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Abstract 

Topographic maps are intended to faithfully represent the real world and thus contain various 

types of detailed information, with emphasis on accuracy (in terms of positional relationship 

among map features). However, for many purposes (e.g. personal navigation), accuracy is not 

of great concern to users and too much detailed information makes the map appear noisy, 

especially for small displays. Therefore, the simplification of map information is a must. In 

general, two types of simplification can be applied, i.e. content and graphics. The former 

means the elimination of less important details from the map and the latter means to improve 

the clarity of the map for easy reading and interpretation. Schematization is a process to make 

graphics simplified and the resultant maps are called schematic maps.  

Automation in the generation of schematic maps is always a dream of cartographer and a 

number of methods have been developed in the last decades for such a purpose.  However, the 

clarity of maps for those areas with dense lines is not properly achieved with current 

methodologies although researchers have realized that it is necessary to present such areas at 

desirable larger scales, i.e. scale-adaptive deformation.  Also there is no consideration of 

adaption to different displays. This study aims to tackle these problems by adopting adaptive 

deformation in the automated generation of schematic network maps. 

A three-step strategy is proposed, i.e. adaptive deformation of network maps, formation of 

strokes from network segments and automated generation of schematic representation.  Based 

on the proposed strategy, a method has been developed to automatically generate schematic 

network maps with focus on the adaptive enlargement of those areas with highly dense lines, 

called congested areas in this study.  To define such areas, a psychological investigation into 
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the clarity of graphic representations is conducted to obtain a threshold.  Upon this threshold, 

congested areas are first automatically detected, then an appropriate deformation method is 

selected to enlarge such areas to a desirable larger scale with proper selection of controls, and 

finally the schematic representations of the deformed network maps are generated. This 

method has been tested with two sets of real-life data and experimental results indicate that 

the proposed method is able to produce schematic maps with good clarity and aesthetics.  

On a map, line features may be unevenly distributed.  It is possible that some areas may 

appear to be crowded (although not quite congested) while other areas may appear to be 

sparse.  To improve the clarity of map, it is suggested to make the lines more evenly 

distributed by making the map scale varied.  That is, a method has been developed to optimize 

the line density over the whole map by shrinking sparse areas to fit into a display size. 

Experiment testing has been carried out and results indicate that this method is able to 

produce schematic maps with great clarity. 

Although the use of the adaptive deformation can improve the clarity of resultant schematized 

results, the large orientation distortions arising from the network deformation may reduce 

readability (or recognition) of a map compared with its original shape. Therefore, in this study, 

an optimization method is proposed to minimize orientation distortions while the map clarity 

is sufficiently achieved. Experimental evaluation has been carried out and the results show 

that the proposed method is able to improve the readability (cognition) of schematized results 

while well preserving the map clarity.  

With the variable scale concept, an investigation is also carried out into the improvement of 

map readability when a combination of variable display and the generalization of map 

contents are employed to produce a clearer map for different display sizes.  The variable scale 

is to optimize the line density of network maps for a given display size, and a selective 
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omission process is employed to reduce the map contents. Experiment testing has also been 

carried out and the results show that this method is able to produce variable scale network 

maps with improved clarity and visual balance.    

In summary, this study aims to automatically generate schematic network maps with great 

clarity.  To achieve this, several methods have been developed to adaptively enlarge a locally 

congested area or globally re-distribute line density over a map.  Experiments have been 

carried out and results show that these methods work well.  Of course, the automated 

generation of schematic network maps is a rather complex problem and further development 

is still needed. 
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Chapter 1. Introduction 

Schematic network maps provide a clearer expression for essential map features by highly 

simplified representations and have been widely used for the representations of transportation 

systems and utility plans. This chapter briefly introduce the schematic network maps and the 

need of schematization for easily interpreting map. Finally the objective and scope of this 

research are given. 

1.1 Schematic network map 

A map is defined in Longman‟s Dictionary of Contemporary English as “a drawing of a 

particular area for example a city or country, which shows its main features, such as its roads, 

rivers, mountains etc”. As a representational system, map conveys knowledge about 

environmental and geographic spaces by means of depicting objects in pictorial space 

(Montello 1993). As a common type, topographic maps are intended to faithfully represent the 

real world with the focus of the accuracy in terms of positional relationship among map 

features and thus generally contain various types of detailed information. However, for many 

purposes (e.g. personal navigation), accuracy is not of great concern to users and too much 

detailed information makes the map appear noisy. Therefore, the simplification of map 

information is a must in order to improve the map readability. In fact, many cartographers 

have realized that maps do not present the world directly and transparently, and the cognition-

based map design is of benefit to the uses of maps (Montello 2002). Freksa et.al (2000) 

pointed out that it is desirable to distort maps beyond the distortions required for 

representational reasons to eliminate unnecessary details, to simplify shapes and structures, or 

to make the maps more readable.   
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In general, two types of simplification can be applied, i.e. content and graphics, in order to 

improve the clarity of the maps.  The former means the elimination of less important details 

from the map and the latter is used for easy reading and interpretation.  Schematization is the 

process to make graphics simplified and the resultant maps are called schematic maps. Such 

maps can be obtained from more detailed maps by relaxing spatial and other constraints 

(Barkowsky and Freksa 1997) and have a clearer expression for essential map features so as 

to be well suited to represent qualitative spatial concepts. The main advantage of such maps is 

that a quick overview of the layout of the network is provided and unnecessary information, 

e.g. the accurate shape of connections, is ignored (Cabello and Kreveld 2002).  

The famous London Tube map designed by Harry Beck (1931) has been regarded as an 

excellent example of schematic maps (see Figure 1.1). This design locally altered the original 

shapes of underground rail routes and several design rules (without consideration of 

attribution of network lines) are as follows: 

 Each metro lines are reoriented according to a set of given directions, i.e. 45 and 90 

degrees  

 The original topology of the rail network is preserved.  

 The congested area was purposely enlarged in order to improve the map visibility and 

clarity.  

The innovative production was quickly adopted by the public because it was easy to read and 

follow. Nowadays, in many cities, the underground metros, and above ground tram or road 

networks are represented by schematic maps which follow the design of the London tube map 

and indicate only important topological information, such as connectivity and stations so that 

the users can quickly and accurately extract useful information. Several examples are shown 

in Figure 1.2-1.6.  
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(a) Official London tube map 

(b) Original shape of London tube map 

Figure 1.1  London tube map.  
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Figure 1.2  The public transportation map of Zurich, Switzerland. 

 

Figure 1.3  The railway and underground network map of Shanghai. 
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Figure 1.4  The railway and underground network map of Hong Kong. 

 

Figure 1.5  Vienna underground. 
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Figure 1.6  Paris underground.  

1.2 Motivation: the need for schematic network maps 

Long ago people have produced geographic maps to provide a veridical representation of 

physical environment, and their generation is based on mental conceptualizations of their 

surroundings (e.g. Harley and Woodward 1987). These maps haven‟t exact knowledge of 

distance in terms of Euclidean metrics but, however, facilitate the storage and conveyance of 

many aspects of the spatial environment for mapmakers, but thus are called mental maps 

(Avelar and Hurni 2006). In fact, the mental maps generated by the information processing of 

the human brain reduce the burden of brain memory and avoids the storage of huge amounts 

of information from the physical environment, and just focuses on interesting information.  

However, human information processing is limited in its mental operations and memory. 

Complementary cognitive tools are thus needed to compensate for the limitation in order to 

promote memory or thinking (Tversky and Lee 1999). Therefore, much research has been 

devoted to information processing and aims to provide analogous representations to mental 
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maps, which helps human recognition, e.g. the depiction for conveying iconic information and 

the description of abstract information, and the advantages of cognition tools have been 

highlighted by many researchers (Larkin and Simon 1987, Donald 1991, Norman 1993, Scaife 

and Rogers 1996 and Kirsh 1996).  

Schematic maps are related to the transformation of mental maps of verbal directions into a 

physical map (MacEachren and Johnson 1987). Tversky and Lee (1999) discussed the 

visualization tools for conveying route network maps and indicated that people are limited in 

the amount of information and mental operations that they can keep track of, but people are 

excellent at pattern recognition. In fact, comparing the schematic network maps with their 

original shapes, it can be found that the schematic maps represent an importance pattern of 

networks, i.e. a topological pattern. Freksa et al. (2000) used an abstract scheme to describe 

the abstraction levels between conceptual-linguistic and physical-spatial structures (see Figure 

1.7) and pointed out that the schematization is used to denote maps that are intentionally 

distorted beyond representational requirements to simplify shapes and structures in order to 

improve the map readability.  
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The topographic map is a common kind of map and generally emphasis map quality, e.g. the 

accuracy and the completeness of map content. However, for most map users, such a map 

looks complicated and is not easy to read and follow. For many purposes users don't require 

the geographical accuracy of the map, but are only interested in the connectivity information 

of the network map, e.g. which transport line they can take from station A to station B and 

where to change lines if necessary. Furthermore, the original shape of the network maps 

makes the map not informative anymore but noisy for users. Barkowsky and Freksa (1997) 

proposed a set of properties in a hierarchy based on the cognition of maps (see Figure 1.8), i.e. 

the existence and connectedness, orientation, location, distance and shape. According to the 

hierarchy, the connectedness (topology) is most important and the shape and metric distance 

are the two least importance among these properties. The schematic network map is a 

simplified representation of network shape and structure while the topology must be 

verbal description sketch map 

schematic map 

topographic map photograph spatial environment 

Figure 1.7  Abstraction levels between conceptual-linguistic and physical-spatial structures 

(Freksa et al. 2000). 

abstract mental concepts 
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preserved. In the schematization process, the orientation of a line on the map is restricted to a 

general orientation (or category of orientations) in nature and a distance on the map may 

correspond to the number of train stops, instead of the metric distance (Berendt et al. 1998). 

 

Figure 1.8  Hierarchy of constraints for cognitive purpose (Barkowsky and Freksa 1997). 

Due to its simplicity, the complexity of the network maps is reduced so that such maps often 

convey qualitative spatial concepts adapted to common characteristics of mental knowledge 

representation (Barkowsky et al., 2000) and the clearer expression of essential map features is 

able to help focus user attention (Wilsona et al. 2010). In fact, the shift of attention from 

quality to usability is a feature that lays emphasis on needs, abilities and perception skills of 

potential users (Opach 2010). Psychological studies have further proved the advantages of 

schematic maps. In the experiments, several types of networks, i.e. written descriptions of 

networks, planimetrically accurate maps and schematic representations of networks, are given 

and the final results indicated that humans can follow the network maps faster and more 

accurately to solve problems with schematic maps (Bartram 1980, Agrawala and Stolte 2001). 

Currently, schematic maps have been widely used in many fields, such as for the 

representation of a city transportation system and cartographic schemes for gas, water or 
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electricity mains (Avelar 2007). The schematic maps provide a clearer expression of essential 

map features and the use of such maps for public transportation systems lead the user‟s 

attention to decision points, and routes can be more easily derived than from more general 

maps (Hochmair 2009). In addition, due to better map visualization, schematic maps are very 

suitable to display on some portable devices, i.e. mobile phone and PDA, in order to 

overcome the limitations of the devices, e.g. small displays and low computational power 

(Reichenbacher 2004).  

1.3 Generation of schematic network maps: the state of the art 

Most earlier road maps were strip maps which represented roads in linear forms (MacEachren 

and Johnson 1987). In general, in such maps, the shape of each road is simplified and 

landmarks and intersections are set on either side of the road (see Figure 1.9). In fact, for 

cartography, every map has, to some extent, been simplified or generalized (Campbell 1998). 

In some special cases, the geometric accuracy in the map will be less important than 

functional relationships between mapped features. To serve this purpose, mapmakers 

sometimes distort the map‟s geography to show relations that are more meaningful to the map 

users (Muehrcke and Muehrcke 1997).  

 

Figure 1.9  A example of a strip map (Gordon-Kennedy 1999). 

As an excellent revolutionary production, the London Underground map initially designed by 

Harry Beck (1931) is one of the most popular maps depicting the lines and stations of the 

London tube system as a schematic representation. This design reoriented all underground rail 
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routes at 45- or 90-degrees but preserved the original topology of the rail network. Strictly 

speaking, it is not a map that aims at a metrically accurate depiction of the network, but it is 

rather a diagram that accentuates the topological relations of Underground stations (Jenny 

2006). Garland (1994) states that for navigation aids the map produced by Beck is an 

optimistic vision it offered of a city that was not chaotic, in spite of appearances to the 

contrary. Gordon-Kennedy (1999) also pointed out that the promotional purpose of this type 

of map-like representation makes the appearance of routes more efficient and direct.  

However, to produce such maps, the underlying design can be quite complex, although the 

map production may be seem to be a straightforward work (Avelar 2002). Initially, the maps 

are generated in a pure manual manner. Mapmakers draw sketches by hand to reach the most 

pleasing graph layout and then adjust the layout to a satisfactory state while the topology of 

network is preserved. Manual generation is quite time-consuming. As an example, Bob 

Hickman took 300 hours to re-draw the Paris metro map in the 1970s according to the design 

of the London tube map (Elroi 1991). Furthermore, the representations of the resultant maps 

greatly depend on the drawing skill and aesthetics views of the designers. Semi-manual 

generation is map generation assisted by drawing software implemented by computer and the 

manner is more frequently used. In the production assisted by computer, mapmakers usually 

utilize the digitized original map as a background to design the schematic representation. 

Comparing to the pure manual design, the use of drawing software can easily draw and adjust 

the sketches so as to reduce the design and redesign time.  

However, the semi-manual generation, i.e. generation of schematic maps with computer-

assisted cartographic systems, is still time-consuming and greatly depends on the background 

knowledge of map designers. Therefore, in recent decades, much research has been devoted to 

the automated generation of schematic maps based on pre-defined design criteria. Such 
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automated schematization can make the map production faster and provides standard 

schematic representations so as to avoid the influence of different design styles. More 

important, map functions can be further extended by linking GIS, and the real-time 

requirement for maps can be satisfied.  

