at 924 intersections per square kilometre, while 

SAUT 5 has the lowest intersection density (501 intersections per square kilometre) of the five 

adaptive urban types. While the intersection density value of SAUT 5 is the lowest of the five SAUT, 

the intersection density within SAUT 5 is still at least 1.3 times higher than the majority of the UTC 

(excluding UTC 6 which has 525 intersections per square kilometre).  

 

Figure 7.80: Street density, intersection density and link-node ratio of the spatial adaptive urban types within Hong 

When the relationship between the streets and the intersections is studied through the link-node 

ratio (second quality of connection used within this study), the results, as seen in Table 6.33 and Figure 

7.81, show that SAUT 2, 3 and 5 have the highest link-node ratio scores, with all three having sores 

higher than 1.15. As indicated in Chapter 5, values equal to or larger than one represents areas which 

have well-connected networks, while higher values represent areas which are even better connected. 

In the case of SAUT 2, 3 and 5, the findings suggest that these areas are better connected when 

compared to the rest of Hong Kong. SAUT 1, surprisingly, has a link-node ratio of 0.99, which is lower 

than what was expected given the fact that SAUT 1 can largely be described as having a grid pattern 

that typically have link-node ratios larger than one (see the Manhattan case study, Chapter 6, for 
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example).32 While the link-node ratio is lower than expected it is still close to one, which indicates that 

the network can be considered to be connected (Rodrigue et al., 2013). 

The type or characteristics of the intersections within each SAUT is the final intersection quality 

explored for the SAUT. The type of intersections within an area links strongly to the general description 

of the street patterns of the SAUT provided earlier, and they are able to help explain the 

configurational composition of the street network. As described in Chapter 5, the configurational 

composition can be summarised through the use of a nodegram (Marshall, 2005), which shows the 

relative proportion of X+ junctions, T-junctions and cul-de-sacs within an area. Figure 7.82 depicts the 

spatial distribution of each type of intersection with the SAUT.  

 

Figure 7.81: Intersection nodegram of the spatial adaptive urban types within Hong Kong 

SAUT –5 are shown in red and have been labled 

Table 6.33 provides the number of each intersection type, while Figure 7.82, the nodegram, provides 

the graphical summary of the proportion of each type of intersection. The nodegram shows a clear 

separation between the SAUT and the UTC. Where the SAUT, which have higher proportions of X+ 

junctions and T-junctions, represent urban configurations that are considered more walkable, the 

remaining UTCs have configurations which are more tree-like and are typically regarded as less 

conducive to walking (Salat, 2011). Taking a closer look at the nodegram, the results reflect the 

previous discussion of the street patterns, where SAUT 1 and SAUT 4 were described as having more 

 

32  The low value may be partly explained through errors within the network and or through the fact that the network used 

within this study includes many footbridges which are represented in such a way within the network that they have 

additional endpoints or cul-de-sacs. The more endpoints within the network representation, the lower the link-node ratio 

will be, as the cul-de-sac only connects to a single road segment.  
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grid-like street patterns, as both of these adaptive types have a higher proportion of X+ junctions 

(SAUT 1 = 33%; SAUT 4 = 27%). Similarly, SAUT 2, 3 and 5 have higher proportions of T-junctions 

(SAUT 2 = 68%; SAUT 3 = 75%; SAUT 5 = 63%) in the nodegram, which is related to the fact that these 

areas typically have more rectilinear type street patterns.  

To summarise, the focus of this section was on providing a general description of the identified UTCs 

within the Hong Kong study area. The description was done by exploring the spatial and statistical 

distributions of the UTCs in relation to the latent constructs and the original assessment metrics. 

Through the evaluation and comparison, five of the UTCs were identified as having a higher probability 

to produce spatially resilient urban settlements. The results showed that UTC 1 and UTC 2 stood out 

from the other UTCs as having the highest overall SAP scores (SAP > 0.65) for all assessment scales, as 

well as the multiscale SAP metric. While UTCs 3−5 had lower SAP scores when compared to UTC 1 and 

2, these three UTCs still had high SAP scores (SAP > 0.5) when compared to the other UTCs for the 

three assessment scales, as well as the multiscale assessment. It was therefore concluded that the top 

five UTCs were sufficiently different from the remaining UCTs, with high SAP scores, to be considered 

as representations of the urban types that are most likely to produce spatially resilient settlements. 

Therefore, the top five UTCs were labelled as the SAUT for the Hong Kong study area.  

While the assessment metrics used to create the resilience directives, and the SAP metric are able 

capture the configurational characteristics of the urban types, these metrics are not able to describe 

the overall geometric characteristics of the morphological units within the urban types (something 

that is needed for urban designers). As a result, the metrics on their own are not able to inform urban 

designers about which general urban forms or the properties of the individual morphological units 

(buildings, plots, blocks and streets) are more likely to produce spatially adaptive urban settlements 

and should therefore be encouraged. To respond to this limitation, the geometric properties of three 

morphological units (buildings, blocks and streets) were explored for the SAUT.  

The results of the evaluation showed that in terms of the building geometric characteristics, within 

the SAUT the majority of the buildings most often fall within the midrange of the metrics. This result 

and the discussion argue that buildings which are too large or small will likely limit the adaptive 

potential of an area as large buildings are more suited to specialised functions, while small buildings 

have a higher probability of being demolished. Previous studies (Hallowell, 2013; Moudon, 1986; 

Scheer and Ferdelman, 2001) found that buildings which were medium-sized tended to see the fewest 

changes.  

When the block characteristics of the urban blocks were examined, the results showed that the SAUT 

in general had blocks whose length and width was notability shorter than the UTCs. The smaller 

dimensions also translated into blocks which had smaller areas. The lower lengths and widths, 

however, did not translate into thinner blocks. Rather the majority of the blocks across the SAUT and 
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UTCs had a thickness ratio which ranged between 0.3 and 0.5. In terms of resilience, smaller blocks 

are associated with shorter walking distances between locations (Hess et al., 1999; Jacobs, 1961; Salat, 

2011). When smaller blocks are linked with smaller plots or more buildings (or building volume), it 

means that more locations are potentially available to users within less distance, which ultimately 

results in more locational options (Boarnet et al., 2011), and thus higher adaptive potential. It should, 

however, be noted that, according to Sevtsuk et al. (2016), blocks which are too small (area), short 

(length) or narrow (width), are also not conducive to walking.  

The form, size and distribution of blocks ultimately impacts the density and configuration of the street 

network (Barthelemy, 2017). Smaller block sizes within the SAUT ultimately translated into these areas 

and also have shorter mean street lengths when compared to the UTCs. Additionally, the smaller 

blocks, as suggested previously, also allow for more streets within the area, which is reflected in the 

SAUT having a higher density of streets (km/km²) and intersections (intersections/km²). The results 

also showed that collective configuration of the blocks into the larger street pattern was different 

across the SAUT. Additionally, when the configurations of the SAUT and UTCs were summarised within 

a nodegram, two main observations were made. First is that the UCTs typically had higher proportions 

of cul-de-sacs compared to the SAUT, which have been associated with less walkable urban forms 

(Salat, 2011). The second observation is that SAUT 1 and SAUT 4 had higher proportions of X+ 

junctions, which are associated with more walkable urban forms.  

Overall, the assessment and description of the morphological units indicate that not only are the SAUT 

generally distinct from the UTCs, in terms of the geometric characteristics of the buildings, blocks and 

streets, they also generally perform better in relation the geometric characteristics assessed in this 

study. Finally, the assessment also showed that the SAUT are different from each other in terms of 

the characteristics of their morphological units. This difference implies that more than one type of 

urban form is able to produce urban areas with high SAP. 

Finally, Chapter 8 provides the cross-case discussion, where the findings from both cases are discussed 

together. The cross-case discussion also considers what the findings of the case studies mean for 

urban spatial resilience, whether the protocols worked as intended, as well as presenting a set of 

urban spatial resilience principles which can be used to guide future development.  
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Chapter 8  

Reflection: Protocol Evaluation and Cross-Case Discussion 

Among the key objectives of this study was the development and testing of an assessment protocol 

that is able to assess the potential spatial adaptive capacity of locations within cities. An additional 

objective that the protocol sought to achieve was the identification of morphological typologies that 

embody the spatial characteristics associated with the improved spatial adaptive capacity. In response 

to these objectives, Chapter 5 introduced the proposed SRA protocol, which included the detailed 

assessment metrics used for the creation of five spatial resilience directives – connectivity, diversity, 

urban potential, redundancy and modularity – as well as the method used for the assessment of the 

emergent directive of hierarchic efficacy. The proposed protocol also suggested a method which could 

be used for the identification of spatial adaptive morphological typologies. To evaluate whether the 

protocol could be successfully implemented, two case studies were conducted as tests. The first case 

study was done on the vertical city of Manhattan (Chapter 6), while the second case study used the 

volumetric city of Hong Kong (Chapter 7). These two types of cities were selected as the are more 

complex urban forms that have begun to emerge more recently.  

This chapter provides an assessment of the proposed protocol as well as a summary of the findings 

from the case studies. To begin, section 8.1 discusses the performance of the protocol as well as 

highlighting the shortcomings and possible improvements which could be made. This then leads into 

section 8.2 that provides a summary of the main findings from each case study. Section 8.3 then 

discusses what was observed and learnt from both case studies and presents the final results in the 

form of a set of proposed design principles that can be used to promote spatially resilient urban 

settlements. 

8.1 Protocol evaluation  

As described in Chapter 5, the SRA protocol comprises two subprotocols. First, the SAP assessment 

subprotocol, which sets out a process, with metrics, that can be used to describe and assess, across 

multiple scales, the extent to which (a) each of the five spatial resilience directives are available for 

each location, (b) if the hierarchic efficiency directive, through the existence of a power-law 

distribution, is present throughout the study area, and (c) the potential spatial adaptive capacity for 

each location. Second, the SAUT subprotocol, which sets out the process for the creation and 

assessment of different UTCs, as well the eventual selection of the final UTCs which have the qualities 

that will most likely improve the SAP of an area and are therefore regarded as the SAUT for that study 

area.  
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In terms of the effectiveness of the protocol, the results of the case studies show that the SRA 

protocol, including the two subprotocols, could be effectively implemented on the two case studies, 

with each case study representing a different type of urban form, namely vertical and volumetric 

morphologies (Bruyns et al., 2021; Shelton et al., 2010). Furthermore, the implementation of the 

protocol called for the use of detailed spatial data, at the level of the plot or building. However, as the 

case studies indicated, detailed data is not always available. For example, within the Manhattan case 

study, all the required data was open and freely available in high detail, making the Manhattan and 

the greater NYC area a data rich environment. In contrast, much of the data needed for the Hong Kong 

study was either not available or released during the time the study was conducted (for example, 3D 

pedestrian network1), or was in a format that was not usable (for example, plots) or simply did not 

exist (for example, building-based land use). Therefore, because of the variable data environment, 

multiple sources of data from different suppliers and of varying quality were needed or had to be 

created. Yet, despite the variable data environment, the protocol could still be implemented 

successfully. While the protocol largely performed as expected in both case studies and was able to 

achieve the desired outcomes, there were, however, a few shortcomings and considerations that need 

to be noted.  