Elroi (1988) defined the generation process by a three-step procedure, i.e. simplification of 

lines to basic shapes, re-orientation of lines to restricted regular grid to assure that paths are 

horizontal, vertical or at 45 degrees diagonal orientations and enlargement of congested areas 

to spread the density of the network, although the untested method is not practical. This 

procedure of Elroi has been followed by many researchers (e.g. Avelar and Mueller 2000, 

Cabello et al. 2005, Ware et al. 2006, Anand et al. 2007).  What has advanced is the 

development of new methods (such as the use of simulated annealing algorithms and the 

steepest descent energy minimization algorithm) for the preservation of topology while 

modifying the shapes and orientations of line segments.  These methods, as pointed out by Li 

and Dong (2010), are all based on road segments so that the resulting schematic maps are still 

very close to the original map, i.e. far too “realistic” when compared to the London Tube map. 

As a result, they (Li and Dong 2010) developed a stroke-based method so as to make 

schematic maps with greater clarity. Although the aforementioned researchers have realized 

that it is necessary to present the congested areas on a larger scale in order to improve the 

clarity and aesthetics of resultant schematic maps, not much research work on this issue has 

been reported yet.  

It can be found that only very few methods have taken consideration of the enlargement of 

dense areas in the generation of schematic network maps. Merrick and Gudmundsson (2006) 

developed a centrality-based scaling method to enlarge dense areas and shrink the sparse areas 

on a network map and the schematic representations are generated by the C-directed path 
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schematization algorithm (Merrick and Gudmundsson 2007). However, for this method, 

Frishman (2009) indicated that the use of centrality determined according to graph-theoretic 

properties, does not take consideration of the actual layout and the algorithm is thus not 

effective at de-cluttering dense areas of the graph with non-central nodes. In addition, this 

schematization algorithm fails to guarantee the preservation of network topology. In some 

automated schematization methods on generation of metro maps (Stott and Rodgers 2004, 

Hong et al. 2006, Noellenburg and Wolff 2011), keeping edge lengths between adjacent 

stations as uniform as possible and with a strict minimum length is used as a constraint in the 

generation process and usually implies enlarging the dense areas. However, such a threshold 

or design rule is not applicable to other kinds of networks, e.g. roads. In fact, clarity of maps 

for those areas with dense lines has been not properly achieved with current methodologies 

although researchers have realized that it is necessary to present such areas at desirable larger 

scales, i.e. scale-adaptive deformation. 

Currently, with the widespread use of mobile devices, e.g. laptops and mobile phones, maps 

are often displayed on the devices in order to make people‟s daily activities more convenient. 

However, the representation of larger maps on the small displays by a simply uniform scaling 

may result in the reduction of the map visibility and clarity, especially for the dense areas on 

the map. This requires the display-format-adaptive generation of schematic network maps to 

fit their screens. However, there is no consideration of the adaptation to different displays in 

existing schematization methods. 

In summary, two issues may be involved for current automated methods on the generation of 

schematic maps and are described as follows: 

 How to achieve scale-adaptive generation of schematic network maps in order to 

effectively improve the clarity of maps for those areas with dense lines? 
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 How to achieve the display-format-adaptive generation of schematic network maps for 

different display sizes? 

With regard to the above two issues, there is still a lack of effective and adaptive approaches 

for the generation of schematic network maps with great clarity. Therefore, this study focuses 

on possible new solutions. 

1.4 Scope and objectives of this study 

The aim of this research is to propose more effective methods for automatically generating 

schematic network maps with adaptive deformation in order to improve map clarity. In 

addition, the reduction of orientation distortions arising from network deformation has been 

also considered in this research in order to improve the map recognition compared with its 

original shape. This research has three objectives which are all related to this aim. 

 The first objective is to develop an automated method to generate schematic network 

maps with adaptive enlargement of highly dense areas, called congested areas in this 

study. 

 The second objective is to develop an automated method to generate display-format-

adaptive schematic network maps for different display sizes. 

 The third objective is to develop an automated method to minimize orientation 

distortions arising from the map deformation. 

With regard to the first objective, an automated detection and enlargement of congested areas 

is involved in the generation process of schematic network maps and map visibility and 

clarity are achieved by an adaptive deformation, i.e. the degree of the enlargement depends on 

the requirements of the mapmakers or users. For the second objective, the display-format-
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adaptive deformation by the optimization of line density over the whole map, i.e. shrinking 

sparse and empty areas as much as possible to fit a given display size, is involved in 

schematic map production and aims to improve the clarity of schematized maps. With such 

deformation, the limited map space can be adequately utilized and the more even distribution 

improves the visual balance. The focus of the third objective is to reduce the orientation 

distortions arising from the map deformation while the map clarity is sufficiently achieved in 

order to improve the map recognition of schematized results. Figure 1.10 illustrates the main 

contents of this research work which are described in the rectangles with grey background. 

 

Figure 1.10  The main contents of this research work. 

The scope of this thesis is confined to the development of the method on the automated 

generation of adaptive schematic network maps only by the geometric deformation of the 

network on maps. The attribution information of network lines and some map symbols, e.g. 

road name, road type and metro name, symbols for rail station and landmarks, will be not 

considered in this research work. 

1.5 Structure of this thesis 

This thesis is divided into eight chapters. A short preview on the contents of these chapters is 

provided below: 
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 Chapter 2: This chapter starts with a brief introduction on some principles for the 

generation of schematic network maps. Then a review on available automated 

schematization methods is given.  

 Chapter 3: This chapter first discuss the issues of existing schematization methods and 

a strategy is proposed to generate adaptive schematic network maps. Then the steps 

involving in this strategy will be introduced and the related work will be given. 

 Chapter 4: This chapter proposes a method for automated generation of scale-adaptive 

schematic network maps based on the strategy proposed in chapter 3. The adaptive 

enlargement of those areas with highly dense lines, called congested areas, is the focus 

of this method. To define congested areas, a psychological investigation into the 

clarity of graphic representations is conducted in order to obtain a threshold.  Upon 

this threshold, congested areas are first automatically detected, then an appropriate 

deformation method is selected to enlarge such areas to a desirable larger scale, and 

finally the schematic representations of the deformed network maps are generated. 

Perceptual evaluation and theoretical analyses are carried out for the evaluation of the 

method. 

 Chapter 5: This chapter proposes a method for automated generation of display-

format-adaptive schematic network maps by the optimization of the line density over 

the whole map, i.e. shrinking sparse and empty areas to fit into a given display size. In 

this method, the optimization method using convex quadratic programming (CQP) is 

developed to perform the display-format-adaptive deformation and perceptual 

evaluation and theoretical analyses are carried out for the evaluation of the method. 

 Chapter 6: This chapter proposes an optimization method to minimizing the 

orientation distortion arising from the map deformation in order to improve the map 
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recognition of schematized results compared with their original shape while the map 

clarity is sufficiently achieved. Perceptual evaluation and theoretical analyses are 

conducted for the evaluation of the method. 

 Chapter 7: This chapter proposes a new method for the generation of variable scale 

network maps by the combination of the variable scale and the generalization of map 

contents in order to produce a clear map for different display sizes. In this method, the 

variable scale is to optimize the line density of network maps according to a given 

display size, i.e. the adaptive-display deformation, and a selective omission process is 

employed to reduce map contents. Perceptual evaluation and statistical analyses are 

conducted for the evaluation of the method. 

 Chapter 8: This chapter summarizes the research work by pointing out the main 

achievements and limitations of this research and suggests some directions for future 

research works. 
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Chapter 2. Automated generation of schematic 

network maps 

A schematic network map provides an easy-to-follow representation based on the high 

simplification of line shapes and has been utilized to represent city transportation systems for 

decades. In existing products of schematic network maps, the London tube map (see Figure 

1.1) initially designed by Harry Beck (1931), has been often cited as an excellent example of 

possible simplified results via schematization (Morrison 1996) and this innovative product 

was quickly adopted by the public because it was easy to read and follow. In fact, a good 

layout of a manually generated network map is really a piece of art from the aspects of either 

map recognition or visual aesthetics. Based on the design of manual products, some basic 

principles can be defined for the automated generation of schematic network maps and such 

principles not only can aid mapmakers in the design of a schematic transport map, but also 

helps to develop more effective methods for the automated schematization in order to improve 

map clarity and usability.  

This chapter is structured as follows: the design principles of schematic network maps are 

defined in Section 2.1; Sections 2.2 reviews existing automated methods for the automated 

generation of schematic network maps. 

2.1 Principles for generation of schematic network maps  

As this study aims to improve the clarity of schematized results by the deformation of the 

network on maps, the consideration of the attributes of network map (e.g. road name, metro 

station name and rail name) and other features on a map (e.g. symbols and labels for rail 

stations) is not in the scope of this study. Therefore, only the geometric aspects and network 
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patterns are considered in the definition of the principles for the generation of schematic 

network maps. In the following subsections, the principles are divided into two classes, i.e. for 

the individual line and the line network, are introduced. 

2.1.1. Principles for schematization of individual lines 

For schematic network maps, spatial accuracy is not of great concern and detailed information 

should be omitted in order to improve the clarity. For the schematization of individual lines, 

the geometric aspects are the major concern and mainly contain shape, size, direction and 

position (Li and Huang 2002) and the following list gives the principles. 

 The shape of individual lines on network maps are simplified to one or more than one 

straight paths; 

 The straight paths are reoriented according to a set of given directions, commonly 45 

and 90 degrees;  

 The topology must be kept in the schematization of individual lines. 

In addition, researchers have proposed some design rules for the schematization of individual 

lines in order to improve the map readability and aesthetics, e.g. each edge of individual lines 

should have a minimum length and round bends are used in order to provide a smooth visual 

effect. It should be noted that the use of different degrees of simplification should be 

considered for different types of network maps, e.g. metro, river and road maps in order to 

better interpret their schematized results, as suggested by Barkowsky et al. (2000). 

2.1.2. Principles for schematization of line networks 

For the schematization of line networks, network patterns are the major concern. Mackaness 

and Edwards (2002) pointed out that the properties of the pattern include shape, orientation, 

topology, density/distribution and configuration. In the generation of schematic network maps, 



Chapter 2 Automated generation of schematic network maps 

 

 20 

these pattern properties are either preserved or altered in order to improve the map clarity and 

recognition of schematized results. The following principles are given considering the three 

pattern properties, i.e. topology, density/distribution and configuration.  

The network topology must be preserved 

For the generation of schematic network maps, the preservation of the topological pattern 

undoubtedly is the most important and ensures the correct interpretation and communication 

of network maps. In fact, a schematic network map is topologically equivalent with its 

original map and the correct topological relationship is crucial to support the mental map of 

the passengers (Noellenburg and Wolff 2011). The preservation of map topology in the map 

production can be described as follows (Elroi 1988): 

 there is no intersection of lines which had not previously intersected; 

 there is intersection of lines which had previously intersected; 

 some lines intersect in a different order than they had done previously.  

The spatial distribution of network maps can be varied 

In the famous London Tube map designed by Harry Beck (1931), the congested area was 

purposely enlarged relative to other areas and the variable scale design the considering density 

pattern of network maps not only improves the map clarity and readability by enlarging the 

central congested area, but also adequately uses the map space to keep the visual balance so as 

to improve the map aesthetics. In fact, as Beck himself recalled it, the deformation constitutes 

the soul of his design:  “I tried to image that I was using a convex lens or mirror, so as to 

present the central area on a larger scale. This, I thought, would give a needed clarity to 

interchange information” (Garland 1994). In fact, a larger scale is needed to accommodate all 

route lines and station names and to facilitate path finding (Carpendale 1999, Monmonier 
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1996). Bernhard Jenny (2006) analyzed the geometric distortion of the London Tube map by 

the MapAnalyst software. 286 identical control points that were placed on the stations of 

London tube map and the corresponding original map, was selected to calculate the distortion 

grid, displacement vectors, displacement circles and scale isolines in order to intuitively 

represent the geometric distortion (shown in Figure 2.1).  
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Schematic maps are often shown as posters in public areas, such as stations, bus stops and 

tram carriages. In these areas, the display sizes for the maps are usually different, e.g. a larger 

space in stations and a quite narrow space in a tram carriage, which requires that the size of 

the schematic maps should be correspondingly changed. These also require the size varying of 

The current London Underground 

diagram with an overlaid distortion 

grid and displacement circles. The 

circles‟ areas are proportional to the 

distances to the correct locations. 

 

Displacement vectors. 

Arrows point at the 

correct geographic 

location of each station.  

 

Scale isolines: outer areas are 

represented at a much smaller 

scale. Percentages indicate scale 

reduction relative to the central 

area of the map. 

 

Figure 2.1  Geometric distortion of London tube map (Jenny 2006). 
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schematic network maps to fit their display sizes. It can be found that only manually 

generated schematic maps have achieved the aim. As shown in Figure 2.2, the schematic 

maps of the Hong Kong railway use different display formats for different display sizes and 

the shapes of the networks and the positions of the line points on the maps have been distorted. 

Almost all railway lines have modifications of direction and length. More importantly, the 

size of the dense area, e.g. the centre, is preserved as much as possible in the deformation 

process in order to obtain a clear representation.   

 

 

Visual continuation at intersections should be kept 

A network consists of a finite set of vertices and a finite set of segments. The generation of 

the corresponding schematic representation by the simplification of segment shapes without 

consideration of the natural continuation may reduce the map recognition. Noellenburg and 

Wolff (2011) indicated that lines should perverse the visual continuation at intersections of 

network segments in the production of schematic maps, otherwise the eye might be misled 

along the wrong line. From the design of the London tube map and other existing manual 

Figure 2.2  Schematic maps of HK metro in different display formats. 
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products, the visual continuation at intersections has been considered and each metro line can 

be smoothly followed for map users so as to improve the map recognition. The design 

considering the configuration pattern of networks has been discussed and followed by several 

researchers. Avelar (2002) pointed out that it is desirable at intersection points to distinguish 

paths coming from other directions to show that there is a natural continuation at that point 

and suggested that the perceptual grouping principle of “good continuation” (Thomson and 

Brooks 2000, Thomson and Richardson 1999) can be used for the partition of a network into a 

set of perceptually continued strokes. Avelar and Hurni (2006) also pointed out that few 

changes in line direction can provide better visualization and add a sense of the original 

geometry. In order to follow the principle of the visual continuation in the automated 

generation of schematic network maps, Li and Dong (2010) proposed a stroke-based method 

and in this method, the stroke, as one of configuration patterns of network maps (Heinzle and 

Anders 2007), formed by concatenating the network segments, has been used as the basis 

units in the map production in order to preserve the visual continuation. 

2.2 Automated generation of schematic network maps 

As previously discussed, the generation of schematic network maps in a manual way is not 

only time consuming, but need a skilled map designer. In addition, the update and 

modification of a large transport network becomes quite a difficult task. Therefore, much 

research has been devoted to the automated generation of schematic network maps and a 

number of methods are proposed in last decades. In this study, the available automated 

methods are divided into two classes, i.e. without and with variable scale design, and will be 

introduced in the subsections 2.2.1 and 2.2.2.  
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2.2.1 Standard methods for automated generation of schematic network maps 

Elroi (1988, 1991) discussed the generation of schematic network maps and the possibility of 

using GIS application to automate the generation of such maps, and indicated that the 

schematic map do not faithfully represent the true physical nature of networks and is in fact 

graphic representation of network topology. He also defines three basic steps for automated 

generation of schematic network amps based on a given regular matrix background and 

Figure 2.3 illustrates the three steps. 

(1) Simplification of lines to basic shape;  

(2) re-orientation of lines to restricted regular grid to assure that paths are horizontal, 

vertical or at 45 degrees diagonal orientations; and  

(3) enlargement of congested areas to spread density of network.  

 

This procedure has been followed by many researchers and a number of methods on the 

Reorientation 

Simplification Original 

shape 

Enlargement of congested areas 

Figure 2.3  Three steps for schematization process (Ware et al. 2006). 
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generation of schematic network maps are developed in last decades. Neyer (1999) presented 

a C-oriented line simplification algorithm that restricts all segments in a network to a given 

fixed set of orientations and the C-orientation consists of four orientations, i.e. horizontal, 

vertical and both diagonals. The simplification algorithm minimizes the direction changes of 

segments in order to make the schematic representation of network clearer and easier to read 

and the generation process is described in Figure 2.4. However, in the process of 

implementation, the displacement of line segments may lead to topological conflicts. In 

addition, Averlar (2002) remarked that in schematic maps it is not necessary to equally 

preserve distances of all line segments in the output paths to the original locations in input 

paths, such as required in this algorithm. 

 

Barkowsky et al. (2000) developed an algorithm for simplifying geographic shapes based on 

the principle of discrete curve evolution. In this method, a stepwise elimination of kinks is 

employed and the simplified results have a low relevance to their original shapes. The larger 

both the relative lengths and the turn angle of a kink, the greater is its contribution to the 

shape of a curve. An example is shown in Figure 2.5. In this method the shape relevance is 

measured by a cost function which should be monotone increasing with respect to the turn 

angle and the lengths of the neighboring line segments. For a single step of the discrete curve 

Figure 2.4  Original subway lines (dashed) and C-oriented simplified lines. On the right, 

the buffer around each subway line is shaded (Neyer 1999). 
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evolution, the minimum of the cost function determines the pair of line segments substituting 

by a single line segment joining their endpoints. Then the process is repeated for the resultant 

curves. In addition, the authors (Barkowsky et al. 2000) pointed out that the degree of 

simplification may need to be determined according to the types of line networks. For 

example, the streets may have a highest possible degree, whereas waters may remain a lower 

simplification to convey their characteristics of being natural entities. However, in this 

algorithm, the orientations of the network lines cannot re-oriented to a given set of directions, 

as did in the London Tube map. 
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Avelar 

and Mueller (2000) developed an algorithm to preserve the topological relationship in the 

schematization process of network maps by developing simple geometric operations. Later 

Avelar (2007) proposed an automated schematization method involving the algorithm. In this 

method, the Douglas-Peucker algorithm is used to remove details of lines and the lines are 

straightened using a dynamic iterative algorithm similar to the steepest descent energy 

minimization algorithm and adopting several geometric and aesthetic criterion, e.g. the 

(a) Conventional map of the Cologne 

(Germany) conurbation 

(b) The original data set containing 

cities, streets, and waters 

(c) Intermediate simplification level (d) Maximal simplification preserving 

local spatial arrangement 

Figure 2.5  Simplifying network shape by discrete curve evolution (Barkowsky et al. 2000). 
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maximum length of a line segment and the minimum distance among lines, are considered in 

the generation process. An example is shown in Figure 2.6. However, for line simplification, 

the use of the Douglas Peucker algorithm may result in self-intersection errors.  

 

Cabello et al. (2005) proposed a combinatorial method to produce schematic network maps 

and three steps are involved in the method. The first step is to replace all paths of network 

maps by a simpler type while the topological relationship is still preserved. Then a placement 

order, i.e. he above-below relations among paths, is established for all the paths and every 

Original shape After 100 iterations 

After 1000 iterations After 10000 iterations 

Figure 2.6  Schematization of streets (Avelar 2007). 
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path is simplified to a two-link or three-link path and these links are restricted to a set of given 

orientations, i.e. horizontal, vertical and diagonal. For the schematized results generated by 

this method, all intersections have the same position as in the input map. Cabello and van 

Kreveld (2002) present a simplified result (see Figure 2.7) using the schematization method. 

However, this algorithm cannot guarantee a solution when the conditions required by this 

algorithm are not met.  

 

Ware et al. (2006) proposed a new schematization method using a simulated annealing 

optimization and this method focused on the applications of schematic network maps for 

mobile GIS. Seven constraints are considered in the generation of schematic network map and 

described as follows： 

1. Topological – preserving the topological relations in the schematization process; 

2. Orientation – Conforming network edges to a regular grid, if possible; 

3. Minimum length – Setting the lengths of all network edges greater than a given 

minimum length, if possible; 

4. Minimum angle – Setting the angle between connected edges greater than a given 

Figure 2.7  Northwest of Iberian Peninsula (Cabello and van Kreveld 2002). 

(a) Original map after editing with 

the prototype 

(b) The schematized version 
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minimum angle, if possible; 

5. Orientation – Remaining the re-orientation of an edge as close to its original 

orientation as possible; 

6. Clearance – Setting the distance between disconnected lines greater than a minimum 

distance, if possible; 

7. Displacement – Preserving vertices as close to their starting positions as possible. 

In this method of Ware et al. (2006), each constraint is weighted according to the importance 

and a highest weighting is assigned to the topological relationship in order to preserve the 

network topology as much as possible. An example of the schematization of a water pipeline 

by the method is shown in Figure 2.8. However, the annealing schedule must be set manually 

and much time must be spent for the choice of appropriate parameters.  
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Li and Dong (2010) pointed out that the schematized results generated by the segment-based 

methods are still very close to the original map, i.e. far too “realistic” when compared to the 

design of the London Tube map so as to reduce the map clarity. As a result, they developed a 

stroke-based method to produce schematic maps with greater clarity and a new strategy is 

adopted as follows.  

(1) to form strokes from line segments; 

(2) to re-orientate the strokes along grid lines and/or diagonals; 

(3) to straighten the lines by projection; and 

(4) to detect and resolve spatial inconsistency, if any. 

(a) Original data (cost = 849) (b) Schematic after 5 seconds 

(cost = 173) 

(c) 20 seconds (cost= 117) (d) 100 seconds (cost= 104) 

Figure 2.8  Relationship between schematic map quality and execution time. 
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In the strategy of Li and Dong (2010), the strokes formed from network segments are used as 

the basis units in the map production. As mentioned in subsection 2.1.2, the use of strokes 

preserves the visual continuation at intersections so as to provide better visualization for 

schematic network maps. Experimental evaluations are conducted in this article of Li and 

Dong (2010) and the results indicated that the stroke-based method is able to generate 

schematic network maps with more clarity and simplification than segment-based methods. 

The original data and the schematized results are shown in Figure 2.9 and the schematized 

result generated with four primary directions would be recommended due to much greater 

simplification and clarity. 
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2.2.2 Methods with variable scale design 

It can be found that there are several methods which have adopted the variable scale design 

rule in the automated generation of schematic network maps in order to improve the map 

visibility and clarity. 

A subway system is an important and popular public transport system and is generally 

displayed by schematic representations. Recently, several researchers have focused on the 

automated generation of metro maps. In contrast to the schematization for general networks, 

(a) Original network (b) Resultant map generated by 

segment-based method 

(d) Stroke-based schematization result 

with primary four directions 

Figure 2.9  Schematize results (Li and Dong 2010). 

(c) Stroke-based schematization 

result with eight directions 
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more considerations are given to the colouring for each rail and the placement of labels with 

rail stations. Wolf (2007) conducted a survey of available methods on the automated 

generation of metro maps and gave a generally accepted list of design rules. Seven rules are 

involved in the list and described as follows: 

1. To restrict all line segments to the horizontal, vertical, and the two diagonal directions.  

2. To maintain the network topology.  

3. To minimize direction changes along individual metro lines. 

4. To preserve the relative positions between stations to avoid confusion with the mental 

map.  

5. To keep uniform edge lengths between adjacent stations as much as possible. 

6. To clearly represent station labels. 

7. To depict the different metro lines by different colours.  

In fact, most of available methods for the automated generation of metro maps have followed 

these above design rules or some of them.  

Hong et al. (2006) proposed an automated method by adopting a spring embedder 

Fruchterman and Reingold (1991) for the generation of metro maps and an iterative manner to 

simulate a physical system is implemented. For spring-embedder variants, Hong et al. (2006) 

has selected the variants suggested by Bertault (2000) as the basis of their algorithm. Figure 

2.10 is the schematized result of the Sydney CityRail map in the article of Hong and it can be 

observed that the orientations of rail lines are not strictly restricted to the horizontal, vertical 

and diagonal directions. 
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Figure 2.10  Schematization of the Sydney CityRail network by Hong et al. (2006). 

Stott and Rodgers (2004) developed a new method to draw metro maps using multi-criteria 

optimization based on hill climbing. They first project the original network to an integer grid 

and then a metric, which is the weighted sum of five sub-metrics for the measurement of 

different aesthetic values, is utilized to conduct an evaluation for the displacement of network 

vertices. If a new position improves the map visualization, the vertex will be moved to this 

position. An improvement of the method has been made (Stott and Rodgers 2005) by 

integrating the station labelling into the optimization process. Further improvements of design 

criteria and optimization (Stott and Rodgers 2011) have been made by clustering techniques 

to avoid the local minima. Figure 2.11 shows the schematized result of the Sydney CityRail 

map by the method proposed by Stott and Rodgers (2011). However, the method cannot 

ensure that the rail lines are re-oriented to horizontal, vertical and diagonal directions. 
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Figure 2.11  Schematized result of Sydney CityRail (Stott et al. 2011). 

Noellenburg and Wolff (2011) developed a new method using mixed-integer programming 

(MIP) for the automated generation of metro maps and generated the schematic representation 

of the Sydney city rail network (see Figure 2.12). In this method, seven design rules 

(orientation, topology, minimization of direction changes for individual lines, relative position 

and edge length between stations, labeling and line colour) are used and one of the rules, i.e. a 

minimum and approximately uniform edge length between two stations, which implies the 

enlargement of congested areas in relative to other areas. In this article, a psychological test 

was conducted to evaluate this method compared with other two methods (Hong et al. 2006 

and Stott et al. 2010) and the results indicated the schematized result generated by MIP had a 

better visual effect. Noellenburg and Wolff (2011) proposed a set of design rules for the 

generation of metro maps according to the design rules of existing manual generated 

schematic maps and pointed out that bends should be as few as possible along individual 

metro line. Especially for the intersections of network segments, lines should continue straight, 

otherwise the eye might be misled along the wrong line. In fact, this rule expresses a natural 
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continuation at intersection points in order to keep the lines easy to follow for map users. 

 

Figure 2.12  Generation of schematic representation by the MIP (Noellenburg and Wolff  2011). 

Wang and Chi (2011) used the focus+context technique to produce metro maps for small 

displays. This method aims to produce metro maps in an interactive manner and the layout of 

the resultant map relies on the user‟s destination. The shortest path to this destination is 

highlighted to attract the user‟s attention and other lines are shortened to fit a given small 

display. The schematized results of the Sydney Metro system generated by this method are 

shown in Figure 2.13. 
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Figure 2.13  Sydney metro maps generated by focus+context method (Wang and Chi 2011). 

Merrick and Gudmundsson (2006) developed a centrality-based scaling method to enlarge 

dense areas and shrink the sparse areas on a network map. In this method, the centrality 

values of two vertices connecting an edge are used to compute the desired length of the edge 

and then the time-distance mapping proposed by Shimizu and Inoue (2003) is adapted to 

deform the network map according to the desired edge lengths. Finally, the schematic 

representations of the deformed network map are generated by the C-directed path 

simplification algorithm (Merrick and Gudmundsson 2007). Figure 2.14 shows the generation 

of a schematic representation of the London Tube Network map by the method. However, this 

simplification algorithm fails to guarantee the preservation of network topology.   
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(a) Original London geometry (b) Deformed London geometry 

using centrality-based scaling 

(c) Simplification by 4 directions 

(d) Simplification by 6 directions (e) Simplification by 8 directions 

Figure 2.14  The process of generating schematic representation (Merrick and Gudmundsson 

2007). 
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Chapter 3. Automated generation of adaptive 

schematic network maps: A strategy  

Although a number of methods on automated generation of schematic network maps have 

been developed, the clarity of maps for those areas with dense lines is not properly achieved 

with these methodologies. Wolff (2007) indicated that maps drawn by graphic designers 

appear still somewhat more pleasing and elegant than the best automatically generated maps. 