The first consideration relates to the selection of the assessment scales for the case studies. For this 

study, the same three assessment scales (10-, 20- and 30-minute travel time) were used on both case 

studies. However, as clearly seen in the Manhattan case study, the higher assessment scale, 

particularly at the 30-minute scale, was largely impacted by the natural boundary of the Manhattan 

Island, which created an edge effect2 in the results. While the specific travel times required were not 

specified within the protocol, future studies should take note of this limitation and apply careful 

consideration when selecting the assessment scales.  

The second limitation of the protocol relates to the fact that only a single metric was used to capture 

and describe the urban potential directive. Given that the concept urban potential can be largely 

conceptualised through measures of density, it can be considered to be a complex subject which can 

be explored through many possible avenues (see Alexander, 1993; Berghauser Pont and Haupt, 2010; 

Churchman, 1999). Moreover, the use of only a single measure to capture the quality of urban 

potential implies that there is less of an analytical description of the form, which can hinder the 

conceptual understanding of what urban potential as a directive could mean for cities and within the 

context of spatial resilience. 

 

1  This dataset was released to the public only after the completion of the study. 
2  The presence and or placement of a boundary, natural or imposed, can often create what is called an edge effect within 

network analysis, particularly when using large radii or travel times (Gil, 2017; Park, 2009). The edge effect distorts the 

results by favouring values which are closer to the weighted geometric centre of an area (Crucitti et al., 2006b).  
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The third limitation of the protocol relates to the fact that, in the current formulation of the protocol, 

only a basic WLC method was used to combine the metrics and directives. While the results of the 

study show that the basic method used can be easily and effectively applied for exploratory purposes; 

future iterations of the protocol would likely produce more accurate results through the use of more 

advanced methods to combine the metrics and directives. Moreover, these methods should also rely 

on a deeper understanding and conceptualisation of the theory behind the directives and metrics 

when determining the weightings.  

Finally, while most metrics worked as expected for all case studies and assessment scales, the access 

to locational density measure (Chapter 5, Section 5.2.1.1), which was used to assess the accessible 

location and built volume density ratios, proved to have some limitations when the locations (buildings 

or plots) within two separate areas were spatially close (Euclidian distance) but far away as measured 

throughout the network. In these cases, unusual patterns occurred within the results, as seen in Tin 

Shui Wai in Hong Kong. These issues arise due to the original formulation of the metric, as proposed 

by Bobkova et al. (2017)3, that, as mentioned previously, can produce misleading results if not 

interpreted with care. To overcome this limitation, it is suggested that an additional weighting be 

applied to the assessment which would provide a better evaluation of the quality of accessible location 

density4 (ALD) relative to the larger study area. 

While not incorporated into this study, one possible formulation of this weighting is suggested in 

Eq 8.1 where the weighted access density ratio (WADR) for a location 𝑖 is calculated as the sum of the 

opportunities 𝑊 accessible through the network at destination 𝑗 within a given radius (𝑟) squared, 

divided by the sum of the opportunities 𝑊 accessible through Euclidian distance at destination 𝑘. The 

addition of the square to the number of locations accessible through the network forms an additional 

weighting to the metric which means that locations that are able to access more locations in total will 

now have a higher score. Moreover, when considering that the WADR metric was designed to give an 

indication of the number of opportunities that the pedestrian network is able to provide access to in 

relation to the total number of potential opportunities within a given distance, the added weighting 

allows the locations that actually have access to more opportunities, and therefore higher locational 

diversity to be easily identified.  

 

 

 

 

3  Accessible location density ratio originally called plot accessibility (Bobkova et al., 2017). 
4  Accessible location (building or plot) density ratio (ALDR) and the accessible built volume density ratio (ABVDR) are both 

variations of the accessible location density metric.  
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𝑊𝐴𝐷𝑅𝑖
𝑟 =∑

(𝑊𝑖 +∑ 𝑊𝑗 ∙ 𝑓(𝑡𝑖𝑗,𝑟)𝑗 )²

𝑊𝑖 +∑ 𝑊𝑘 ∙ 𝑓(𝑑𝑖𝑗,𝑟)𝑘

 

 

Eq 8.1 

 
𝑓(𝑡𝑖𝑗) = {

1 𝑓𝑜𝑟 𝑡𝑖𝑗 ≤ 𝑡̅

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 

 

 
𝑓(𝑑𝑖𝑗) = √(𝑋𝑖 + 𝑋𝑗)2+ (𝑌𝑖 + 𝑌𝑗)2 

 

 
𝑊 = {

1 for accessible ALDR; 
 𝑇𝑜𝑡𝑎𝑙 𝐵𝑢𝑖𝑙𝑡 𝑉𝑜𝑙𝑢𝑚𝑒 for ABVDR  

 
 

 
𝑊𝐴𝐿𝐷𝑟𝑖 is the accessible location/built volume density ratio for location 𝑖 within a distance 𝑟; 

𝑓(𝑡𝑖𝑗) is the network distance 𝑟 between origin 𝑖 and destination 𝑗, while 𝑓(𝑑𝑖𝑗) is the Euclidean 

distance 𝑟 between origin 𝑖 and destination 𝑘; 𝑊 is the weight applied and differs when measuring 
either the ALDR or the ABVDR. 

 

An example of the application of the weighting to the Hong Kong study area at the 30-minute scale is 

shown in Figure 8.1a-d. Through a comparison of the original results and the suggested alteration, the 

figures show that the small and isolated areas that originally would have had a high score, although 

representing only a few buildings, now do not have high values. On the contrary, the locations in the 

middle of the urban centres and surrounded by a high density of buildings (and therefore more 

opportunities) are now clearly highlighted as the areas that can more effectively offer more diverse 

opportunities.  

To summarise, the proposed protocol could be implemented within both case studies and could 

therefore be considered to have achieved the desired outcomes. However, as noted in this section, 

there were some limitations to the protocol which need to be accounted for. The remainder of this 

chapter discusses the main findings for each individual case study, after which the cross-case findings 

and proposed spatial resilience design principles are presented.  

Original Suggested modification 

  

(a) (b) 
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Original Suggested modification 

  
(c) (d) 

 

Figure 8.1: Comparison between the original access density ratio and the proposed weighted access density ratio 

Comparing the results within two regions of Hong Kong (a) Kowloon and Hong Kong Island and  

(c) Yeun Long, Tin Shui Wai with the suggested weighed version (b and d) 

8.2 Individual case study discussions 

As discussed in Chapter 4, case studies were required to test if the proposed SRA protocol could be 

implemented and the dual objectives of (a) assessing the SAP of a location and (b) the identification 

of a set of spatial adaptive urban typologies, could be achieved. Moreover, as a way of improving the 

generalisability of the protocol and the findings, two cities were selected from different continents 

and planning ideologies, representing two types of emerging and complex urban forms, namely 

vertical and volumetric urbanism. The case study of Manhattan (USA), discussed in Chapter 6, was 

used as a representation of a vertical type of city, while the case study of the Hong Kong SAR (China), 

discussed in Chapter 7, was seen as the best example of a volumetric city. The next sections provide a 

summary and discussion of the main findings for each case study, followed by a presentation of the 

cross-case findings and proposed principles. 

8.2.1 Manhattan case discussion and summary 

Chapter 6 described the implementation of the proposed SRA protocol on the Manhattan case study 

area. The assessment of the resilience directives, with accompanying metrics, showed that a few areas 

within Manhattan performed well at all scales for the majority of the assessment metrics. The most 

prominent of the areas that performed well against the assessment was the southern part of 

Manhattan (south of 14th street), with Lower Midtown, Harlem and the Upper East side being the 
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other noticeable well-performing areas. Areas within Manhattan that generally performed poorly 

were the northern most and narrowest parts of Manhattan, specifically the areas around Washington 

Heights, Fort George and Inwood. Other areas which performed poorly against the spatial resilience 

assessment include Upper West Side, Midtown West and, generally, locations which are on the edge 

of the island.  

The assessment also showed how the results can change drastically depending on the assessment 

scale used in the analysis. For example, when the 10-minute scale was used for the assessment, the 

impact of the urban form on the immediate surroundings of each location was clearly highlighted in 

the results. In this case, the results were often sensitive to the number and size of the plots as well as 

the block size and configuration. However, when the two higher scales, 20- and 30-minute travel time, 

were used for the assessment, the collective impact of configuration and distribution of the individual 

elements became clear. Here, the local variation in the urban form was less important, while the larger 

configuration of the network, including the collective clustering of the plots and blocks and the relative 

position of a location within Manhattan, was more important. It should also be noted that the higher 

scales were greatly affected by the natural edge effect created by the island, which led to the better 

performing plots being located in areas where the island is wider. The multiscale assessment of the 

Manhattan case study has also provided further insights into the urban form resilience of Manhattan. 

One key insight is that while the grid layout is an efficient method of subdividing land, West Greenwich 

Village is the area that deviated the most from the grid pattern and had a more organic or broken grid 

and typically performed the best against the majority of the resilience directives and associated 

metrics.  

The relationship between the directives showed that there are complex and often non-linear 

relationships between the directives. However, several key observations could be made. The first 

relates to the diversity directive, which tended to show a weak to no relationship with the other 

directives for all assessment scales. This lack of any clear relationship between the diversity directive 

and the other directives was also reflected in the spatial distribution seen through the bivariate maps, 

where the maps showed that the ratio between the two directives would weigh heavily towards one 

of the two directives and only a few areas would show an even ratio. A possible reason for this result 

is likely due to the fact that Manhattan had a relatively high score for the diversity directive across all 

scales and for most locations. As a result, there was little variation within the diversity directive and 

the relationship was largely determined by the directive that was being compared to the diversity 

directive.  

A second observation related to the relationship between the directives concerns the urban potential 

directive, which had a heteroscedastic (cone) shape for all scatterplots. The presence of a 

heteroscedastic pattern indicated that the urban potential directive has a high degree of variability in 

its values when related to the other directives. The final observation concerning the relationship 
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between the directives is related to the fact that the redundancy and modularity directives had the 

strongest relationship with the other directives as well as the SAP metric. This strong relationship with 

the SAP metric was also reflected in the correlation network, which showed that these two directives, 

for all assessment scales, were clustered close to the SAP metric. 

When the SAUT subprotocol was applied to the Manhattan case study, the results show that the areas 

which differed from the typical Manhattan grid were also identified as being the best performing UTCs 

in Manhattan. These clusters were therefore selected to be good representations of effective SAUTs 

for Manhattan. Of the identified SAUTs, the best performing area (SAUT−1) was located near the edge 

of the island. Moreover, when the fact that most locations near the edge of the island typically 

performed poorly, the location of SAUT−1 suggest that some aspects of the urban form of this area 

contribute positively to the SAP. Therefore, considering this observation as well as the findings from 

the rest of study, it is argued that locations near the edge of the island, or areas that performed poorly, 

would likely benefit from incorporating aspects of the urban form from SAUT−1 to improve their SAP. 