This study aims to generate schematic network maps with improved clarity by an adaptive 

network deformation. To achieve this aim, a strategy for the automated generation of adaptive 

schematic network maps is proposed in this chapter. 

This chapter is structured as follows: a critical analysis of available schematization methods 

and a three-step strategy is proposed for the automated generation of adaptive schematic 

network maps in Section 3.1; in Sections 3.2, the three steps involving the strategy are 

described and the related work is reviewed; Section 3.3 gives the design of experiment for the 

evaluation of the methods on the adaptive schematization developed in this study. 

3.1. A strategy for generating adaptive schematic network maps  

3.1.1. A critical analysis of existing automated methods 

As mentioned in section 2.2, a number of automated methods for the generation of schematic 

network maps have been developed and according to the basis unit used in schematization, 

these methods can be divided into two classes, i.e. segment-based and stroke-based methods. 

The variable scale design has been considered in several segment-based methods and no 

stroke-based method has considered it. Figure 3.1 provides an overall illustration for these 
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methods. In this subsection, some issues involved in available schematization methods will be 

addressed.  

 

In the standard schematization methods, the stroke-based method proposed by Li and Dong 

(2010) can improve map clarity compared to segment-based methods. However, as one could 

imagine, for a network map, if there are many lines in a small area on the map, although the 

shapes of these lines are simplified and the visual continuation is well preserved, it is still not 

easy to interpret the map. 

It can be found that several methods have implicitly taken consideration of the variable scale 

design in the automated generation of schematic network maps. However, as discussed in 

subsection 2.2.2, in the methods for generation of metro maps (Hong et al. 2006, Stott et al. 

2010 and Noellenburg and Wolff 2011), a minimum and approximately uniform edge length 

between two stations may imply the enlargement of congested areas relative to other areas. 

However, such a threshold or design rule is only suitable to metro maps. Merrick and 

Gudmundsson (2006) dealt with the problem of congestion by changing edge lengths but in 

this method, the schematization algorithm cannot guarantee the preservation of network 

topology. The edge-length threshold may fail to indicate congested areas if the network is like 

Figure 3.1  Current methods on schematization. 
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parallelogram with very small length for the diagonal and a very large length for the other 

diagonal. In addition, Frishman (2009) indicated that the centrality determined according to 

graph-theoretic properties does not consider the actual layout and the algorithm is thus not 

effective at de-cluttering dense areas of the graph with non-central nodes. Although the 

methods of Merrick and Gudmundsson (2006) and Noellenburg and Wolff (2011) have 

implicitly taken the enlargement of congested regions into consideration, yet these vector-

based methods do not take proper care of space and fail to alter a congested area as a whole to 

give firm control over the deformation process so as to achieve a pleasing result. In addition, 

Wang and Chi (2011) used the focus+context technique to generate metro maps and the 

layout of the resultant maps can be altered adaptively to the user‟s requirements. However, 

only the shortest path to the destination was enlarged and highlighted and other areas were 

compressed. Compared with the method of Wang and Chi (2011), this study aims to improve 

the clarity for the whole map. 

3.1.2. Requirements for adaptive generation of schematic network maps 

The London tube map, initially designed by Harry Beck (1931), is called a schematic or 

topological map in some of the literature and has often been cited as an excellent example of 

possible simplified results via schematization. In the Beck's design, the centre area of the map 

is locally enlarged and the stations in the centre area spread outwards. Such deformation 

greatly improves the map clarity. Therefore, the enlargement of congested areas via an 

increase of scale should be one key for the generation of schematic maps with increasing 

clarity. Such design can be used in the automated generation of schematic networks and aims 

to locally enlarge these dense areas in order to improve the map clarity. In addition, as the 

map clarity is quite subjective for different users and map designers, the degree of the 

enlargement for the dense areas should be controlled in the deformation. That is to say, such 
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deformation should be scale-adaptive.  

With the widespread use of mobile devices, e.g. laptops and mobile phones, maps are often 

displayed on the devices for convenience activities for tourism, navigation, pedestrians, and 

so on. To represent maps on these small displays, the size of schematic network maps must be 

reduced so that map clarity may decrease, especially for dense areas on the map. However, 

there is no consideration of adaption to different displays in existing methods on the 

automated generation of schematic network maps. In fact, in the Hong Kong metro maps (see 

Figure 2.2), the variable scale design, i.e. shrinking other areas as much as possible when 

reducing the map sizes, has been adopted to fit different small display sizes. Such variable 

scale design improves not only map clarity, but also utilization of the limited map space, 

especially for small displays. In the automated schematization for different displays, it is 

suggested to make the lines more evenly distributed by making the map scale vary to fit into a 

given display size. That is to say, a deformation adaptive to display formats by the 

optimization in line density can be adopted in the automated schematization to improve the 

clarity of schematized results. 

3.1.3. A strategy for automated generation of adaptive schematic network maps 

As discussed in subsection 3.1.2, the map deformation adopted in the automated 

schematization can improve the clarity of schematized results and the adaption should be 

considered in the deformation. In biology, adaption refers to changes in relation to 

environmental conditions (Reichenbacher 2004) and in this study, the adaptive deformation 

means that the scales of different map areas are varied according to the requirements of users 

(e.g. the dense areas are presented at desirable larger scales) or for different display sizes. 

Although the map deformation results in the loss of the exact knowledge of the location and 

distance on network maps, such knowledge is not a focus for the use of schematic maps. In 
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addition, consideration of the visual continuation at intersections can improve map 

recognition, as discussed in subsection 2.1.2.  

Based on these thoughts, a strategy is proposed in this study for the automated generation of 

adaptive schematic network maps: 

(1) to perform an adaptive deformation;  

(2) to build strokes from network segments; and  

(3) to generate schematic representations of the deformed network maps.  

In the following section, the three steps are briefly described and related work is introduced. 

3.2. The automated generation of schematic network maps with adaptive 

strategy. 

In this section, the three steps involving the proposed strategy for the adaptive schematization 

are respectively described and related work is reviewed.  

3.2.1. Adaptive deformation of network maps 

This study aims to improve the clarity of schematized results by adaptive deformation and the 

scales of the map are varied in deformation according to either the requirement of users, i.e. 

scale-adaptive deformation, or different display sizes, i.e. display-format-adaptive 

deformation. 

In scale-adaptive deformation, certain areas on the map are enlarged and the degree of the 

enlargement should be controlled. To illustrate the deformation, the deformed results of the 

Sydney rail system with different degrees of the enlargement for the central dense area are 

shown in Figure 3.2(b) and (c).  
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In general, the area around the user's position is enlarged in personal navigation in order to 

provide more map information near the user's location with improved clarity. Some 

interesting areas for users can also presented at larger scales to improve the clarity of such 

areas. In addition, the congested areas on maps should be enlarged to desirable larger scales, 

as in the design of the London tube map. It is noted that for the implementation of the scale-

adaptive deformation, the areas which are enlarged should be pre-defined or detected.  

For the display-format-adaptive deformation, as real-world data set distributions are often 

highly non-uniform (Bak et al. 2009), it is suggested to make the lines more evenly distributed 

by making the map scale vary. That is to say, the optimization in the line density over the 

whole map, i.e. shrinking sparse and empty areas when reducing the maps, can be adapted to 

fit into a given display size. To illustrate the display-format-adaptive deformation, the 

deformed results of the Sydney rail system with the re-distribution of line density for different 

displays are shown in Figure 3.3 (b) and (d). 

Figure 3.2  Sydney rail network. 

(a) Digitalized Sydney 

rail network  
(b) Deformed result of Sydney 

rail network  

(c) Deformed result of Sydney 

rail network  



Chapter 3 Automated generation of adaptive schematic network maps: A strategy 

 

 47 

 

3.2.2. Formation of strokes from line segments 

In general, a road network consists of a quantity of road intersections and road segments in a 

dataset. In many applications, e.g., traffic flow analysis (Figueirduo and Amorim 2004, Jiang 

and Liu 2009) and map generalization (Thomson and Brooks 2000, Zhang 2004, Chaudhry 

and Mackaness 2005, Thom 2006, Touya 2007), it is desirable to consider individual roads as 

a whole, instead of individual segments. Usually, a long road can be represented by the 

segments with the same name. However, if no or wrong information about road attributes is 

recorded in the database, the consideration of the whole road may be impossible or result in 

incorrect analysis results. A feasible solution is to concatenate road segments into long roads 

based on some criteria and it is expected that these concatenated results are the original roads. 

The concatenated line is called a stroke in geographical information science.  

Thomson and Richardson (1999) first defined the stroke as a set of one or more arcs in a non-

branching, connected chain and provide good continuation principles to form strokes, which 

(a) Uniform scaling  (b) Deformed result with the optimization 

in the line density 

Figure 3.3  Generation of schematic network map according to the given output size.  

(c) Uniform scaling (d) Deformed result with the optimization 

in the line density 
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can be described as „elements that appear to follow in the same direction (as in a straight line 

or simple curve) tend to be grouped together‟ (Coren and Ward 1989) and a continued visual 

line of graphic elements will tend to be concatenated together (Bastoky 2010). Thomson 

(2000, 2002) adopted this principle for the generalization of road and river networks. 

Although there are many studies which focuses on stroke formation in a network map, the 

good continuation grouping principle of perception has been widely used as a theoretical basis 

in practice (Li and Dong 2010). An example is shown in Figure 3.4 and the nine segments in 

the network are formed into four strokes. 

 

Figure 3.4  Formation of strokes. 

The natural strokes can be formed with the following steps: 

(1) To set a deflection angle threshold for the stroke formation.  

(2) To compute all the deflection angles at nodes on the network map. 

(3) To form a stroke by the deflection angles of segments, i.e. for a segment, if the 

deflection angles with other segments are smaller than the threshold, these segments 

are considered as the set of so-called possible joining segments (PJSs) of the segment. 

(4) To connect a segment from the PJS based on one of the three join principles of 

every-best-fit, self-best-fit and self-fit. 
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The deflection angle is often used for the stroke building and Jiang et al. (2008) suggested an 

appropriate range (30 to 75 degrees) for the selection of the deflection angle threshold. In 

general, deflection angle is used to decide which road segments should be connected together. 

The deflection angle is an angle between two road segments along their forward directions 

(see Figure 3.5). Normally, the smaller the deflection angle, the more consistent the directions 

they go toward. Thus it‟s better to connect two road segments with a small deflection angle 

together. Therefore, for those two road segments whose deflection angle is larger than a 

certain degree (e.g. 75), they are not viewed as in the same direction.  

 

For the different join principles used to connecting with other segments, Jiang et al. (2008) 

discussed three strategies (i.e., self-fit, self-best-fit, and every-best-fit). For the self-fit, the 

segment is arbitrarily selected from PJS as a connecting one and Figure 3.6(a) shows the case. 

Here, if the deflection angle is smaller than the preset threshold, any of the other three 

segments („b‟, „c‟ and „d‟) can be considered as the connecting segment for segment „a‟. In 

self-best-fit, each segment only tries to find a best fit, i.e. selecting a segment from PJS where 

the smallest deflection angle with itself. In this case, the selected connecting segment for 

segment „a‟ is „b‟ (see Figure 3.6(b)). With regard to every-best-fit, all segments (both the 

given segment and all the PJSs) are considered to find the best way to form strokes. This 

means that every pair of segments at a junction point has to negotiate with each other to have 

the best fit (Jiang et al. 2008). As shown in Figure 3.6(c), for segment „a‟, segment „b‟ has the 

Deflection 

angle 

Figure 3.5  Deflection angle. 
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smallest deflection angle. However, considering that segments „b‟ and „e‟ have a smaller 

deflection angle, segment „a‟ will be connected to „c‟ so that the segments „b‟ and „e‟ can be 

connected to each other. Among these three strategies, every-best-fit leads to a unique stroke 

network while the other strategies can generate various results, depending on the different 

search order of network segments. The every-best-fit used by Thompson and Richardson 

(1999) is most widely used in practice. 

 

However, the above three strategies only use the geometric criterions. In fact, besides the 

deflection angle, other criteria which have proved useful in practice were the road function or 

class (Touya 2007) and road name (Jiang and Claramunt 2004b). Zhou and Li (2012) divided 

these approaches for concatenating road segments into three classes, i.e. geometric, thematic, 

and hybrid, and conducted a comparative analysis of the results obtained by different 

strategies. In their experiment, 16 strategies involving three geometric strategies, one thematic 

strategy, six thematic–geometric strategies, and six geometric–thematic strategies are used for 

the comparative testing and are shown in Figure 3.7. The results of the comparative analysis 

a 

b 

c 

d 

e 

a 

b 

c 

d 

e 

a 

b 

c 

d 

e 

Figure 3.6  Three strategies for stroke formation. 

(a) Self fit (b) Self best fit 

(c) Every best fit 
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indicated that 

• if only the geometric criterion is considered, the every-best-fit strategy performs best; and 

• if thematic attributes are also added, the road class can be more effective than the road 

name. 

 

Figure 3.7  16 strategies (Zhou and Li 2012). 