This can be achieved by breaking the grid-iron pattern into smaller blocks, with, for example, the 

addition of diagonal streets. This, as the findings suggest, would likely improve the local connectivity 

as well as the overall access to available opportunities for these areas. Additionally, encouraging a 

range of smaller plots (between 125 m2 and 360 m²)5 would also facilitate a more diverse set of 

building and ownership strategies within these areas (Moudon, 1986). Larger plots should be limited, 

but not excluded, in areas with lower SAP. Furthermore, larger plots should be distributed evenly 

throughout the area and not located in a single location, as specialised functions tend to be built on 

larger plots. Additionally, plots should also not be too long (between 25 m and 35 m) or too narrow 

(between 12 m and 25 m), as this limits the type of buildings and functions that can be built on the 

plots.  

The size and shape of plots alone do not determine if a location will have higher SAP (see UTC 9 for 

example, Chapter 6 [NYC]). Rather, as the findings in the Manhattan case study have highlighted, a 

range of smaller blocks (between 2 500 m² and 9 250 m²) that are not too long (between 85 m and 

150 m) or narrow (between 80 m and 115 m) should also be used to improve the SAP. This is because, 

as shown in the assessments, long blocks create valleys of low access in the midblock. Shorter blocks, 

alternatively, allow all plots to have better access, as they generally improve walkability (Hess et al., 

1999). Moreover, as seen in SAUT−1, small blocks that are rectangular but with some variation in 

shape to break the symmetry, tend to be associated with higher levels of SAP. The incorporation of 

variation in block size and shape creates diversity in the urban landscape and allows for a range of 

 

5  The effective utilisation of this smaller plot size requires that the appropriate building type be used. For example, if free-

standing buildings are built on these size plots, as has been done within South Africa through the government’s RDP, then 

the resultant urban form would likely constrain development instead of facilitating it. Rather, this size of plots should co-

inside with medium-density walk-ups (6−8 floors) such as those found throughout Manhattan and much of Europe.  
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different plot sizes and shapes, which in turn can accommodate a range of different functions. The 

variation in block size and shape can be created though the implementation or presence of diagonal 

streets, much like what was done by Haussmann in Paris in the 1800s (Panerai et al., 2004). The 

diagonal streets also created a more fractal street pattern that, according to Salat (2011, 2017), is an 

important factor for building both complexity and resilience.  

8.2.2 Hong Kong case discussion and summary 

Chapter 7 [HK] discussed the implementation of the proposed SRA protocol on the second case study 

and volumetric city of Hong Kong. As described in Chapter 5, the implementation of the proposed 

protocol, which included two subprotocols (the SAP assessment subprotocol and the SAUT 

subprotocol), requires performing extensive spatial analysis over multiple, functionally derived, 

assessment scales (10-, 20- and 30-munute travel time) to build a multiscale understanding of the 

impact of urban form on the potential adaptive capacity of an area. The spatial analysis involved 

assessing 15 different spatial metrics used as proxies to create the five spatial resilience directives: 

connectivity, diversity, urban potential, redundancy and modularity. Finally, the spatial resilience 

directives were combined to form the SAP assessment for Hong Kong. In terms of the Hong Kong case 

study, the results from the assessment across all three spatial scales highlighted several observations 

as summarised below.  

To begin, the results show that proximity to urban cores can be considered fundamental for the 

presence of SAP for any location. Locations outside the urban core, or even on the periphery, have 

access to less locational opportunities compared to areas within the heart of urban centres. Moreover, 

the results across the different metrics and assessment scales show that the proximity to the urban 

centre is particularly important at the higher scales, as the relative additional number of opportunities 

that can be accessed at higher is far less for locations on the periphery when compared to the locations 

within the urban core.  

While proximity to the urban core is important, it alone could not account for the observed results. 

Other important considerations include the terrain of an area, which impacts the ease of movement 

and the ability to access opportunities. For example, the buildings in Central (Hong Kong Island) that 

were on steeper terrain often had lower scores (for example, internal connectedness) compared to 

adjacent buildings that were on a more level terrain.  

In addition to the terrain, the results show that the areas with large buildings, including high individual 

building volumes, which therefore have more potential to house opportunities, did not always 

perform the best in terms of the overall SAP metric. This was particularly true when viewing the results 

at the 10-minute scale. For example, the areas of Tuen Mun and Tin Shui Wai, which have many large 

buildings, did not have high SAP scores. In contrast, the areas of Mong Kok and Sham Shui Po, which 
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can be characterised as having medium-rise walk-up buildings, were among the areas which had the 

highest SAP scores for all assessment scales and indeed for most of the assessed metrics.  

Proximity to public transport, especially MTR stations, also proved to be an important factor. This is 

because the MTR stations not only provided additional access to the larger city, they also appeared to 

work as attractors for the clustering of additional functions. Additionally, the MTR stations also often 

provided additional network links which worked as short-cuts that pass through or under portions of 

the city. The area of Wan Chai is a prime example of this phenomenon, as the area has two MTR 

stations, which include additional and extensive underground links that also connect to a large mix of 

important facilities. 

The findings from this case study also begin to point to a relationship between building size, block size 

and access. More specifically, areas which had larger buildings also typically had large blocks (for 

example, Tuen Mun), while also generally being the areas which had poor scores for several metrics 

but particularly for the access to locations metric. The reason for this is likely because the large blocks 

hinder walkability by increasing walking distances (Hess et al., 1999), while at the same time, fewer 

and larger buildings mean that there are less potential unique locations available (Boarnet et al., 

2011). Fewer unique locations which can be easily accessed ultimately translates into fewer options 

and a reduced ability of individual actors to respond and adapt. Similarly, the areas with the smallest 

buildings and blocks also had the highest scores for access to locations, such as the urban village of 

Tung Tau Tsuen, located within the Yuen Long area. 

While not conclusive, or studied in detail within this thesis, the findings of the study at the 30-minute 

scale, began to point to the fact that the longer and straighter streets were often associated with 

higher values. This was particularly true for the values of the betweenness centrality and the 

straightness centrality metrics. This observation supports the work from Space Syntax (Hillier, 2007; 

Hillier and Hanson, 1984) and its theory of natural movement (Hillier et al., 1993), which proposes that 

people prefer to move along paths which are less cognitively demanding, and that changes in direction 

require more conative work to navigate. Interested readers are recommended to see the work by 

Hillier (1996), Hillier et al. (1993) and Penn et al. (1998) for more detail on this.  

The multiscale assessment of the Hong Kong case study has also provided further insights into the 

urban form resilience in Hong Kong. One key insight is that areas with both shorter streets and a more 

grid-like street pattern such as Mong Kok, Sham Shui Po and Wan Chai, tended to perform better 

within the Hong Kong context. In contrast, areas with longer streets and more disconnected street 

patterns, such as rectilinear or curvilinear streets such as Tin Shui Wai, Sha Tin or Tuen Mun, tended 

to perform worse against some assessment metrics, such as the internal connectedness and 

configurative nesting metrics.  
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In addition to studying the results of the individual directives and their associated metrics, the spatial 

and statistical relationships between the directives were also studied in response to Research 

Question 4 of this study. The statistical results show that the majority of the directives had a positive 

linear relationship with each other as well as with the SAP metric. The diversity directive proved to be 

the exception to this rule, as it generally exhibited a non-linear (potentially exponential or quadratic) 

relationship with the four other directives, as well as the SAP metric. However, the results also 

indicated that the connectivity, modularity and redundancy directives not only had a strong 

relationship with each other, including high correlation coefficients, they also had the strongest linear 

relationship with the SAP metric across all assessment scales. The findings suggested that these three 

directives – connectivity, modularity and redundancy – may be used in combination to push for more 

spatially adaptive urban forms. However, more rigorous statistical testing is required to confirm this 

hypothesis.  

When the spatial relationships between the directives were studied with bivariate maps, the results 

show that Mong Kok, Yuen Long and the northern part of Hong Kong Island (particularly Wan Chai) 

are the only areas that constantly had high-high relationships between values for the majority of the 

directives considered for all assessment scales. The results also indicate that in most cases, one of the 

two directives compared tended to have an overall higher ratio for the study area. This was particularly 

true at the lower spatial scales. However, as the spatial scale increased, the ratio between the two 

directives being studied tended to become more even. This suggests that increases in scale, through 

additional travel time, generated more opportunities at these locations to access proportionally more 

opportunities (for example, facilities). However, as there was still a relative imbalance between many 

locations, it can be argued that these locations with the imbalance would require additional 

interventions to improve their overall access and balance to and between the directives. 

While the first part of the Hong Kong case study focused on the implementation of the SAP assessment 

subprotocol and the resultant assessment of the resilience directives and SAP of locations within Hong 

Kong, the second part of the case study focused on identifying and understanding the morphological 

types and their associated urban forms in Hong Kong, which were more likely to produce spatially 

adaptive settlements. To identify and study the morphological types in Hong Kong, the SAUT 

subprotocol was implemented. Unsurprisingly, the areas which performed well in terms of the 

assessment metrics, directives and SAP metric, were also the locations that were identified as the 

SAUT for Hong Kong. However, through the application of the GMM cluster analysis, a clear separation 

between areas in terms of their individual characteristics was possible, which would have been lost if 

only the SAP score was used as selection criteria. Additionally, as was made clear through the 

interrogation of the geometric characteristics of the morphological units (buildings, blocks and streets) 

within the UTCs, the identified SAUT had characteristics which clearly separated them from the rest 

of the UTC types found in Hong Kong.  
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In terms of the geometric characteristics of the buildings within the spatial adaptive urban types, the 

results of the assessment show that there is a clear difference between the identified SAUT and the 

UTC in the Hong Kong study area. More specifically, the differences between the SAUT and the UTCs 

were observed in terms of the mean values, as well as the interquartile range for the building area, 

length and width. While the values of the UTCs where often very large or small or had large variations 

in the values, the SAUT (excluding SAUT−4) had smaller interquartile rages as well as having mean 

values that fell at the midpoint of the values. In short, the main finding in terms of the building 

characteristics as related to building area, length and width was that buildings which are too large or 

small would likely limit the adaptive potential of an area. Moreover, based on the results of this 

study, it can be argued that future buildings within the context of Hong Kong, would likely benefit 

from having buildings with not too large or too small areas (58 m² ≤ Area ≤ 376 m²), length (13 m ≤ 

Length ≤ 31 m) and widths (8 m ≤ Width ≤ 25 m).  

With the two-dimensional properties of the SAUT, the buildings tended to be similar; in the three-

dimensional properties, building height and volume showed the most variations between the SAUT. 

However, as with the two-dimensional properties, SAUT were somewhat differentiated from the UTC 

in both the building height and volume. Drawing from the results of the assessment, the SAUT 

(excluding SAUT−4, which is an exception) typically had buildings whose height (10 m ≤ Height 

≤ 51.5 m – roughly 4−17 floors) and building volume (590 m³ ≤ Volume ≤ 15 000 m³) are also not too 

large or too small.  

While medium-sized buildings are typically associated with areas that have higher SAP, the results 

suggest that smaller blocks are also associated with more potential spatial adaptive capacity. In the 

case of Hong Kong, the results suggest that the majority of blocks lengths within the SAUT (excluding 

SAUT−4) tended not to be smaller than 95 m but also generally do not exceed 225 m in length, while 

the width of the blocks were normally between 72.3 m and 116 m. These dimensions translated into 

block size (area) that normally ranged between 3 863 m2 and 11 067 m².  

The smaller blocks also translated into shorter mean street lengths, that typically ranged between 

19 m and 65 m in length and were on average of 51 m long. Additionally, more and smaller blocks also 

resulted in the SAUT having more streets (km/km²) and a higher intersection density. The latter two 

factors are often associated with improved walkability of an area (Bourdic et al., 2012). When the 

configuration and composition of the street networks were studied, the SAUT were also clearly 

separated from the UTCs. In this case, SAUT−1 and SAUT−4, in particular, had much higher ratios of 

X+ junctions (27–33% X+ junctions), while also having lower proportions of T-junctions compared to 

the other SAUTs, whereas SAUT−2, 3, and 5 had higher ratios of T-junctions (63–75% X+ junctions), 

compared to the other two SAUTs, but also had lower ratios of cul-de-sac.  
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Reflecting on the findings from the Hong Kong study, mid-sized buildings (area, length, width, height, 

and volume) seem to be the building characteristics typically associated with the spatial adaptive 

urban types, and therefore improved SAP. The findings brought into question the building types and 

associated urban forms, which have recently become the prevalent building type in Hong Kong as well 

as in greater China. Here specific reference is made to the podium-tower building form (Figure 8.2), 

which are considered by some to be small towns in themselves (Shelton et al., 2010: 158) and are 

reminiscent of Le Corbusier’s (1929) Towers in the park.6. Examples of such developments can be seen 

throughout Hong Kong; however, areas such as the West Kowloon development, the Olympic 

development (Figure 8.3), Tuen Mun and most of Tin Shui Wai are good examples. This building form 

has also taken an additional step within Mainland China as it is often linked to the development of the 

so-called mega block development urban form (Peng et al., 2019, 2020).  

 

 

Figure 8.2: Example of the prototypical podium-tower building often found in Hong Kong 

Based on the findings of this study, as well as from the works of others, this podium-tower type of 

building form can be critiqued in a few ways. First, this building form requires large parcels of land. 

Given Hong Kong’s land shortage (HKPD, 2016), the need for large portions of land mean that 

 

6  See Salat (2011, 2017) and Salat and Bourdic (2012b) for an extensive critique of Le Corbusier’s Contemporary city for 

three million inhabitants. 
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additional land needs to be found or created to accommodate these types of developments, through 

for example, land reclamation. Second, this urban form reduces the connectivity to the larger urban 

fabric, as the land used to create this type of development is normally separate from the urban core 

and therefore requires additional walking or is reliant on public transport for access. The Olympic 

development shown in Figure 8.3 is an example of this. Not only is the development clearly separate 

from the rest of the urban fabric, it can only be accessed through public transport or the three 

pedestrian bridges (shown in red in the figure). 

 

Figure 8.3: Olympic development as an example of a podium-tower development 

Source: Adapted from Google Earth 

The third critique is that these urban forms create homogeneous spaces, as the buildings are typically 

all similar and often contain only a single function. Fourth, because of the large podium structures, 

such buildings are removed from the street and lack active interfaces. Additionally, the movement 

within the buildings is typically focused on internal movement or links with public transport (Bruyns 

et al., 2021). Sixth, these forms have been critiqued as vertical gated communities (Hwang, 2006), 

which often require special permissions to assess the “privately own public space” (Lai, 2017). Finally, 

as mentioned previously, these large buildings are likely less able to adapt, as they are normally built 

for specialised functions and do not allow for individual responses. Also linked to this argument is that 

these building forms reduce the number of individual actors who own a single building or property, 

and therefore reduce the number of potential unique responses available. Ultimately, the podium-

tower building type with its associated and disconnected urban fabric is unlikely to encourage spatially 

adaptive urban forms. 
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8.3 Cross-case reflection, findings and conclusion  

The previous section presented the main findings relevant to each case study. The aim of this section 

is to extract and review the commonalities between the case studies so as the begin to move towards 

a better understanding of what qualities of urban form are needed to promote spatially resilient urban 

forms. However, before the main cross-case findings are discussed, a few aspects related to the 

production of the work within this study should be highlighted.  

As called for through the proposed SRA protocol, three assessment scales were used (10-, 20- and 30-

minute travel time) to assess 15 individual spatial metrics for each case study. These metrics where 

then used to create, describe and assess the five identified spatial resilience directives – connectivity, 

diversity, urban potential, redundancy and modularity – and one emergent directive (hierarchic 

efficiency). The spatial directives were then combined to create a proxy of the SAP of an area, with 

the goal to identify the areas where the conditions are in place for resilience, an emergent property, 

to form. Given all these requirements, to effectively present the results of the assessment, a combined 

total of 315 maps (2D and 3D) and 251 figures and charts were produced for the two case studies. 

More specifically, for the Manhattan case study, 207 (111 2D and 96 3D) maps were created, while 

the Hong Kong study resulted in a total of 108 maps (using 3D buildings). A detailed breakdown of the 

number of maps and figures is provided in Table 8.1. The purpose of highlighting these figures is simply 

to illustrate the complexity of the subject matter at hand. Consequently, for urban planners, designers 

and researchers to begin to explore the spatial morphological qualities of urban resilience requires a 

broad range of variables to be considered and mapped out from multiple perspectives.  

The remainder of the section is broken into three parts. Part 1 discusses the general observations and 

findings in relation to the resilience directives. Part 2 discusses the properties of the morphological 

unities which were associated with higher SAP. Part 3 then concludes this section by discussing the 

potential implications for spatial resilience as well as presenting a set of spatial resilience urban design 

principles. 

Table 8.1: Summary of the number of maps and figures for the case studies within this thesis 

Theme / Category Assessment metric 

Maps 

Figures Manhattan Hong Kong 

2D 3D 3D buildings 

Connectivity 

Access to locations 3 3 3 8 

Betweenness centrality  3 3 3 6 

Straightness centrality 3 3 3 6 

Connectivity directive 3 3 3 6 

Diversity 

Accessible functional mix (MXIa)  6 3 6 4 

Functional evenness index 3 3 3 6 

Location type heterogeneity 3 3 3 6 
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Theme / Category Assessment metric 

Maps 

Figures Manhattan Hong Kong 

2D 3D 3D buildings 

Accessible location density ratio 3 3 3 6 

Accessible built volume density ratio 3 3 3 6 

Diversity directive 3 3 3 6 

Urban potential Access to the built volume 3 3 3 6 

Redundancy 

Path redundancy 3 3 3 6 

Functional redundancy 3 3 3 6 

Transport redundancy 3 3 3 6 

Redundancy directive 3 3 3 9 

Modularity 

Internal connectedness 3 3 3 7 

Spatial-functional autonomy 3 3 3 6 

Configurative nesting 3 3 3 12 

Modularity directive 3 3 3 6 

Hierarchic efficiency Power-law assessment − − − 43 

Spatial resilience Spatial adaptive potential 3 3 3 6 

Directives 

relationship 

Statistical relationship between directives  − − − 6 

Spatial relationship between directives 30 30 30 0 

Spatial adaptive 

urban typology 

Latent constructs  5 5 5 0 

Urban type clusters 3 1 3 18 

Spatial adaptive urban types 1 0 1 40 

Supplemental  9 − 6 14 

Sub-Total 111 96 108 251 

Total 315 251 

 

8.3.1 Reflection on the resilience directives  

While both case studies implemented the protocol with the same methods and metrics, the 

differences in context, scale, assessment units (buildings versus plots), and the unique nature of each 

case study, meant that different qualities were highlighted for each case study. Yet, despite these 

differences and the fact that the aim of this study was not to conduct a direct comparison between 

the case studies, several commonalities between the case studies are still possible. This section 

contains a reflection on the findings related to the resilience directives that are relevant for both case 

studies. 

In terms of the connectivity directive, both case studies showed that areas that had higher values for 

the connectivity directive across all scales were the same locations that were able to efficiently 

connect places by facilitating effective access (through the pedestrian network and public transport) 

to different locations, while also encouraging a well-distributed flow between locations. Moreover, 

the improved access, flow and efficiency were facilitated by the presence of smaller and shorter urban 
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blocks as well as a higher density of smaller plots and building footprints (area). Connectivity is also 

greatly supplemented by good access to public transport, which is able to mitigate some of the effects 

of poor urban form at the higher assessment scales.  

For the diversity directive, the results show that, overall, both study areas have a high degree of 

diversity that resulted in limited variation in the values, especially at the higher, 30-minute spatial 

scale. The lack of variation in the values was also reflected when the relationship between the diversity 

directive and the other directives was studied, where the diversity directive had a very weak or non-

linear relationships with the other directives. In terms of the urban form, the results also show that 

an equitable and even distribution of urban functions (Live, Work, Visit) further encouraged higher 

levels of diversity. Moreover, the results also prove to be sensitive to variation in the size, number, 

type and distribution of buildings, plots and blocks as well as the configuration of the network, 

whereas bigger blocks, plots and buildings resulted in a lower number of unique locations being 

accessible.  

In both case studies, the urban potential directive, which is a measure of the ability of a location to 

access stored capital in the form of built volume, showed an interesting relationship with the SAP 

metric. More specifically, areas with the highest building volume and access to the built volume were 

not always the areas that had the highest SAP. Rather, the areas which had medium to high urban 

potential values were often the areas with the highest SAP. This finding suggest that a high or very 

high building volume is not equated to adaptive capacity. Instead, for spatially adaptive areas, access 

to medium and medium-high building volume is more advantageous. 

The results of the assessment of the redundancy directive support the existing literature and show 

that network redundancy is created through a diverse array of connections that are facilitated by 

smaller blocks and shorter streets (Salat, 2017). The aspects related to functional and transport 

redundancy required access to an equitable distribution of facilities and public transport stops for 

improved redundancy. Additionally, the results also suggest that facilities were often clustered around 

major public transport stops, such as the subway stations. The redundancy directive for both case 

studies also had one of the strongest relationships with the SAP metric across all assessment scales.  

In relation to the modularity directive, the results show that modularity requires strong close-range 

connections that couple locations together. This strong coupling between locations was best achieved 

in areas that had smaller blocks as well as many smaller plots and buildings. The added benefit of the 

smaller buildings, plots and blocks is that it creates a finer, more nested urban form. Additionally, 

when areas are supported by access to equitably distributed functions (Live, Work, Visit) and 

decentralised facilities (often clustered around public transport), they are able to function semi-

autonomously and therefore had a higher modularity directive score. When considering the 

relationship of the modularity directive with the other directives and the SAP metric, the modularity 
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directive generally had a linear relationship with most directives. More specifically, the modularity 

directive had a particularly strong relationship with the redundancy directive and the SAP metric 

across all assessment scales.  

When viewing the results of the non-spatial but emergent directive of hierarchic efficacy, the results 

of both case studies show that the power-law hypothesis could not be confirmed for all metrics tested. 