In this study, the attributions of network lines, e.g. the line name or road class, have been not 

considered and the deflection angle is used to form strokes from the segments of network 

maps. The results of the stroke formation for Figure 3.2(c) and Figure 3.3(b) and (d) are 

respectively shown in Figure 3.8(a), (b) and (c) and each stroke is depicted by a different 

colour. 
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3.2.3. Generation of schematic representation 

Most current methods of automated schematization are based on network segments, i.e. the 

implementation of these methods for the segments of the network one by one. However, for a 

long network line with too many different oriented segments, the schematized result of the 

line will have a zigzag appearance. The shape is very close to the original shape and is not 

enough abstract so that it is difficult to generate a clear and aesthetic schematic map similar to 

London tube map. If the road segments are concatenated into long lines, then the lines are 

reoriented into horizontal, vertical and diagonal directions. In this way, the corresponding 

schematic representation will be clearer and more pleasing. Such a concatenated long line has 

been called as a stroke in the geo-information science (Thompson and Richardson 1999). 

Therefore, Li and Dong (2010) proposed a stroke–based method which aims to generate 

schematic network map with higher simplification. In this study, the stroke-based method 

(a)  

(b)  

(c)  

Figure 3.8  Formation of strokes by the good continuation grouping principle 
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proposed by Li and Dong (2010) is adopted because it can provide a clearer representation 

than the ones produced by the segment-based methods. This stroke-based approach is as 

follows:  

[1]. to form strokes from line segments; 

[2]. to re-orientate the strokes along grid lines and/or diagonals;  

[3]. to straighten the lines by projection; and 

[4]. to detect and resolve spatial inconsistency, if any. 

In the stroke-based schematization, the strokes should be first formed from network segments 

and some methods for the stroke formation will be briefly introduced in subsection 3.2.2. 

Next, a „progressive‟ strategy is adopted to generate schematic network maps and this means 

that strokes are handled one by one in the process. Therefore, the strokes need to be ranked 

according to their priorities. For stroke ordering, it was relatively straightforward to define a 

salience value for each stroke based on length and weighted by a factor derived from the road 

quality. Chaudhry and Mackness (2001) showed a successful example of the perceptual 

principles applied to rural and urban roads. Only simple attributes such as length were used to 

determine the importance of each stroke. The attributes of road segments (such as road type, 

width, length, number of lanes) and of road intersections (such as degree of connectivity, 

characteristics of intersections) can be used as weights to road segments in stroke formation 

(Li, 2007). This study aims to propose a method for the generation of schematic maps for 

various kinds of network maps, e.g. road, metro, water mains. The consideration of attributes 

of a network map (e.g. road name, metro station name and rail name) and other features on 

the map (e.g. symbols for rail stations) used in the production of schematic network maps 

should be based on the type of network maps and is not the focus of this study. Only the 

length and the number of intersections of the stroke are considered, i.e. in the ranking, the 
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length is taken as the first consideration, then the number of intersections. 

The next step is to check whether or not a long stroke can be re-oriented to a single direction. 

If not, the stroke should be bent to fit more than one direction. There are two choices for this 

step: direction change and direction distortion. Figure 3.9(a) shows the direction change and 

points e, f and g are the intersections on the stroke AB and other strokes. If the direction 

change at point e is greater than a given threshold, the stroke should be divided into 2 sub-

strokes. Then the direction change will be further checked until no direction change is greater 

than the threshold. In Figure 3.9(b), Point M, which has the maximum perpendicular distance 

to the straight path between points A and B, is used to calculate the direction distortions. If 

one of the two direction distortions is larger than a given threshold, then point M splits the 

stroke into two sub-strokes. The two sub-strokes should be further checked until no direction 

distortion is greater than threshold. Finally, the strokes and sub-strokes are re-orientated along 

the given set of directions, i.e. horizontal, vertical and diagonal (see Figure 3.10) and two 

options for the reorientation are given, i.e. four primary directions (along horizontal and 

vertical as priority), and eight directions (along horizontal, vertical and diagonals with equal 

opportunity). 
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Then all intersection points and all intermediate points on this sub-stroke are projected onto 

the straight line. Two types of projection can be used, i.e. perpendicular projection (see Figure 

3.11(a)) and proportional projection (see Figure 3.11(b)). More detailed information and more 

vertical 

diagonal diagonal 

horizontal 

Figure 3.10  Eight projection directions. 

(a) 

(b) 

Direction change 

Direction distortion 

Figure 3.9  Two options for re-orientation of a stroke. 
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detailed descriptions can be found in the paper by Li and Dong (2010). By proportional 

projection, the projected lengths of all edges on this sub-stroke are proportional to their 

original lengths so as to preserve the relativity in length. In contrast to the proportional 

projection, the perpendicular projection can maintain the relativity in not only length, but 

position in this stroke-based approach and is thus used in this study.  

 

In the part of this study, the stroke-based method proposed by Li and Dong (2010) is adopted 

as follows: 

 The stroke formation in this study is based on the „good continuation principle‟ (see 

Figure 3.12) which has been widely used as a theoretical basis for stroke formation in 

practice (Thomson and Richardson 1999). If the data are recorded roads, then this step 

can be omitted. 

 Three possible schematization strategies are available (see Figure 3.13) and the 4 primary 

(a) Perpendicular projection 

(b) Proportional projection 

Figure 3.11  Two types of projection. 
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directions strategy shown in Figure 3.13(c) are employed in this study in order to obtain 

the resultant schematic maps with greater simplicity and clarity (Li and Dong 2010).  

 

 

(a) Orientate and straighten strokes (b) Possible result 1: fitted and straightened 

(c) Possible result 2: with 4 primary directions (d) Possible result 3: 8 primary directions 

Figure 3.13  Three options for the schematization of strokes (Li and Dong 2010). 

(a) A road network (b) Segments concatenated into 

strokes 

Figure 3.12  Formation of strokes based on the good continuation grouping principle (Li and 

Dong 2010). 



Chapter 3 Automated generation of adaptive schematic network maps: A strategy 

 

 58 

The schematized results of the deformed networks in Figure 3.8 are shown in Figure 3.14. 

 

3.3. Design of Experiment for evaluation  

In this section, the testing data used in this thesis and pre-processing for the data are 

introduced. For the evaluation of proposed methods in this study, the measure for the 

theoretical evaluation is given and a perceptual evaluation is designed. As this study focuses 

on the improvement of map clarity by geometric deformation and does not consider the 

representation of attribution information, route finding, metro station finding and other map 

use by the attributes of network lines cannot be tested in the evaluation of the proposed 

methods. 

3.3.1. Testing data  

In this thesis, the London rail system map and Hong Kong rail system map were used in the 

evaluation of the proposed methods in this thesis and collected from the following websites: 

 For London tube map: http://www.creativedataprojects.com/2011/06/what-does-

(a)  

Figure 3.14  Schematized results generated by the stroke-based method (Li and Dong 2010). 

(b)  

(c)  
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londons-tube-map-really-look-like 

 For Hong Kong metro map: http://mapa-metro.com/en/China/Hong%20-

Kong/Hong%20Kong-MTR-map.htm 

With the collected raster maps, a two-step pre-processing was conducted: 

 To digitalize the two network maps and generate a segment-based rail network dataset. 

 Build the data structure for the dataset. 

It should be noted that in step 1, the network maps were digitized with the software ArcGIS 

10 in this study and converted to line vector data. For step 2, the data structure for the vertices 

was built by means of the geometric coordinates (Cartesian x and y) and point number. For 

the segments, the data structure was built by means of the line number, line length, the 

numbers of the vertices involving in the segments and the minimum enclosing rectangle. For 

the two testing data, London tube network contains 395 vertices and 137 segments and Hong 

Kong metro network contains 226 points and 38 segments.  

3.3.2. Design of perceptual evaluation 

In this study the perceptual evaluation consists of two parts. In the first part, the schematized 

result generated by the stroke-based method (Li and Dong 2010) without the enlargement of 

congested areas has been used as a benchmark in order to check whether map clarity can be 

improved. In addition, as a deformation is used to enlarge congested areas in this study, the 

resultant network distortion may influence the map recognition compared to its original shape. 

In addition, Avelar and Hurni (2006) indicated that map recognition should be considered in 

the generation of schematic network maps. A check is therefore needed for whether it is easy 

to recognize the original shape of the schematized result. Therefore, two aspects are 

considered in the first parts, i.e. the improvement of map clarity and the ease of recognition. 
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In this perceptual evaluation, the printed versions of the schematic results will deliver to the 

participants and they were asked respectively to give a score for the two aspects by a visual 

inspection according to the 5-grade marking systems (see Table 3.1). 

Table 3.1 The 5-grade marking systems for the two aspects in the first part. 

Score 1 2 3 4 5 

Clarity 

improvement 

no 

improvement 

a little 

improvement 

improvement 

much 

improvement 

significant 

improvement  

Recognition 

of the original 

shape 

very difficult difficult normal easy very easy 

 

In the second part of this evaluation, the official versions have been used for another 

benchmark and two aspects are considered in the comparison, i.e. shape simplification from 

the visual aspect in order to confirm whether the shape simplification of schematized results 

can provide clearer representations and overall clarity in order to check whether the 

schematized result generated by the proposed methods in this study can provide similar map 

clarity when compared with the official version. The participants involved in the perceptual 

evaluation were also asked to respectively give a score for the two aspects according to the 5-

grade marking systems (see Table 3.2). 
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Table 3.2 The 5-grade marking system for the two aspects in the second part. 

Score 1 2 3 4 5 

Visual simplification very low low medium high very high 

Overall clarity very poor poor fair good very good 

In addition, in the perceptual evaluation, these participants cannot have same educational 

background and gender in order to improve the evaluation reliability by avoiding the similar 

cognitive preferences due to the same major and gender.  

Based on the results from the perceptual evaluation, a statistical method, i.e. T-test, is used to 

verify whether there are statistically significant differences for the means of the results for the 

two pairs of schematic maps in the two parts of this evaluation. 

The formula for the calculation of the t score for the T-test can be written: 
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where 
__

1  and 
__

2 are the sample means for the two result groups from the perceptual 

evaluation for the schematized result generated by the proposed methods in this study and 

other benchmark. 1S  and 2S are the standard variations for the two result groups and 1n  and 

2n are the size of the result groups. 

In the T-test the null hypothesis 0H is as follows:  

210 :H    
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There are three types of alternative hypothesis 1H , which can be selected according to the 

desired effect detected by the T-test, can be written: 
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where 1 and 2 are the true means for the two result groups from the perceptual evaluation 

for the schematized result generated by the proposed methods in this study and other 

benchmark, and  is the significance level. 

11H  and 12H  correspond to one-tailed T-tests and aim to verify whether the mean of the first 

result group significantly more or less than the mean of the second result group. 13H  

corresponds to a two-tailed T-test and aims to verify whether there is significant differences 

for the means of the two result groups. In the T-test conducted in this study, the significance 

level   is equal to 0.05. 

3.3.3. Theoretical analysis for evaluation 

As fractal dimension provides a quantified description for the complexity of the shapes and 

patterns of an object (Rodriguez-Iturbe and Rinaldo 2001), it is selected as the measure in the 

theoretical evaluation of this study. In fact, fractal dimension has been used to compare map 

clarity and simplicity among different schematic results (Li and Dong 2010) and Lu and Tang 

(2004) indicated that fractal geometry provides an effective way to describe the complex 

property of geographical features and the higher the fractal dimension, the more complex the 

network shapes and patterns.. 
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For computation of the fractal dimensions, the box-counting method has been often used 

because this is more intuitive and relatively easy to realize (Hausdorff 1919, Richardson 1961, 

Mandelbrot 1967), although several other methods, such as divider, pixel-dilation and the 

mass-radius (Mandelbrot 1983, Peitgen and Saupe 1985), have been proposed. The box-

counting method uses a uniform grid whose size is defined by a finite set of values to cover 

the study area and can be defined as below: 

                                                                
)ln(1/

)(ln
lim =

0 r

rN
D

r
                                                            (3.1) 

where r  is the size of a grid and )(rN  is the number of cells which have the line feature, and 

D  is the fractal dimension of the line feature. 

However, as the computation capability and image resolution, there is a limitation for the 

determination of r  and r . In practice, the fractal dimension D  is estimated commonly by a 

regression function and the Eq.(3.1) can be rewritten as follows: 

                                                     )ln(1/   )(ln rDArN                                                       (3.2) 

where A  is the intercept,   is the error term. 

D  is commonly estimated by using the regression slope and the higher the fractal dimension, 

the more complex the network structure.  

Lu and Tang (2004) developed a modified box-counting method to describe the complex 

properties of transport networks. Compared with traditional box-counting method, the shape 

of the grid can be rectangle, instead of a square, in order to better cover the road network with 

different dimension along horizontal and vertical directions while the cells still are uniform 

square format. In addition, only the number of rows (columns) along the shortest dimension 
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of a city's geographic extension is controlled for the determination of the cell size in their 

method. The method of Lu and Tang (2004) is used to estimate the fractal dimension of the 

two schematic maps, i.e. the schematized results generated by these proposed method in this 

study with adaptive deformation and corresponding digitized official versions. 
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Chapter 4. Scale-adaptive schematization with local 

enlargement of congested areas 

This chapter aims to automatically generate schematic network maps with the adaptive 

enlargement of those areas with highly dense lines, called congested areas in this study. This 

chapter is structured as follows: in Section 4.1, an introduction to the scale-adaptive 

schematization is given; A psychological investigation into the clarity of graphic 

representations is conducted to define a threshold for congested areas, and the congested 

places are first detected upon the threshold in Section 4.2; Then, the congested areas are 

formed from the detected congested places in Section 4.3; in Section 4.4, an appropriate 

deformation method is selected to achieve the adaptive enlargement of congested areas; In 

Sections 4.5, experimental evaluation is conducted for the proposed method and finally a 

summary is made in Section 4.6.  