This finding has several possible implications. The first possibility is that the notion that elements 

within cities follow power-law distributions is not valid. The second possibility is that the selected 

study areas in particular, which have been subject to extensive planning and top−down intervention, 

do not have power-law distributions of the element and metrics tested, which are more related to 

organic forms. Or, third, it may be that only parts or selected areas within a city display power laws. 

Given that previous studies such as those done by Salat (2017) and Nilsson and Gil (2019) have found 

power-law distributions within parts of cities and entire cities, respectively, the findings suggest that 

the second and third options are likely true. Thus, as a whole, the two case study areas do not follow 

power-law distributions, but subareas within the cities may indeed follow power-law distributions. 

This finding has possible implications for the long-term spatial resilience of Manhattan and Hong Kong, 

as it begins to suggest that they are over-planned and do not allow for the urban form to self-organise, 

and therefore reduces the responsive nature of the city (Salat, 2017). 

As a final reflection of the nature of the directives, this study has begun to show that conceptually, 

the relationship between the directives can be explained and understood. However, when put into 

practice, the relationship between the directives becomes more complex. This is because, first, 

multiple metrics are needed to describe and capture the qualities of each directive. Second, the 

interaction between each of the directives is complex, and becomes more complex when more than 

two directives are studied together. Third, the spatial distribution of urban elements and how they 

interact further increases the complexity. As a result, further and deeper study is needed to 

understand the spatial relationship between the directives and how they work together to build 

spatial resilience.  

Table 8.2 provides a brief summary of the common spatial and morphological characteristics that were 

found to promote higher values for each directive. The table also indicates the morphological 

characteristics that were unique to each case study that the results suggested also played a role in 

improving the results in addition to the common morphological characteristics.  
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Table 8.2: Summary and comparison of spatial and morphological characteristics that promote the presence of 
each directive in both case studies. 

Directive 

Comparison of case studies 

Similarities with case studies 
Significant differences 

Manhattan Hong Kong 

Connectivity 

For both case study areas connectivity is 
promoted by having small blocks with 

narrow streets as well as good access to 
public transport, especially for longer travel 

times. The presence of some longer and 
straight roads are associated with higher 

overall connectively. 

Small plots in combination 
with areas where the ridged 
grid pattern is broken with 

diagonal streets also 
contribute to improved 

connectivity in Manhattan. 

High density of medium sized 
buildings that are on flat 
terrain and fall within a 

regular grid street pattern are 
particularly associated with 
higher connectivity within 

Hong Kong. 

Diversity 

High density of built volume in combination 
with an even distribution of urban functions 

the can be easily and efficiently accessed 
through the pedestrian and public transport 

network. 

Even distribution of different 
types of plots that are 

predominantly made of a 
higher concentration of small 

plots that are specially 
associated with an increase in 

the overall diversity within 
Manhattan. 

Unique characteristics within 
Hong Kong that promote 

diversity are associated with 
areas that have both a high 
concentration of medium 

sized buildings as well as an 
even distribution of the 

different types of buildings. 

Urban 
Potential 

High concentrations of buildings that have 
large volumes and good access to public 

transport promote high scores for the urban 
potential directive 

- - - 

Areas with smaller blocks but 
that also have many tall 
buildings with smaller 

footprints are particularly 
associated with higher values 

of urban potential within 
Hong Kong. 

Redundancy 

Dense well connected street network that 
has shorter distances between intersections 
to create shorter blocks help to create more 

path options. An equitable distribution in 
conjunction to improved access to multiple 

key urban facilities and public transport 
modes that provide the same or similar 

functions helps improve the overall 
redundancy within both case study areas. 

Diagonal streets that break up 
the grid pattern provide more 
path options further help to 

improve the access to 
redundancy within 

Manhattan. 
 

Proximity to urban centres 
that have a high density of 
streets in conjunction to 

smaller blocks further 
facilitates access to multiple 
options within Hong Kong. 

Modularity 

Equitable and easy access to a diversity of 
urban functions. Modularity within the urban 

form is further facilitated by a fine urban 
grain through the presents of small blocks 

and a high density of locations (buildings or 
plots) 

Large number of small plots 
that on clustered into small 
blocks that are also in close 
proximity to each other is 

particularly important for the 
improved modularity within 

Manhattan 

For Hong Kong, a large 
number of small to medium 

sized buildings that are in 
close proximity to each other 

and also on flatter terrain 
positively improves 

modularity. 

Hierarchic 
Efficiency  

No clear evidence for the presence of power 
law was found within either case study area. 

- - - - - - 

8.3.2 Cross-case morphological properties 

As mentioned previously, the aim of this study was not to compare the two case studies with each 

other or to question which area was more resilient. Rather, the aim of the case studies was to test if 

the proposed protocol could be effectively applied within different contexts while also aiming to 

uncover what could be learnt from both cities. The lessons learned could then be used to inform our 

understanding of what spatial resilience is and how we can begin to design settlements that have 

more potential to be spatially adaptive. Presented in this section are the findings related to the 
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characteristics of the morphological units (buildings, plots, blocks and streets) within the identified 

SAUT of each case study.  

It should be noted that that it is not possible to compare the results of the buildings and plots from 

the case studies; however, given that the buildings within Hong Kong often cover a high percentage 

of the plot area (often close to 100% coverage), it is possible to glean some insights into the plot 

characteristics of Hong Kong from the building area, length and width. With this in mind, the results 

from both studies suggest that smaller plots in combination with medium-sized buildings were 

associated with the urban types that had the highest SAP.  

As discussed in detail in the Manhattan case study for plots (Chapter 6), smaller plots are able to 

accommodate a diverse range of urban functions and ownership strategies over time without having 

to be consolidated or subdivided. In contrast, larger plots are more conducive to hosting specialised 

functions, such as sports stadiums (Marcus, 2010; Moudon, 1986; Porta and Romice, 2014). 

Additionally, small plots are also able to allow more actors to be involved in the development process. 

This then means that there is more diversity in the urban environment, which then translates into 

improved adaptive capacity (Marcus, 2010). Furthermore, as previous studies have shown, smaller 

plots tend to change less frequently as they make real estate transactions more difficult, compared to 

the gain in new land, meaning that developers are more likely to consolidate larger plots.  

Medium-sized buildings, as mentioned in detail in the Hong Kong case study (Chapter 7), are also less 

likely to require radical change or be demolished (Hallowell, 2013; Moudon, 1986; Scheer and 

Ferdelman, 2001) and are more likely to be used for more than one function, while large buildings are 

often created for single or specialised uses and therefore do not necessarily encourage mixing of 

functions. Buildings which are too small have smaller building volumes and therefore less potential to 

house opportunities. Less opportunities nearby also means that more time and costs are needed to 

reach the same number of options, which then negatively impact the resilience of an area (Sharifi, 

2019b). 

While the buildings and plots are not comparable between the case studies, the geometric 

characteristics of blocks and streets lengths are comparable. Both case studies showed that the areas 

that performed the best, namely the spatial adaptive urban types, had similar ranges in values for the 

geometric characteristics of blocks and, to some extent, the street lengths. Moreover, the results from 

both case studies suggest that smaller block size (area), including shorter length and widths, were 

linked to the areas with higher SAP. As indicated in Chapter 7 [HK], smaller blocks and shorter streets 

decrease the walking distance between locations (Hess et al., 1999; Jacobs, 1961). Moreover, as the 

form, size and distribution of blocks ultimately impact the density and configuration of the street 

network (Barthelemy, 2017), smaller blocks that are well connected with each other, through a higher 

proportion of X+ junctions, also provide more route options to users (Salat, 2011). However, blocks 
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which are too small (area), short (length) or narrow (width), are also not suggested, as they do not use 

the land efficiently, as too much space is used for the streets, which also means that there is a 

reduction of the total land available for development (Sevtsuk et al., 2016). 

Shown in Table 8.3 is a summary of the range of values in terms of each metric used to describe the 

specific morphological units with the Manhattan and Hong Kong case studies. The ranges shown for 

each case study correspond to the general range of values found within the SAUT of each study area. 

Additionally, for the blocks and streets, the table shows a consolidated range of values that have been 

derived from both case studies, which can be used as an initial first step to inform future design. It 

should, however, be noted that these values should be interpreted with care as only two case studies 

were used. However, it is hoped that the recommended range for the blocks and streets, as derived 

from the findings of both cases studied, can be used towards building more spatially adaptive urban 

forms. 

Table 8.3: Summary of the geometric characteristics of the spatial adaptive urban typologies for both case 
studies 

Morphological 

unit 
Metric 

Manhattan spatial 

adaptive urban typology 

Hong Kong spatial 

adaptive urban typology 
Consolidated range 

Building Area (m²) − 58−376 − 

Length (m) − 13−31 − 

Width (m) − 8−25 − 

Height (m) − 10−52 − 

Volume (m³) − 590−15 000 − 

Plot Area (m²) 125−360 − − 

Length (m) 25−35 − − 

Width (m) 12−25 − − 

Block Area (m²) 2 500−9 250 3 850−11 050 2 500−10 000 (±1 000) 

Length (m) 85−150 95−225 85−200 (±30) 

Width (m) 80−115 72−116 70−115 (±10) 

Street Length (m) 51−93 19−65 50−90 (±20) 

When considering the overall spatial patterns of the street networks for both case study areas, a few 

observations and comments can be made. First, for Manhattan, the variation from the grid pattern 

(more organic form) produced more favourable results; yet, for the Hong Kong case study, areas which 

conformed closer to a grid pattern (as opposed to rectilinear) had a higher SAP. Nonetheless, while 

the grid pattern in Hong Kong was positively associated with higher SAP, the results within Hong Kong 

could potentially be improved by learning from the Manhattan case study by, for example, the 

inclusion of additional diagonal streets, as seen within Manhattan’s SAUT−1 (Greenwich village area), 

as this may further enhance the access to opportunities within places of Hong Kong. 
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Finally, as a way of visually consolidating the findings from both case studies, Maps 8.1 and 8.2 

provides an overview of the locations of the SAUTs within each case study, while Figures 8.4 and 8.5 

shows a detailed view of the urban form of each of the identified SAUTs for both case studies. 

 

Map 8.1: Location of the SAUT within Manhattan 
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Figure 8.4: Multiple closeup views of the SAUT within Manhattan 
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Map 8.2: Maps Location of the SAUT within Hong Kong 
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Figure 8.5: Multiple closeup views of the SAUT within Hong Kong 



 

758 

8.3.3 Implications for resilience 

When reflecting back on the findings of the two case studies and what they mean for the design and 

resilience of cities, the results suggest that more plots or smaller plots, mid-sized buildings in 

combination with smaller blocks that are linked together with well-connected shorter streets, are 

among the urban form qualities that have been associated with the presence of higher SAP. These 

qualities not only improve the ease, number, quality and variety of opportunities that can be accessed, 

they also increase route options available to reach different destinations.  

Moreover, smaller blocks in combination with smaller buildings and plots also improve the modularity 

of an area by improving the internal connectedness as well as the configurative nesting within areas. 

When good access and nested urban form are paired with an even distribution of functions (Live, 

Work, Visit), decentralisation of facilities, including public transport, an area is able to take advantage 

of the increased diversity while also able to function semi-autonomously. Such areas are also more 

likely to have access to multiple forms of redundancy than can be utilised when needed. Although 

larger buildings have more static stored capital in the form of building volume, the ability to access 

and utilise the stored capital (urban potential) is greatly reduced if the buildings are too large or not 

well connected the rest of the city. Rather, the findings, specifically from the Hong Kong case study, 

have shown that a high density of medium-sized buildings is collectively able to provide high levels of 

building volume as well as the ability to access the volume.  

An additional observation gleaned from this study relates back to the concepts of the vertical and 

volumetric city. Specifically, the areas that performed the best in both case studies (SAUT−1) were 

notably the areas that had less of what could be described as the vertical or volumetric characteristics 

of tall and or interconnected buildings (see Chapter 4 for more detail). Instead, the best performing 

areas were more reminiscent of traditional European city centres that have small blocks and buildings 

that are mostly medium-rise walk-up buildings. The vertical parts of both cities, although not the worst 

performing areas, did not stand out in terms of the directives or SAP scores. In fact, the vertical areas 

often had lower scores in terms of diversity, connectivity and aspects of modularity. This observation 

is particularly true for the Manhattan case study. However, for the Hong Kong case study, the most 

volumetric parts of the city, Wan Chai and Central (Hong Kong Island), were clearly identified as the 

second best performing areas (SAUT−2).  

Given these observations, two arguments can be made. The first is that medium-sized buildings that 

are part of a finer grain urban form are most likely to promote spatially resilient settlements. Second, 

if a medium density is not possible (as is often the case in Hong Kong), then a volumetric-based 

approach to urban form should rather be used over a vertical city form. This is because the vertical 

form, as seen in Manhattan and Hong Kong, is associated with larger buildings that occupy entire 

blocks but do not promote interconnectivity between buildings. Additionally, vertical form reduces 
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the number of unique locations available, and because of size of the land needed, vertical 

developments can be separated from the larger urban fabric. It is, however, possible for vertical cities 

to become volumetric by the addition of multiple connections between buildings (above and below 

street level). These connections will not only improve the connectivity between locations, it will also 

likely create opportunities for new functions to emerge. Yet, if vertical cities are to become more 

volumetric, then the steps taken should be done with care, as sudden and drastic change is seldom 

successful. Instead, urban change and eventual transformation should be done gradually and 

incrementally, one building or plot at a time.  

Furthermore, any current or future cities should not simply take existing urban forms and transplant 

them into a different location that is outside of the original form’s context. Rather, urban planners 

and designers can learn from and borrow the morphological qualities and underlying structures of the 

areas within cities that exhibit the spatial qualities that promote spatial-morphological resilience. At 

the same time designers will be required to adjust and update the borrowed morphological qualities 

and structures to better suit the new contexts, taking into account things like the climate and culture 

of the new context. As a way to aid in the process of building new or adapting the existing urban 

settlements, the findings and insights gained from this study are summarised into a set of urban design 

principles (Table 8.4) which, it is hoped, will help inform urban planners, designers, policymakers and 

ultimately citizens on how we can achieve spatially more resilient urban forms.  

Finally, it should be noted that spatial resilience must be facilitated over time and not forced into 

existence. This is because spatial adaptive capacity cannot be created. Rather spatial resilience, as an 

emergent property of a complex adaptive system, requires that the conditions associated with its 

formation be in place to allow it to emerge. Moreover, as discussed in Chapter 3 and shown though 

the case studies, this can be achieved by developing the urban form qualities that are linked to five 

spatial resilience directives – connectivity, diversity, urban potential, redundancy and modularity – and 

an emergent directive – hierarchic efficacy.  
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Table 8.4: Spatial-morphological resilience urban design principles 

Connect places through improved access, flow and efficiency of movement across scales  
Encourage access that is efficient and allows for movement across scales 

Description Urban form qualities  Assessment 

Connectivity forms the backbone of a city and binds 
places together by determining how movement 
happens within the city. Furthermore, good 
connectivity allows the city to not only efficiently 
access opportunities, through multiple route and 
mode options, but to also allows the city to reorganise 
after a disturbance. As such, good connectivity 
requires that the network be configured in such a way 
that many opportunities can be reached easily and 
efficiently. However, connectivity also requires that 
network efficiency be balanced with redundancy to 
reduce vulnerability 

Good connectivity can be created or improved at the 
local scale by promoting urban form that has smaller 
and shorter blocks as well as with the street network 
that as short distanced between intersections and is 
configured in such a way that intersections have 
multiple connections (X+ Junctions) and also 
discouraging the use of cul-de-sacs. At the higher 
scales, access can be further improved with easy and 
equitable access to public transport, where feasible. 
Connectivity also requires that there are many 
opportunities (destinations) available. This and be 
achieved through the provision of smaller plots in a 
combination with a high density of medium sized 
buildings that allows for more opportunities to be 
located in close proximity.  

• Connectivity directive  

• Access to locations  

• Betweenness 
centrality  

• Straightness centrality 

   
Facilitate spatial and functional diversity 

Promote urban form that provides access to a multitude of spatial and functional options 

Description Urban form qualities  Assessment 

Diversity determines the variation and spatial 
distribution of elements within the city. Higher levels 
of diversity not only ensures that more alternatives are 
available, but also creates opportunity for competition 
and innovation. To facilitate spatial diversity requires 
that the spatial and functional differentiation between 
places be well balanced. Furthermore, spatial diversity 
should also be coupled with urban form that facilitates 
good access so that the spatial functional variation 
within the city can be capitalised on.  

Spatial diversity can be created through the variation 
in the size, shape and type of buildings, plots and 
blocks. However, the small plots and blocks (not too 
small) with medium sized buildings should be the 
prevailing type. Large plots and buildings should be 
limited and reserved for specialised functions. Urban 
functions (live, work, visit), facilities and public 
transport should be distributed equitability and linked 
with good access.  

• Diversity directive 

• Accessible Mixed Use 
Index (MXIA) 

• Functional evenness 
index 

• Location type 
heterogeneity 

• Accessible location 
density ratio 

• Accessible built 
volume density ratio 

   
Effective utilisation of built capital  

Enable areas to access the stored capital within the built form 

Description Urban form qualities  Assessment 

For cities, buildings and built volume represents the 
physical manifestation of the ability to store physical 
capital and house a variety of activities. More built 
volume in close proximity also implies that there are 
more possibilities for interaction and the generation of 
new opportunities. However, to utilise the stored 
potential within the urban form requires that the latent 
opportunities housed within the buildings be easily 
accessed through the network. 

Very small or large buildings should be limited. 
Instead, the focus should be on providing a high 
density of medium sized buildings that provide a 
balance between total stored opportunities (building 
volume) on a site, variation in types of opportunities 
and the ability to access the opportunities housed 
within the buildings.  

• Access to built volume 

   
Create accessible backups  

Encourage access which is efficient and allows for movement across scales 

Description Urban form qualities  Assessment 

Redundancy implies that multiple options available 
that are able to provide the same or similar function 
and with the intent of achieving the similar goals. 
Redundancy is created through good connectivity 
(multiplicity of alternative routes), diversity (response 
diversity), and urban potential (intensity of alternatives 
in close proximity).  

Path redundancy can be created through smaller 
blocks that are configured in a way that creates well 
connected network that has intersections (X+ 
Junctions) that are connected to multiple shorter 
streets.  Functional redundancy requires that multiple 
facilities that are able to provide the same functions 
can be accessed easily and with minimal difficulty. 
Were possible, have more than one mode of transport 
or alternative transport routes available.  

• Redundancy directive 

• Path redundancy 

• Functional 
redundancy 

• Transport redundancy 
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Build through nested decentralisation 
Encourage access to decentralised functions that is efficient and allows for movement across scales 

Description Urban form qualities  Assessment 

Modularity not only allows the city function efficiently 
at all scales through nested hierarchy of strongly 
connected semi-autonomous areas, but it also protects 
the city during disturbances by preventing shocks to 
proliferate through the entire city and therefore giving 
the city a chance to re-organise. Modularity is created 
through strong internal connections, a nested, fine 
grain, urban form that has a clustering of a diverse set 
of decentralised urban functions that allow an area to 
function in a semi-autonomous way.  

Modularity requires strong short-range connections 
that can be created by having many smaller plots and 
medium sized buildings in conjunction with smaller 
blocks and a high number of well-connected streets that 
are able to couple locations together. This then helps to 
create a nested and fine grain urban form that is effect 
at all scales. For an area to be semi-autonomous 
requires that urban functions (live, work, visit) and 
facilities be evenly distributed and facilities be 
decentralised throughout the city.  

• Modularity directive 

• Internal 
connectedness 

• Spatial-functional 
autonomy 

• Configurative 
nesting 
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Chapter 9  

Conclusion and Way Forward 

This chapter is a culmination of the work undertaken in this study, the research objectives, through 

the creation and application of assessment protocols and the discussion of the implications. Section 

9.1 explains how the research responded to the objectives and research. Thereafter the research 

significance and contribution to knowledge is set out in Section 9.2, followed by a discussion in Section 

9.3 on the lessons learned and the potential implications of the results for urban planning and design. 

This is then followed by Section 9.4 that outlines the limitations this study has encountered. Finally, 

the study concludes in Section 9.5 by providing suggestions for future research into the spatial 

qualities of urban resilience. 

9.1 Responding to the research aims  

This study began as a response to the call to action by Coaffee and Lee (2016), who argued that since 

there is now a general consensus that urban resilience is indeed needed, “it is vital that planners begin 

implementing resilience rather than just highlighting its merits”. Moreover, as outlined throughout 

Chapter 1, and suggested by Marcus and Colding (2014: 4), one area where it is possible to make the 

greatest impact on the resilience of cities is through changes in the urban form of cities. However, as 

Garcia and Vale (2017: 159) have noted, there are currently only limited methodologies for 

“measuring resilience in the built environment, particularly when it comes to measuring things that 

matter for designers, like the size or shape of a block or a neighbourhood”. Such a lack of methods for 

assessing urban resilience may be the reason why the role and relationship between urban form and 

urban resilience is not yet well understood. Consequently, this study responded to the need for a 

spatial understanding of urban resilience and a method that can be used to assess the potential spatial 

resilience of an area, and therefore be an aid to help guide urban planners and designers into better 

spatial decision-making and intervention. To achieve these aims, four clear research objectives were 

developed that guided the formulation of a set of research questions.  

The first research objective of this study (RO1) sought to explore the relationship between urban form 

and the potential adaptive capacity of cities and was used to guide the first two research questions. 