4.1 Scale adaption in local enlargement of congested areas on network 

maps 

Nowadays, the design of the London Tube map (as a kind of schematic map) has been 

popularly adopted for transport network maps worldwide because of its clarity.  In such a map, 

the shape of the network is simplified and the topology between lines is preserved while the 

congested areas are represented by larger scales. It is such enlargement that ensures the clarity 

of the official London tube map. In fact, as Beck himself recalls, the deformation constitutes 

the soul of his design:  “I tried to image that I was using a convex lens or mirror, so as to 

present the central area on a larger scale. This, I thought, would give a needed clarity to 

interchange information” (Garland 1994). However, as discussed in more detail in section 
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3.1.1, in available automated methods, the clarity of congested areas has not yet been properly 

achieved although researchers have realized that it is necessary to represent such areas at 

desirable larger scales, i.e. scale-adaptive deformation.   

Therefore, this study proposes a method to automatically generate schematic network maps 

with the adaptive deformation of congested areas, and a three-step strategy is adopted as 

follows:  

(a) to automatically detect congested areas; 

(b) to automatically enlarge the congested areas to a desirable scale; and 

(c) to automatically generate schematic representations of the deformed network maps. 

In step (c), the stroke-based method proposed by Li and Dong (2010) is used to generate the 

schematic representation and has been reviewed in 3.2.3. More details about steps (a) and (b) 

will be given in sections 4.2~4.4.  

4.2 Automated detection of congested places by raster-based methods 

In this section, a psychological investigation for clarity of representation is conducted. For the 

investigation, two methods are developed to detect the congested places on maps from which 

the congested areas are formed. 

4.2.1. A psychological investigation for clarity of representation 

To achieve this, one needs to define what a “congested area” is. For human recognition, a 

congested area on a network map, as shown in the central area of the London tube network in 

Figure 1.1(b), is determined by judging whether or not  

(a) an area contains dense lines; and 

(b) the separation between lines in the area is too small to maintain the clarity of the map.  
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Therefore, it is necessary to first determine the minimum separation between lines for visual 

clarity. In general, 0.2mm (see Figure 4.1(a)) is regarded as the minimum separation between 

two lines for eyes to discriminate (Butler et al. 1987). However, here one is more interested in 

the desirable separation for a clear representation. To obtain such a value, a perceptual 

evaluation is conducted in this study.  In this test, 20 participants (11 male and 9 female) with 

different ages (20-30 years old (10 people), 30-50 years old (7 people), 50-60 years old (3 

people)) are requested to determine the desirable separation by progressively moving the line 

B outward to line A in Figure 4.1(a) until clear separation has been reached. The desirable 

separations (see Table 4.1) range from 1.6mm to 3.1mm and are presented in a frequency 

histogram graph with the cumulative percentage of frequencies in Figure 4.2. Considering the 

fact that the resultant maps should satisfy most people, a value 3mm (see Figure 4.1(b)) is 

employed as the desirable separation in this study and this value is the nearest integer for the 

95% probability. 

Table 4.1 Resuts of the psychological test for desirable separation. 

Participant No. Selected Separation Participant No. Selected Separation 

1 1.8 11 3 

2 2.7 12 3.1 

3 2.6 13 2.3 

4 2.4 14 1.9 

5 2.5 15 1.8 

6 1.8 16 2.4 

7 2 17 2 

8 2.3 18 2.2 

9 1.6 19 2 
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10 1.9 20 1.7 

 

 

 

 

Figure 4.2  Frequency histogram and cumulative percent. 

4.2.2. A grid-based method for detection of congested places 

The next step is to check whether there is a congested place on a network map with the 

desirable separation as the threshold. As congested places on a network map contain many 

more lines than other areas, the first method detects such areas by the measures which 

quantitatively describe dense and sparse regions on a network map. In general, spatial density 

is measured as the number of objects per unit (AGNET 1998). Density values, e.g. point, line 

A B 

0.2mm 

A B 

3mm 

(a) For discrimination by 

naked eye 

Figure 4.1  Minimum separation between lines. 

(b) For visual clarity  
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and kernel density, and centrality are typical measures. Borruso (2003) used the density of 

road network to define a city centre according to the peak of distribution of all density values. 

Merrick and Gudmundsson (2006) proposed a centrality-based scaling method to enlarge 

dense regions and made use of the centrality value of each vertex to describe spatial density.  

To facilitate the computation of line density, a grid is used and each cell of the grid is treated 

as a unit area. The line density defined as the ratio of the lines length in a region to the area of 

the region: 

                                                                
A

L
 =D                                                             (4.1) 

 

Where, A  is an area; L  is the total length of lines falling into the area A  and D represents 

the line density of the area.   

The size of the grid is determined by the desirable separation, i.e. 3mm. By Eq. (4.1), a 

network map is converted to a raster-based density map (see Figure 4.3) and the grey level of 

each cell is equal to its normalized density value. 

  

Figure 4.3  Density map 
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4.2.3. A scan-based method for detection of congested places 

In this subsection, a scan-based method is developed to detect the congested places by the 

separation between lines and the desirable separation, i.e. 3mm, is used as the threshold. The 

method consists of two steps. Firstly, a network map is converted to a raster format based on 

the physical resolution of the display device. Secondly, an algorithm similar to run-length 

encoding is adopted to check whether the separation between lines is smaller than the 

threshold. Raster scans are implemented in the X and Y directions line by line, and if the 

separation is smaller than the threshold, the place should be regarded as being congested. The 

result of the detection for the original London tube lines is shown in Figure 4.4, and depicted 

by a grey color.   

 

Figure 4.4  Detection of congested places. 

4.3 Formation of congested areas from congested places with a median 

filter  

In this section, the congested areas are formed from the congested places detected in section 

4.2 and a median filter is adopted to realize this aim.  
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4.3.1. From congested place to congested area: filtering outliers with median filter 

As one could imagine, if a congested place is isolated, it can be regarded as “noise” and this is 

easy to handle.  On the other hand, if the congested places are clustered in an area, then the 

area is regarded as a congested area.  The next step is to form a congested area from a cluster 

of congested places. In this process, the places surrounding congested places can be regarded 

as “holes” and can be filled. To achieve this, a median filter is adopted and “noises” and 

“holes” will be filtered out in the process of automated detection, as shown in Figure 4.5. 

 

 

4.3.2. Determination of window size of median filter 

For the detection of congested places aided by a grid, a (3×3) median filter is adopted to 

filter out the “noises” and “holes”. 

The determination of the window size of the median filter is based on the basic requirement 

that the noise pixels within the window should be removed.  This requires the non-noise 

Figure 4.5  Filtering out the “noises” and “holes” by a median filter 
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pixels should be more than the noise pixels in order to make sure that the median within the 

window is a non-noise pixel. For example, if there is only one pixel in an area, then a window 

with 13  or 31  is enough.  On the other hand, if there 5 pixels of noise in an area in cluster, 

then there should be at least 6 non-noise pixels and a window size of at least 43  or 34  is 

required.  For convenience, a squared window is a common practice.  Let's assume the 

suitable window size is MM  (see Figure 4.6), then the maximum area occupied by noise is 

M3mm  and this area should be less than half of the window, i.e. 

                                          mm6
2

3mm 


 M
MM

M                                               (4.2) 

Where 3mm  is maximum separation between two congested lines according to the 

psychological test conducted in this study.  

 

In addition, the dimension of the window should be an odd number in order to obtain the 

median value. In this case, the window size of median filter in terms of the number of pixels 

can be written as follows: 
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3mm 

L 
Window with 

larger than 

6mmX6mm size 

Figure 4.6  Determination of the size of median filter. 
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where INT means the integer part of the value and sizep  is the pixel size of the device physical 

resolution and sizeM  is the window size of the median filter in terms of the number of pixels. 

4.3.3. Delineation of congested areas with median filter 

For the detection of congested places aided by a grid, the result of applying a (3×3) median 

filter to the density map of the London Tube map (see Figure 4.3) is shown in Figure 4.7, 

where the density values are represented by different grey values. The darker the color is, the 

higher the density is.  

 

Figure 4.7  Filtered density map 

After the “noises” are removed and “holes” are filled in, the next step is to select a threshold 

in order to determine which cells can be regarded as “congested areas”.  Such a threshold can 

be either pre-defined or computed from the density map.  Experience shows that a percentage 

value can be used as a pre-defined threshold.  However, this is not too sound theoretically and 

thus this method is not used in this study. 

To determine the threshold for congested areas, an approach similar to the heuristic method 

proposed by Ester (1996) is adopted, i.e. to discover clusters of arbitrary shapes based on the 
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density value.  In his method, the threshold is determined by a function called k-dist, which is 

the distance of a given point to its k
th

 nearest neighbor.  The k-dist values of all points are 

sorted in descending order and the first “valley” of k-dist graphs is then selected as the 

threshold to indicate the division between high and low density areas.  

The non-zero density values of grid cells (see in Figure 4.7) are sorted in descending order 

and shown in Figure 4.8(a). The horizontal axis represents the numbering of grid cells in the 

descending-order list and the vertical axis represents the density value. The first “valley” of 

the graph is selected as the threshold to indicate the division between high and low density 

areas, e.g. 0.090. In other words, the grid cells with density values higher than the threshold 

form congested areas. In this example, the congested area, as shown in Figure 4.8(b), contains 

25 grid cells with a density higher than 0.090 (i.e. from 0.090 to 0.156).  

 

For the congested places detected according to the separation between lines, the size of the 

median filter was determined in section 4.3.2. In addition, as there may be a few adjacent 

congested places and the size of the “hole” may be larger than mm mm 3 L , the median filter 

can be iteratively implemented until all “holes” are filtered out. The result of the detection of 

congested areas by applying the median filter to Figure 4.7 is shown in Figure 4.9.   

(a) Determination of threshold  (b) Congested area 

Figure 4.8  Determination of threshold using median filtering 
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Figure 4.9  Detection of congested areas. 

The results detected by the two methods are almost same. The scan-based method is 

implemented in a pixel by pixel scan way so that much more time is needed. However, in the 

grid-based method, the threshold to indicate the division between high and low density areas 

is usually manually determined. As the scan-based method does not need manual 

determination of threshold and has higher automatic level, it is used in this study. 

4.4 Adaptive enlargement of congested areas  

This section focuses on the adaptive deformation of the detected congested areas and an 

appropriate deformation will be selected. Compared with our previous work (Ti and Li 2011), 

more description of the use of deformation methods was provided and a comparison analysis 

between the methods is made in this study. 

4.4.1. Selection of an appropriate deformation method 

As a city centre is normally congested and the degree of congestion is reduced with an 

increase in distance from the centre (Borchert 1961), fish-eye views have been often applied 

to city maps to represent the city centre at a larger scale than other areas. For the 

implementation of the technique, a focus point or focus zone is defined and other points 
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outside the focus have displacements which are determined by a mapping function. Leung and 

Apperley (1994) compare different mapping functions of fish-eye views considering their 

geometric properties. The newest improvement to the technique is proposed by Haunert and 

Sering (2011) and an optimization-based method without a pre-defined mapping function is 

used to generate a variable-scale map. This method can minimize the large distortion when 

focus areas are greatly enlarged, but needs greater computational time compared to the 

polyfocal projection. 

As a typical fish-eye view technique, the polyfocal projection proposed by Kadmon and 

Shlomi (1978) is selected to enlarge congested areas because of the ease of implementation 

and low algorithm complexity. The formula for a single focal projection is expressed as:  

                                           
y+y=)y-f(R)(y+y=y'

x+x=)x-f(R)(x+x=x'

1

1




                                                     (4.4) 

Where ( x , y ) are the original coordinates of a point; ( x' , y' ) are the new coordinates of the 

point; ( 1x , 1y ) are the coordinates of a centre point; R is the distance from the point to the 

centre point; x and y are the increments to x and y coordinates; f(R) is an inverse-distance 

weighted function and can be written as: 

                                                                     

 2+CR1

A
f(R)=                                                                     (4.5) 

In Eq.(4.5), A can be considered as a magnification coefficient and C is a constant to control 

the rate of change of magnification with the distance R. The “magnification” effect is shown 

in Figure 4.10(b). As the name implies, a polyfocal projection means a projection with the 

possibility of multi-focus, i.e. it is possible to enlarge more than one congested area on a map: 

there are possible multi sets of x and y values, each set for a focus. The overall 
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magnification effect of the polyfocal projection is shown in Figure 4.10(c) and can be written 

as follows: 

                                      









n

=1i

in21
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=1i

in21

y+y=y++y+y+y=y'

x+x=x++x+x+x=x'

                                     (4.6) 

 

As seen from Eq. (4.5), there are two parameters in each of the transformations, i.e. C and A.  

That is, to produce a desirable result, the values of C and A should be carefully adjusted. 

Figure 4.11 shows a set of results for the London Tube map, with different C and A values.  

Experience shows that it is not easy to determine the optimum values for these two parameters. 

In addition, the fish-eye view technique lacks flexibility for the deformation control in 

different directions, as the displacement of points is along the radial direction to focus points 

in the deformation process. In some cases, it is also possible that the congestion is in only one 

direction.  An example of such a case is shown in Figure 4.12, which is a railway map of 

Hong Kong.  Therefore, for such cases, a more flexible transformation may be needed.  

(a) Original grid                     (b) Deformed grid with one focus (c) Deformed grid with 

multi focus 

Figure 4.10  Polyfocal projection 



Chapter 4 Scale-adaptive schematization with local enlargement of congested areas 

 78 

 

 

Figure 4.12  Hong Kong railway network with congestion in X-direction only. 