Research Question 1 (RQ1) took a broad-based approach by asking: Which characteristics of urban 

‘complex adaptive systems’ contribute to and direct the formation of general urban resilience? To 

answer this first research question, Chapter 2 reviewed the current literature and identified 14 

different properties of complex adaptive systems that were also associated with facilitating the 

emergence of resilience within urban systems. Following on the first research question, the second 

research question (RQ2) asked which spatial qualities of urban settlements can be associated with for 
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formation of urban resilience, namely: Which of the identified system characteristics manifest spatial-

morphologically within cities and can be used as spatial resilience directives to guide the development 

of spatially adaptive urban settlements? This question was answered in Chapter 3 by taking the initial 

14 general resilience properties that were identified in Chapter 2, and examined them within the 

literature on spatial planning, urban design and urban morphology. Once the review of the literature 

was completed, five spatial properties were identified that were frequently associated within both the 

spatial design and urban resilience discourse, namely connectivity, diversity, urban potential (density), 

redundancy and modularity. An additional sixth property, hierarchic efficiency, was also included as 

an emergent property, as it is regarded as a hallmark of spatial resilience (Salat, 2017). As the presence 

of these properties within an area are associated with the formation of spatial resilience, it was 

conceptualised that they can be used to direct and facilitate the potential formation of spatial 

resilience. Therefore, for the purpose of this study, the five spatial and one emergent system 

properties were renamed the directives for spatial resilience. 

The second research objective of this study (RO2) was to develop and test a methodological protocol, 

with metrics, for describing the potential spatial adaptive capacity of locations within a city. This 

objective specifically responded to the need for a method that is able to assess the spatial qualities 

associated with urban spatial resilience (Garcia and Vale, 2017). To achieve the second objective of 

this study, three additional research questions needed to be answered. The first of these questions, 

Research Question 3 (RQ3), asked: How do the spatial-morphological resilience directives manifest in 

the urban form of cities and how are they described and measured? To answer this research question, 

Chapter 3 used the existing literature to conceptually explore how each of the five directives operate 

spatially and contribute towards the formation of spatial-morphological resilience. To describe and 

measure the directives spatially, Chapter 5 presented the proposed SRA protocol, which included 15 

spatial metrics that were used to describe and assess the spatial-morphological resilience directives. 

To explore how the spatial-morphological resilience directives manifest within space, the protocol was 

applied in two case studies, Manhattan (Chapter 6) and Hong Kong (Chapter 7).  

To better understand the nature of the directives, the next question that responded to the second 

research objective of this study was Research Question 4 (RQ4), which asked: What is the type and 

nature of the relationships [spatial and statistical] between the resilience directives? This research 

question was answered in two ways. The first of these was through the proposed conceptual 

framework, described in Chapter 3, which conceptually described the relationship between each of 

the resilience directives. The second manner in which Research Question 4 was answered was by 

exploring the statistical (scatter plots, correlation coefficients and correlation network) and spatial 

relationship (bivariate maps) between each of the directives with the Manhattan (Chapter 6) and Hong 

Kong (Chapter 7) case studies. The statistical and spatial analysis showed that in many cases there was 

a positive linear relationship across all assessment scales between many directives. However, within 
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both case studies, the diversity directive exhibited a mixed relationship between the directives, 

showing either a non-linear, weak or no relationship. These findings suggest that while the conceptual 

relationship between the directives could be understood, in practice the relationship between the 

directives is more complex and requires a far deeper investigation that goes beyond the scope of this 

study. As discussed in Chapter 8, this could be because the distribution and configuration of 

morphological units in space (buildings, plots, blocks and streets) create complex interactions that 

operate at different spatial scales and require multiple metrics to assess and describe it. Moreover, 

the complexity between the directives is further compounded when more than two directives are 

studied together, as the number of potential interactions between the directives increases 

exponentially.  

The third question asked in response to Research Objective 2 is the fifth research question (RQ5) which 

asked: How can a measure be created and tested that performs as a proxy indicator of the potential 

spatial adaptive capacity of a city? In response to this question the SAP assessment subprotocol was 

proposed (Chapter 5), as a subcomponent of the larger spatial resilience assessment protocol. The 

main outcome of this subprotocol was the SAP metric, which is conceived as a measure of the latent 

potential of the urban form to increase the spatial adaptive capacity of an area and therefore improves 

the urban resilience. Additionally, through the use of the case studies of Manhattan (Chapter 6) and 

Hong Kong (Chapter 7), the proposed SAP assessment subprotocol was successfully tested and the 

areas within each case study area with the highest SAP were identified.  

It should, however, be noted that the SAP metric does not directly measure the spatial resilience of a 

location. Rather, as was emphasised throughout this study, the SAP metric is a measure of the 

potential capacity of a location to facilitate and manage changing needs. Furthermore, the SAP metric 

was formulated under the assumption that the potential for spatial resilience to emerge is at its 

highest in locations where the spatial-morphological preconditions created through the size, 

distribution, configuration and interaction of the urban form, are in place to produce significant levels 

of all five spatial resilience directives at a given scale. Moreover, while the preconditions may be in 

place, there is, however, no guarantee that a location will be spatially resilient. Spatial resilience can 

only be determined if an area has been able to incrementally adapt, building-by-building, plot-by-plot, 

to the changing needs over time without the need for radical intervention.  

To begin making the link between urban morphology and spatial resilience more practical for urban 

planners and designers, the third research objective (RO3) of this study was to identify a set of urban 

morphological typologies that are likely to contribute towards a/the greater adaptive capacity of a 

city. To meet the desired outcome of Research Objective 3, two additional research questions needed 

to be answered. Research Question 6 (RQ6) of this study was the first of the two questions that 

responded to the third research objective by asking: How can a set of morphological typologies be 

created from the spatial resilience directives? This question was answered in Chapter 5, where the 
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SAUT subprotocol was proposed. More precisely, the subprotocol outlined a method for the metrics 

used to create the spatial resilience directives as inputs into a GMM cluster analysis to identify and 

evaluate different urban typologies within a study area.  

Once the methodological requirements were met by answering Research Question 6, it was possible 

to meet the aims of the third research objective, by answering Research Question 7 (RQ7), namely: 

Which morphological typologies embody the spatial characteristics associated with improved spatial 

adaptive capacity and are therefore most likely to improve the spatial resilience of cities? To answer 

this research question, the proposed spatial adaptive urban typology subprotocol was tested using 

the Manhattan (Chapter 6) and Hong Kong (Chapter 7) case studies, through the implementation of 

the subprotocol which identified the morphological typologies that embody the spatial characteristics 

associated with improved spatial adaptive capacity, called SAUT.  

The fourth and final research objective (RO4) of this study was to propose a range of urban design 

principles to help promote more resilient urban forms. This objective specifically responds to the lack 

of any design principles available to guide the development of spatially resilient urban settlements 

(Ahern, 2013; Feliciotti, 2018; Pickett et al., 2013). In response to the final research objective, the 

eighth research question (RQ8) of this study asked: What urban design principles can be derived from 

the spatial resilience typologies to promote spatially resilient urban settlements? This research 

question was answered by first exploring the geometric characteristics of the SAUT within each 

individual case study: Manhattan (Chapter 6) and Hong Kong (Chapter 7). Thereafter, Chapter 8, 

provided an overall discussion of the findings from both case studies which were then consolidated 

into a set of proposed spatial resilience urban design principles (Table 8.3). 

In summary, this study engaged the debate on the spatial manifestation of urban resilience by 

principally questioning which urban characteristics, variables and methods were needed and available 

to practically engage with our spatial understanding of urban resilience. In doing so, this study sought 

to set out a process and application to begin the identification of the types of urban forms which are 

likely to contribute positively to spatially adaptive urban settlements. Though the synthesis of the 

findings from the two cases studied, the study proposed a set of spatial resilience urban design 

principles.  
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9.2 Research significance and contribution to knowledge  

As long as there are people, there will likely be a desire for an ordered world with a high degree of 

certainty. However, as more recent events around the world have shown,107 uncertainty in and about 

the future is only expected to increase. This uncertainty is further compounded for cities, as they are 

facing additional pressures from population growth (UN Habitat, 2016b) and increased urbanisation, 

especially within the Global South (UN-DESA, 2018). Therefore, the need for an approach that is able 

to not only work within uncertainty, but that acknowledges uncertainty as a fundamental principle is 

required (Peres, 2016; Welsh, 2014). Urban resilience, as argued by many authors (Davoudi et al., 

2012; Meerow et al., 2016; Nel, Du Plessis, et al., 2018; Peres, 2016), is one possible approach that 

actively embraces change and uncertainty within its core approach. Urban resilience, as an approach 

to dealing with change and uncertainty, has the “power to radically change how we imagine and 

analyse cities of tomorrow and implement planning practice” (Coaffee and Lee, 2016: 267). The power 

that urban resilience has to mitigate crisis, deal with change and help achieve the goals of sustainable 

urbanism has not been overlooked, as urban resilience is now part of the United Nations’ New Urban 

Agenda (UN Habitat, 2016a). Although there is a clear consensus that urban resilience is needed, it is 

important that urban planners and designers make the concepts of resilience practical and 

implementable (Coaffee and Lee, 2016). 

In response to the need for a more practical understanding of urban resilience, this study explored 

how the framework and concepts related to urban resilience can be practically understood through 

the understanding of urban form. More precisely, this study made three significant contributions to 

our knowledge.  

The first of these contributions is through the proposed conceptual framework (Chapter 3). The 

framework contributed to understanding the relationship between urban form and spatial resilience 

by, first, conceptually describing how urban form enables the identified spatial resilience directives 

that operate within cities to facilitate spatial resilience. Second, the conceptual framework is the first 

of its kind to conceptually describe the relationships between the spatial-morphological resilience 

directives, an aspect that was also explored practically through a study of the spatial and statistical 

relationship between the directives within each of the case studies (see Chapter 6 [NYC], Chapter 7 

[HK] and Chapter 8). 

The second significant contribution of this study was the operationalisation and testing of the 

conceptual framework through the proposed SAR protocol (Chapter 5), which was also implemented 

 

107 Examples include the global financial crisis (2008) and Hurricane Sandy (2012). The most recent example is the COVID-19 

global pandemic which begun late 2019 and was still ongoing at the time of writing. According to the World Health 

Organization’s Coronavirus (COVID-19) Dashboard (WHO, 2021), by May 2021, COVID-19 had infected over 158.5 million 

people and caused over 3.29 million deaths.  
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on the two case studies of Manhattan (Chapter 6) and Hong Kong (Chapter 7). The SAR protocol 

operationalised the conceptual framework by proposing two subprotocols that incorporated the 

existing and new metrics to (a) assess and spatially describe the resilience directives, (b) use the 

resilience directives to assess the SAP within urban settlements, and (c) identify the spatial adaptive 

urban types within a city.  

The third and final noteworthy contribution of this study that was achieved through the exploration 

of the geometric characteristics of the spatial adaptive urban types, was the confirmation that certain 

urban forms are indeed associated with the presence of higher levels SAP within cities (Chapter 8). 

Moreover, these insights were synthesised into the proposed spatial-morphological resilience urban 

design principles (Chapter 2). Through this process and the results of this study, it is hoped that this 

knowledge can be used to spatially intervene through the urban form of cities to create more spatially 

adaptable and resilient cities.  