Ruprecht and Muller (1992, 1993) pointed out that scatter data interpolation techniques can 

provide smooth deformations with easily controllable behaviors and are easily tailored to 

meet special requirements. In the deformation process, control points are first selected and 

moved to arbitrary new positions, and then interpolation techniques are used to build the 

displacement map according to the displacements of the control points. There are several 

(a) A = 2, C = 0.001                        (b)  A = 2, C = 0.0001                        (c)  A = 4, C = 0.001                        

(d)  A = 4, C = 0.0001                        (e)  A = 6, C = 0.001                        (f)  A = 6, C = 0.0001                        

Figure 4.11  A set of London tube networks magnified by different sets of C and A values. 
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typical scattered data interpolation methods, e.g. the triangulation-based method (e.g. Lawson 

1977), the inverse distance weighted interpolation method (e.g. Shepard 1968) and the radial 

basis function (e.g. Hardy 1971). These techniques are often applied in the field of 

cartography. For instance, Beineke (2001) developed a method using the multiquadric 

interpolation proposed by Hardy (1971) to construct the distorted grid, which intuitively 

represents the difference between an ancient map and corresponding modern maps, and the 

deformation process using this method is shown in Figure 4.13. Boettger et al. (2008) selected 

the identical rail stations on a schematic map and its corresponding street-level map as control 

points and then generating a compound map by warping the street-level map with 

consideration of the constraint of overlap control.  

 

In this part of this study a method using Hardy‟s multiquadric interpolation is developed to 

realize the enlargement of congested areas because the interpolation technique is easy to 

implement and usually yields pleasing and smooth results (Franke 1982).  

Hardy‟s multiquadric interpolation was first applied to the height interpolation for a set of 

scattered data on a contour map (Hardy 1971) and the function can be written as:  

Figure 4.13  Deformation process of the method of Beineke (2001). 

(a) Network and vectors with 

displacements 
(b) Achievement of displacements 

of the network vertices  

(c) Network distortion 

according to vertices 

displacements  
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iii ),yf(x,y,xaz                                                      (4.7) 

Where z is the height of a point (x, y) to be interpolated; )y,(x ii  is a known point;

)y,xy,f(x, ii
 
 is a quadric term; ja is an interpolation coefficient to determine the algebraic 

sign and flatness of the quadric term (Hardy 1971).  
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(4.8) 

A hyperboloid function (see Eq.(4.8)) is frequently selected as the function )y,xy,f(x, ii
 
and 

used in surface interpolation with good results (Franke 1982, Kansa 1990). It is also used in 

this study. For the selection of parameter c, Franke (1982) indicated that the interpolation 

results do not depend strongly on the parameter. Good experimental results can be obtained 

when c is set equal to zero (Beineke 2001, Hardy 1971).  

In the work by Beineke (2001), the interpolation is not for height but for displacement 

between identical points on the ancient and modern maps. Consequently, the z in Eq.(4.7) is 

replaced by displacement values. The equation form is as follows: 

                                                              
f(r)bv

f(r)au

=

=
                                                               (4.9) 

where, u is the displacement matrix in the x direction; v is the displacement matrix in the y 

direction; a is the matrix of interpolation coefficients in the x direction; b is the matrix of 

interpolation coefficients in the y direction; r is the distance between two points, and f(r) is 

the hyperboloid function (see Eq.(4.8)).  The expansion can be written as follows: 
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First, a set of control points is selected and then moved to their new locations.  The 

displacements (to the new locations) are respectively represented by u and v in the x and y 

directions. The interpolation coefficients a and b are then calculated: 

                                                            
vf(r)b

uf(r)a

 =

 =

1-

-1

                                                                (4.11) 

With the calculated coefficients a and b , the displacements of all grid points in the x and y 

directions can be calculated by using Eq.(4.9). The only difference is that ijr  is now the 

distance between grid point i and control point j.     

4.4.2. Proper selection of control points for adaptive enlargement of congested areas 

As the scattered data interpolation techniques provide high flexibility for the control of the 

deformation, multiquadric interpolation is used in this study. The London tube map is used to 

demonstrate the enlargement of the congested area with this technique. The control points can 

be uniformly selected from the boundaries of the congested areas. To limit the map to the 

original size, those points on the map boundaries are also selected as control points without 

displacements. The transformation is implemented in two steps, i.e. one for the horizontal 

direction and the other for the vertical direction. This is simpler in terms of implementation 
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and makes control of the deformation effect easier to manage. Figure 4.14 shows the control 

points and the transformation results.  

 

4.5 Experimental evaluation 

4.5.1. Experiments for scale-adaptive schematization  

Two comparative analyses have been conducted for evaluation: a theoretical and an empirical 

one. In this study, the London rail system map and the Hong Kong rail system map are used 

as experimental data. 

Two maps are used as benchmarks. The official London tube map is certainly one of them 

because this has been regarded as the typical example of schematic maps. The second 

benchmark is the schematized result by the stroke-based method (Li and Dong 2010) and the 

(a)  Control points for deformation in x 

direction 
(b)  Deformation in the x direction 

(d)  Deformation in the y direction 

Figure 4.14  Control points in the x and y directions. 

(c)  Control points for deformation in y 

direction 
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enlargement of congested areas has not been considered in the map production. The three 

schematic maps are shown in Figure 4.15. In Figure 4.15(c), in order to conduct an effective 

comparison, the enlargement of the congested area should be according to the size of the same 

area on the official version of the London tube map.  

 

To further validate the applicability of the method, another dataset, i.e. the Hong Kong rail 

system is used as the test data and the process of the generation of schematic map is shown in 

Figures 4.16(a), (b) and (c). The schematized result without consideration of variable scale 

(a) Digitized official London Tube map 

Figure 4.15  Schematic maps for evaluation. 

(b) Schematic result by the stroke-based 

method (Li and Dong 2010) 

(c) Schematic result by the new method 
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design is shown in Figure 4.16(d) and the official version of Hong Kong metro map (see 

Figure 4.16(e)) was used as a benchmark in the comparison. 

 

(a) Detection of congested areas (b) Distortion in x direction 

(c) Schematic result with enlarging 

congested area 

Figure 4.16  Generation of the Hong Kong schematic metro map. 

(e) Digitized official Hong Kong metro map  

 

(d) Schematic result without enlarging 

congested area 
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4.5.2. Theoretical and perceptual evaluation 

It is interesting to note that the fractal dimensions of the schematic results generated by this 

new method and the official London tube map are almost identical, i.e. 1.27 and 1.26. This 

means that the resultant map (see Figure 4.15(c)) should have a similar simplicity as the office 

London Tube map. For the Hong Kong metro system, the value for the schematized result 

using the new method is also smaller than for the official map, i.e. 1.157 vs. 1.224, which 

indicates that the resultant map (see Figure 4.16(c)) should have a higher simplicity than the 

office Hong Kong metro map. 

A perceptual evaluation (designed in subsection 3.3.3) consisting of two parts has been 

conducted. The two aspects are considered in the first parts, i.e. the improvement of map 

clarity and the ease of recognition, by comparison between the schematized results with and 

without the enlargement of congested areas. The two aspects are considered in the second 

parts, i.e. shape simplification and overall clarity, by comparison between the schematized 

results with the enlargement of congested areas and corresponding official version. The two 

5-grade marking systems (given in subsection 3.3.3) are used to evaluate the proposed method 

in this chapter.  

40 participants (22 male and 18 female) with different education backgrounds (cartography 

(25), earth science (10) and other (5)) participated in the test. They are asked to give a score 

for the four aspects considered in the perceptual evaluation and the results as follows. 

The results of the first part of the perceptual evaluation for London Tube map were as follows: 

 For the first aspect, i.e. the improvement of map clarity, the scores were either 4 or 5 

and the average score was 4.8.  

 For the second aspect, i.e. the ease of map recognition compared with its original 
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shape, the scores for Figure 4.15(b) were either 4 or 5, and the average score was 4.5, 

and in the scores for Figure 4.15(c) there were 3, 4 and 5, and the average score is 4.1. 

A one-tailored T-test is conducted and in this test, 11.3t  and 67.1221  )-n(nT . 

Because of )-n(nTt 221   , 210 :H    is rejected and 2111 :H    is accepted. That 

is to say, the mean of the score group for Figure 4.15(b) is significantly higher than the 

score group for Figure 4.15(c).  

The results indicated that the schematized result has a greatly improved clarity and a high 

similarity with its original shape due to the higher score, i.e. 4.1. 

The results of the second part of the perceptual evaluation for London Tube map are as 

follows: 

 For the first aspect, i.e. the visual simplification, the scores for Figure 4.15(a) and 

Figure 4.15(c) are either 4 or 5 and the average scores are 4.2 and 4.3 respectively. A 

two-tailored T-test is conducted and in this test, 76.0t  and 99.1)2( 21

2
1




nnt . 

Because of )2( 21

2
1

 


nntt , 210 :H    is accepted. That is to say, there is no 

significant difference between the two score groups for Figure 4.15(a) and Figure 

4.15(c). 

 For the second aspect, i.e. overall clarity, the scores for the two schematic maps 

include 3, 4 and 5 and the average scores are 4.1 and 4.3 respectively. A one-tailored 

T-test is conducted and in this test, 45.1t  and 99.1)2( 21

2
1




nnt . Because of

)2( 21

2
1

 


nntt , 210 :H    is accepted. That is to say, there is no significant 

difference between the two score groups for Figure 4.15(a) and Figure 4.15(c). 



Chapter 4 Scale-adaptive schematization with local enlargement of congested areas 

 87 

The results indicate that the schematized result has the almost same degree of visual 

simplification and map clarity compared to the official London Tube map. 

The results of the first part of the perceptual evaluation for the Hong Kong metro map are as 

follows: 

 For the improvement of map clarity (by the comparison between Figure 4.16(c) and 

Figure 4.16 (d)), the scores are either 4 or 5 and the average score is 4.5. 

 For the recognition of the original shape, the scores for Figure 4.16(c) and Figure 

4.16(d) include 4 and 5 and the average scores are 4.7 and 4.9. A one-tailored T-test is 

conducted and in this test, 37.1t  and 67.12211  )-n(nT . Because of

)-n(nTt 2211   , 210 :H    is rejected and 2111 :H    is accepted. That is to say, 

the mean of the score group for Figure 4.16(d) is significantly higher than the score 

group for Figure 4.16(c). 

The results indicate that the map clarity of the schematized result has been considerably 

improved and the recognition compared with the original shape is also easy because of the 

higher score, i.e. 4.7, although is significant lower than the schematized result without 

consideration of variable scale design. 

The results of the second part of the perceptual evaluation for the Hong Kong metro map are 

as follows: 

 For the visual simplification, the scores for Figure 4.16(c) are either 4 or 5 and the 

average score is 4.5, and for Figure 4.16(e) either 3 or 4, and the average score is 3.2. 

A one-tailored T-test is conducted and in this test, 6.11t  and 67.1221  )-n(nT . 

As )-n(nTt 221   , 210 :H    is rejected and 2111 :H    is accepted. That is to 
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say, the mean of the score group for Figure 4.15(c) is significantly higher than the 

score group for Figure 4.15(e).   

 For the overall clarity, the scores for Figure 4.16(c) are either 4 or 5 and the average 

score is 4.4, and for Figure 4.16(e) the scores include 3, 4 and 5 and the average score 

is 4. A one-tailored T-test is conducted and in this test, 12.3t  and 

67.1221  )-n(nT . As )-n(nTt 221   , 210 :H    is rejected and 2111 :H    is 

accepted. That is to say, the mean of the score group for Figure 4.15(c) is significantly 

higher than the score group for Figure 4.15(e). 

It is seen that the results for this new method are better than the official version in the two 

aspects. This again indicates that the results from this new method are well accepted.  

4.6 Summary 

In this part of this study, a method is developed for the automated generation of schematic 

network maps with the adaptive enlargement of congested areas, and consists of three steps, 

i.e. (a) to automatically detect congested areas, (b) to automatically enlarge congested areas to 

a desirable scale and (c) to automatically generate a schematic representation of the deformed 

network maps by using a stroke-based approach (Li and Dong 2011).  The new method has 

been tested with two real-life datasets, i.e. the London tube map and the Hong Kong metro 

map.  In addition to the official maps, the schematized result by stroke-based method without 

consideration of the enlargement of congested areas has also been used as benchmark in order 

to check whether the map clarity of schematized results can be improved by the proposed 

method in this study. Theoretical analyses and perceptual evaluation were carried out for the 

evaluation.  Both results indicate that the proposed method is able to produce schematic maps 

with great clarity and good map recognition compared with their original shapes. The 
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evaluation results are very favorable and it can therefore be concluded that this is an effective 

method for the automated generation of scale-adaptive schematic network maps. 
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Chapter 5. Display-format-adaptive schematization 

with optimization in line density  

This chapter aims to automatically generate display-format-adaptive schematic network maps 

by the optimization of line density, i.e. shrinking sparse or empty areas when reducing the 

map size, as the discussion on the designs of the Hong Kong metro maps (see Figure 2.2) for 

different map sizes in subsection 2.1.2. This chapter is structured as follows: in Section 5.1, 

an introduction to the display-format-adaptive schematization is given and some related work 

is reviewed; in Section 5.2, a grid-based method is developed to estimate the line density; then, 

in Section 5.3 an optimization method is developed to achieve the re-distribution of the line 

density. The degree of the network depends on the spatial distribution of the network map and 

given output display sizes; In Section 5.4, an evaluation is conducted for the proposed method 

and finally a summary is made in Section 5.5.    

5.1 Display adaption by optimization in line density 

Real-world data set distributions are often highly non-uniform (Bak et al. 2009). To represent 

a larger map on small displays, there are very dense areas while other areas are still sparse, 

even empty. To improve the clarity of map, it is suggested to make the lines more evenly 

distributed by varying map scale, especially for the representation of a larger map on small 

displays.  

Currently, much research has been devoted to the re-distribution of line density, i.e. enlarging 

dense areas and shrinking sparse and empty areas, in order to improve map clarity and 

readability. The force-directed graph drawing approach (Eades 1984, Kamada and Kawai 

1989, Fruchterman and Reingold 1991) has often been used to reduce the clutter of networks 
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and, in this approach, forces are assigned among all nodes so that all nodes of the graph are 

displaced in order to make the lengths of all edges as uniform as possible. Lyons et al. (1998) 

developed an algorithm by combining the Voronoi diagram and the force-directed approach to 

displace nodes in order to obtain a more even distribution. However, using these methods 

gives only local improvements and may not be able to globally enhance the map visualization.  