9.3 Lessons learned and implications for urban planning and design 

The discussion and findings highlighted throughout this study suggest that if urban planners, designers 

and policymakers would like to spatially intervene in the system to achieve greater urban resilience, 

the best place to start would possibly be through the manipulation of the urban form of the city, as 

this has the power to influence the function, form and flows within the city (Du Plessis et al., 2019; 

Hillier, 1996; Landman, 2019; Marcus and Colding, 2014). This implies that to improve the spatial 

adaptive capacity of urban areas, it would be the easiest and most effective way to intervene through 

the structural qualities that govern the form, size and shape of buildings, plots and blocks, as well as 

the distribution of functions and configuration of the network. However, any interventions into the 

geometric characteristics of the morphological units should be approached with an understanding 

that places are connected and interact with each other through the movement network and across 

multiple spatial-temporal scales. Therefore, when intervening spatially in any urban system, the best 

place to start is to first attempt to understand the impacts such interventions could have on the 

structural resilience directives of connectivity, diversity and urban potential as these represent the 

spatial qualities that directly impact and are impacted by the form (connectivity), function (diversity) 

and flows (connectivity, urban potential and diversity) within a city. Additionally, as indicated in the 

conceptual framework, any changes to the structural directives will also directly influence the 

embedded (redundancy and modularity) and emergent qualities (hierarchic efficiency) of the urban 

system. Therefore, when spatial interventions are understood within the theoretical understating of 

this study’s conceptual framework and then assessed through the proposed spatial resilience 

assessment protocol, it is possible to gain a new understanding of how such changes in a city’s urban 

form may influence the embedded and emergent characteristics of the city. This would ultimately 
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yield new insights into the potential impact of planned developments or interventions on the overall 

spatial adaptive capacity of the urban system.  

Building on this argument, when the morphological qualities identified from the SAUT are considered, 

they provide further guidance in terms of the type of spatial morphological characteristics that could 

be used to create spatially adaptive urban forms. However, caution should be taken when using the 

characteristics of the SAUT, as each city and area within a city has its own unique context and needs. 

As such, the specific qualities of the SAUT that are best suited to a context should be used, while also 

conducting further studies to identify additional spatial-morphological properties that might be 

beneficial for improving the SAP of an area. 

Finally, cities of the future have some critical decisions to make in terms of the urban form they wish 

to have. Low-density sprawling cities are considered to be neither a sustainable nor resilient urban 

model (Garcia and Vale, 2017). The development of such urban settlements should therefore not be 

promoted. However, existing low-density settlements should also not be abandoned. Instead, through 

incremental and careful design, it should be possible to improve the spatial qualities of these areas 

(Tachieva, 2010; Talen, 2011) so as to become more spatially resilient. As alternatives, three possible 

urban forms present themselves as alternatives to the low-density city.  

The first of these is medium-density, but “morphologically flat” cities (Bruyns et al., 2018, 2019), such 

as those typically associated with traditional European cities. The second option is higher density and 

“morphologically vertical” cities, such as the NYC (USA) or Dubai (UAE) (Lin, 2018). Finally, a third 

option is for very high-density and compact “volumetric” urban forms, such as those seen in Hong 

Kong and Singapore. While not conclusive or studied in much detail, the findings from this study 

pointed to the medium-density and volumetric urban models as the most suitable options for creating 

spatially resilient urban settlements. Vertical urban forms, through their large and isolated buildings, 

do not integrate well with the urban fabric and have been critiqued as being the next step in modernist 

urban planning and architecture (Salat, 2011) whose disconnected urban form creates vertical sprawl 

(Hwang, 2006). Moreover, as this study has indicated, some vertical urban forms also do not promote 

the presence of the spatial resilience directives of connectivity, spatial-functional diversity, 

modularity, redundancy and hierarchic efficiency and should therefore rather be avoided.  

9.4 Limitations of the study 

While the previous sections have emphasised the contributions, significance and lessons of this study, 

as well as the steps it has taken towards furthering our understanding of the relationship between 

urban form and the formation of resilience within socio-ecological urban systems, this study was not 

without limitations. 
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First, this study made no claim that the resilience of a city is solely dependent on the quality and 

configuration of the urban form. This is because there are numerous social and economic aspects of 

urban life that have strong impacts on urban resilience (Anderies, 2014) that do not happen in spatial 

isolation. Instead, this study showed that urban form has implications for the ease with which an area 

may be able to adapt to changing circumstances. However, the processes that govern where the socio-

economic aspects occur and how they function, are strongly influenced by the underlying form of the 

city (Hillier, 1996; Porta et al., 2011; Van Nes, 2021). 

Second, it should be noted that the proposed spatial resilience assessment protocol should only be 

seen as a starting point for the assessment of the potential adaptive capacity of areas within the city. 

It, therefore, cannot make any claims to provide a complete method or assessment framework for the 

evaluation of spatial-morphological resilience. Furthermore, as indicated previously, the protocol 

focused solely on the domain of urban form and has, therefore, not included spatial aspects related 

to any social, economic or ecological qualities that also play an important role in the formation of 

spatially resilient, socio-ecological urban systems.  

The third limitation of this study relates to the generalisability of the findings. Here, specific reference 

is made to the fact that only two case studies were used for this study, which means that there is a 

limit on the extent to which the findings are directly applicable to other urban areas. However, as was 

stressed in Chapter 4, the two case studies were specifically selected because of the high variability 

between them, as well as the fact that these two cities represent two more recent emerging and 

complex urban forms that are related to vertical (Lin, 2018) and volumetric urbanism (Bruyns et al., 

2021; Shelton et al., 2010). Nonetheless, this high variability between the study areas improves the 

generalisability of the proposed protocol, as it confirms that the protocol can be effectively applied 

within complex urban environments, while also helping to compensate for the limited number of case 

studies.  

A fourth limitation that was also emphasised throughout this study, is related to the access to data. 

Here specific reference is made to the fact that no detailed time-series data were readily valuable for 

both case studies. This limited the study’s ability to compare and assess the findings, but specifically 

the spatial adaptive urban types, over time, and whether the findings and recommendations made 

throughout this study are indeed applicable over longer periods. An additional limitation related to 

data was the fact that not all the data needed to implement the proposed protocols were available 

for both the case study areas in terms of type and quality. The data availability hindered the ability to 

make comparisons between some morphological units, such as buildings and plots. However, at the 

same time, the variable data environment also created the opportunity to test if the proposed 

protocol could be successfully implemented within different quality data environments.  
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The final limitation of this study is related to the production of the work, including the visualisation of 

the results. Here, specific reference is made to the Hong Kong case study and the uses of the buildings 

as the unit of analysis. Because buildings have a smaller surface area and are less continuous 

compared to plots, it became more difficult to visualise the results on the scale of the entire study 

area. Moreover, when attempting to visualise the spatial results on a light background, the results 

were often illegible or difficult to read. As a result, a darker background was used. However, the use 

of a darker background has its own challenges as it requires a careful balance between the darkness 

of the background and the need for contrast between the background and the results. While 

additional inserts were provided, they predominantly focused only on a few areas which meant that 

the results for all areas could not be highlighted equally well.  

9.5 Future work   

While this study is not the first to have questioned how to understand and improve the spatial-

morphological resilience of socioecological urban systems (Feliciotti, 2018; Marcus et al., 2020; 

Romice et al., 2020), it is, however, still among the earliest studies to take on this challenge in any 

detail. Yet, as the field of spatial-morphological resilience is still in its infancy, the possible directions 

this may take are yet to be seen. However, through insights gained and lessons learned while 

conducting this study, some possible avenues for future work have been identified and are considered 

below. 

While this study has identified the morphological characteristics that are associated with higher levels 

of spatial adaptive potential, it has done so within a limited scope and context. As such, it is 

understood that different characteristics and qualities of urban form might present themselves to be 

more advantageous within different contexts. However, confirming this hypothesis will require that 

the full protocol – including the assessment of the resilience directives, SAP and the identification of 

the SAUT – be taken and tested in many and different urban settings and scales.  

In addition to studying multiple contexts, future research into spatial-morphological resilience will also 

benefit by testing the proposed protocol on case studies over several time periods. This would allow 

for the identification, evaluation and comparison of the best performing spatial adaptive urban types 

over time. Moreover, through this type of comparative study, it could be possible to first identify the 

areas that require less physical change to accommodate the changing needs over time and would 

therefore be considered to be spatially more adaptive. Second, a time-based comparative study would 

also allow for the range in values of the morphological units within the adaptive typologies to be 

compared with each other as well as with other studies to see if they are consistent with the values 

found within this study. These would then allow for the proposed spatial resilience principles to be 

developed further into a set of urban design guidelines.  
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To make the protocol more accessible to practitioners, while also helping in the effective and more 

rapid testing of case studies, future work should involve the development of the protocol (or parts 

thereof) into an implementable toolset or software package that can be used within spatial analysis 

software such as ArcGIS or QGIS. Alternatively, the protocol could be developed into a downloadable 

package that can be used in combination with other tools within the Python or R programming 

environments.  

In addition to making the protocol more accessible, it can also be further enhanced in several ways. 

The first of these possible enhancements is to move from away from using a basic weighted linear 

combination method to combine the metrics and directives. Instead, future studies would be able to 

improve the accuracy and reliability of the results by using more advanced multicriteria decision 

analysis processes and methods to assess and create the resilience directives as well as the SAP 

metrics. Possible alternative methods include ordered weighted averaging, analytical hierarchical 

analysis, fuzzy logic techniques, neural networks, and genetic (evolutionary) algorithms. (See 

Malczewski (2004: 32–44) for a summary of these methods.) In addition to using more advanced 

analytic methods, recent advances in parametric-based designs imply that the findings from this and 

other potential future studies could be used as inputs into a parametric urban design process to 

generate alternative urban forms that are able to produce areas with high SAP. 

The second possible improvement to the spatial resilience assessment protocol relates to the 

assessment and understanding of functional redundancy. This study assessed functional redundancy 

as the extent to which a location has access to multiple urban functions by counting how many 

facilities of each function can be reached within a given distance. In this case, the more facilities of 

each type which can be reached, the higher the functional redundancy. However, this approach only 

provides a measure of pure redundancy that Page (2011: 228) calls degeneracy, and does not take 

into account the concept of functional-response redundancy, similar to response diversity (Ferreira, 

2016), where the same function can be provided to different facilities (see Chapter 2 for more 

background). Future work may incorporate functional-response redundancy into the assessment by 

including facilities that could perform similar functions, even though they may not have been exactly 

designed to perform that specific purpose. For example, an ice skating rink can be used as a temporary 

morgue in times of crisis, or schools or town halls can become voting stations during elections or 

refuges in disasters. However, the specific facilities and functions used would depend on the intended 

needs and outcomes of the study.  

A third improvement would be to further our understanding of the conceptual and technical processes 

and interactions between the spatial resilience directives. As noted in Chapter 8, the spatial and 

statistical relationships between the directives showed complex relationships that require a deeper 

understanding of the process and interactions that produce the directives.  
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Finally, the focus of this study was on the general resilience aspects of spatial-morphological resilience. 

Future studies can expand the scope of the research and move towards integrating the spatial aspects 

of general resilience with those of specific resilience (disaster and risk mitigation and recovery) so as 

to work towards a holistic spatial resilience understanding of urban socioecological systems.  
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