Merrick and Gudmundsson (2006) developed a centrality-based scaling method to enlarge 

dense areas and shrink sparse areas on a network map, and some deformation results have 

been shown in Figure 5.1. In this method the node centrality, commonly used in the field of 

network analysis, is first calculated and the centrality values of two vertices connecting an 

edge are used to compute the desired length of the edge, and a distance-cartogram-based 

distortion proposed by Shimizu and Inoue (2003) is adopted to deform the network map. 

Frishman and Tal (2009) proposed a method to reduce the clutter in dense areas by modifying 

the spatial distribution density. The deformation using this method has been shown in Figure 

5.2. In this method, a density image is achieved based on node density and is calculated using 

first pixels on screens and then a physically inspired evolution process, based on a modified 

heat equation, is used to homogenize the density distribution of the density image in order to 

better utilize the limited screen space. However, although these methods can improve the 

clarity for network maps by altering the spatial distribution density, for the description of 

spatial distribution density the vertex-based methods, either according to the network 

structure property or the density of vertices, may be misleading if there are dense lines with 

only a few vertices, e.g. some long parallel roads with few vertices on a road map. In addition, 

the algorithm of Merrick and Gudmundsson (2006) is not effective at non-cluttering dense 

areas of the graph with non-central nodes (Frishman and Tal 2009).  
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Therefore, a method was developed to optimize the line density over the whole map by 

shrinking sparse and empty areas as much as possible to fit a given display size and the 

Figure 5.2  Uncluttering graph layout using the method of Frishman and Tal (2009). 

(a) Original layout (b) improved layout 

Figure 5.1  Deformation results by the method of Merrick and Gudmundsson (2006). 

(a) square root degree (b) line degree (c) quadratic degree 

(d) square root betweenness (e) line betweenness (f) quadratic betweenness 

(g) square root hubness (h) line hubness (i) quadratic hubness 
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deformation depends on the line density distribution. For the generation of display-format-

adaptive schematic network maps, the stroke-based schematization method proposed by Li 

and Dong (2010) is adopted because it can provide clearer representation compared with the 

segment-based methods. 

Based on these a strategy adopted is as follows: 

(a) to estimate the line density; 

(b) to perform a display-format-adaptive deformation; and 

(c) to automatically generate a schematic representation by the stroke-based method (Li 

and Dong 2010). 

As the stroke-based schematization method has been briefly introduced in section 4.4, more 

details will be given in sections 5.2 and 5.3 about the first two steps of the strategy. 

5.2 A grid-based method for estimation of line density 

5.2.1. Proper selection of a model for line density 

In the part of this study, a method is proposed to automatically generate schematic network 

maps with the deformation adaptive to displays by the optimization of line density. To 

achieve such deformation, the first step is to select an appropriate measure for the estimation 

of the line density. The use of a uniform grid is a common approach to quantitatively describe 

the spatial distribution density and ease of implementation. Borruso (2003) used the density of 

a road network to define a city centre by kernel estimation. Chen et al. (2009) proposed a new 

measure, i.e. mesh density to estimate the line density of road networks. 

However, in this study, the deformation adaptive to displays should not be a value-by-area 

transformation and it is necessary to consider the density of neighbor regions in the 
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deformation process, as the sparse or empty regions between dense regions cannot be 

excessively compressed in order to preserve the map clarity as much as possible while the size 

of other sparse or empty regions should be reduced as much as possible. For the use of a 

uniform grid to estimate line density, each grid cell has its natural neighbors, i.e. adjacent 

cells, and the spatial relationship between adjacent cells in the uniform grid is very easy to 

describe, which is convenient for considering the density of neighboring regions in the 

distortion process.  Therefore, line density is estimated by a grid in this part of this study. 

5.2.2. Mapping line density into density maps 

In this chapter, a grid-based method is developed and the line density is defined as the ratio of 

the line lengths in a region to the area of the region: 

                                                                
A

L
 =D                                                                       (5.1) 

 

Where, A  is an area; L  is the total length of lines in the area A  and D represents the line 

density of the area.   

However, for the grid-based method, the choice of grid size has a great influence on density 

estimation. Therefore a default grid size is suggested and determined with consideration of the 

separations between network lines. A two-step strategy is proposed to calculate the default 

value. Firstly, a network map is converted to a raster-based map based on the display device‟s 

physical resolution. Then an algorithm similar to run-length encoding (often applied in raster 

data compression) is adopted to record all the separations between lines. Raster scans are 

implemented in the X and Y directions and the median values of all recorded separations in 

the X and Y directions are used to determine the default size for a grid cell. Then, By Eq. 

(5.1), a network map is converted to a raster-based density map and the grey level of each cell 
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is equal to its normalized density value. The density map of the London Tube map (see Figure 

5.3(a)) is shown in Figure 5.3(b), where the density values are represented by different grey 

values, the darker the color, the higher the density. 

 

5.2.3. Aggregation of dense places into dense areas by a mean filter 

This chapter aims to achieve the optimization of line density in the deformation adaptive to 

displays, i.e. enlarging the dense areas and shrinking other areas when reducing map sizes. 

For a person, it is easy to distinguish the dense and sparse areas on a network map. However, 

it is difficult to describe the density change between the areas on a map by the local density 

values calculated by a uniform grid. As one could imagine, even if a grid cell has a high line 

density while its adjacent grid cells all have a low density, this cell cannot be regarded as a 

dense area.  On the other hand, even if a grid cell has a low line density but if its adjacent grid 

cells all have a high density, this area is regarded as a dense area. Therefore, a mean filter is 

adopted to reduce the amount of density variation between a grid cell and its neighbors in 

order to globally describe the density change on the map. The result of applying a (3×3) 

Figure 5.3  Generation of a density map with a given grid. 

(a) London tube network (b) Density map 
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mean filter to the density map of the London Tube map (see Figure 5.3(b)) is shown in Figure 

5.4. 

 

5.3 An optimization method for re-distribution of line density via grid 

deformation 

In section 5.2, a grid-based method was used to quantitatively describe the spatial distribution 

and grid cells with density values can be regarded as basic elements for the density 

description. To generate variable scale maps based on the density distribution, a two-step 

strategy, i.e. grid deformation based on density values of grid cells and the map reconstruction 

according to the distorted grid, was proposed and are described in the following subsections. 

5.3.1. Re-distribution of line density via grid deformation 

In fact, deformation based on density values of different areas on a map with a fixed size is an 

ill-posed problem that has no unique solution. In this chapter, an optimization method is 

developed to propose a generalized solution using convex quadratic programming (CQP) 

which can be solved reliably and efficiently (Boyd and Vandenberghe 2004).  

In general, an optimization problem can be written: 

Figure 5.4  Filtered density map. 
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where, ),( = m1 xxx   is the vector of variables of the optimization problem; )g( x is the 

objective function; )(fi x are the equality or inequality constraint functions and ia  are the 

limits of )(fi x . 

An optimization problem is an abstraction of the problem of making the best possible choice 

of a vector x  from a set of candidate choices (Boyd and Vandenberghe 2004). To use 

optimization to solve practical problems, the key is in recognizing and formulating the 

problem.  

However, not all forms of objective and constraint functions can be easily solved, i.e. either 

due to the requirement for a considerable amount of computation time or because there is no 

possibility of finding a solution. Only some particular forms, e.g. convex optimization whose 

objective and constraint functions satisfy the inequality (5.3), can be reliably and efficiently 

solved (Boyd and Vandenberghe 2004).  

)()()(F ybFxaFbyax   

Convex quadratic programming is a common subclass of convex optimization, where the 

constraints only contain linear terms and the objective function can consist of sum-of-squares 

terms. The general form of CQP can be written: 

bAx

Dxxcx T



  min
 

Where c is an n-vector and x  is an n-vector, D  is a positive semi-definite (n, n) matrix and

0DxxT . 

(5.2) 

(5.3) 

(5.4) 
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In this chapter, convex quadric programming (CQP) is used to achieve a desirable map 

distortion.  

As previously discussed, the distortion of each grid cell should be based on its own density 

values and the densities of neighboring grid cells. In general, the center of a grid cell is used 

to indicate the cell in vector representation. The centers of the grid cells are selected as control 

points in the deformation process. In addition, the deformation based on the control points can 

avoid excessive compression of sparse or empty areas between dense areas so as to preserve 

map visibility and clarity. Firstly each control point is assigned a scale determined by the 

density value of its grid cell, and then its adjacent control points in the horizontal and vertical 

directions are displaced relative to the control point. The input control points can be defined 

as a set of points C .  

5.3.2. Formulation of grid deformation adaptive to displays as a convex quadric 

optimization problem 

The deformation problem can be modeled with three variables for each control point Ci  

with two real number coordinates  ii YX , , i.e. the transformed coordinates   ii yx ,  and 

an unknown positive real number scale factor iS .   is the real number field and    is 

the positive real number field. The constraints imposed on these variables are described as 

follows. 

The first constraint is defined by Eq.(5.5) to ensure that the size of the resulting map can fit 

within a given map frame. As the shape of the device screen, e.g. a PDA or laptop, is 

commonly rectangular, the size of the display can be defined by the range

),(),( maxmaxminmin VUVU  . 
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maxmin

maxmin

VyV

UxU

i

i




  for control point i .                                     (5.5) 

The grid to calculate line density should be slight larger than the network map, so that the 

coordinate range of control points should be larger or the same as that of the vertices on the 

network map, to ensure the first constraint.  

The second constraint aims to assign larger scales to dense areas, and the unknown scale 

factor of each control point is determined through optimization. In addition, as the 

modification of the map size may be different in the horizontal and vertical directions due to 

various output sizes, the scale factors are defined respectively in the x and y directions as:  

                                         

iyiy

ixix

DuS

DuS




             for each control point i                               (5.6) 

where iD  is the density value of control point p and xu and yu are the constants indicating the 

proportional factors relative to iD . If xu and yu increase, the differences of assigned scales 

between sparse and dense areas will be enlarged, i.e. denser areas will have larger scales.  

However, as mentioned above, the density values of the sparse or empty cells between dense 

areas are quite small, even zero. Using Eq.(5.6) the cells will be excessively compressed, 

which may reduce map visibility and clarity. Hence the constraint for the scale factors is 

relaxed and defined by the inequalities:  

                                            

iyiy

ixix

DuS
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             for control point i .                               (5.7) 

In this study control points are correspondingly assigned scale values which may be different. 

For a pair of connecting control points with different scales, it is impossible to exactly map 
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the two points according to their scale values unless all scales are set to same value. However, 

this may result in assigning same scale value to all control points so as to fail to achieve a 

variable scale design. Hence, in order to overcome this problem, distortions should be allowed 

and are defined as follows: 

                                           
)()(

)()(

jijiiyij

jijiixij

yyYYSdy

xxXXSdx




                                        (5.8) 

The objective function aims to minimize the square sum of distortions and can be written: 

                                     Minimize   ))((
22

)(

ij

Ci

ij

iAdjj

dydx 
 

                                         (5.9) 

The CQP consists of the inequality constraints (5.5) and (5.7) plus the objective function (5.9). 

As all the constraints are linear and the objective function is convex, the CQP can be 

efficiently solved. In this study, convex quadric programming (CQP) is solved by optimizer 

ILOG CPLEX 12.4 and the distorted grid consisting of control points is shown in Figure 5.5. 

 

5.3.3. Network map reconstruction by scattered data interpolation 

In the reconstruction of the network map, the vertices on the map are displaced to new 

positions depending on the displacement of the control points. A classical solution for the 

Figure 5.5  Distorted grid. 
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problem is the use of scattered data interpolation techniques. In fact, the techniques have often 

been used to build a smooth displacement map which results in plausible deformations 

(Correa et al. 2007). Although a large number of methods have been developed for the 

problem of scattered data interpolation, for the selection of an appropriate interpolation 

technique in this study, the continuity and visual aspects of the deformed results are important 

in order to obtain a smooth and aesthetically pleasing reconstruction. In addition, the ease of 

implementation and algorithm efficiency should also be considered in the process of 

reconstruction. Franke (1982) compared 29 typical scattered data interpolation techniques 

according to various aspects and indicated that multiquadric interpolation (Hardy 1971) 

usually yields pleasing and smooth results, and has lower algorithm complexity than other 

methods, as well as being easy to implement. Therefore, the multiquadric interpolation was 

adopted for this study and the implementation of this technique was described in section 4.4.  

Three deformation results for different display sizes are generated by the proposed 

optimization method and shown in Figure 5.6. In the deformation, two parameters xu and yu

are set equal to 1.  
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5.4 Experimental evaluation 

5.4.1. Experiments for display adaptive schematization 

Two comparative analyses have been conducted for evaluation: a perceptual and theoretical 

one. The stroke-based method proposed by Li and Dong (2010) is used to generate the 

schematic network maps and has been briefly introduced in section 3.2.3.  

The official London tube map (see Figure 4.15(a)) and the schematized result in Figure 4.15(b) 

are selected as benchmarks in the evaluation. In order to conduct an effective evaluation with 

the official version of the London tube map, the deformed result in Figure 5.6(a) is used in the 

evaluation as its map size is not changed in the deformation process, and corresponding 

schematized result generated by the proposed method is shown in Figure 5.7.  

Figure 5.6  Deformed network maps. 

(a)  

(b)  

(c)  



Chapter 5 Display-format-adaptive schematization with optimization in line density 

 103 

 

Another dataset, i.e. the Hong Kong rail system is used as the test data. The variable scale 

map generated by the proposed deformation method is shown in Figure 5.8(c) and the 

reduction of map size is different in horizontal and vertical directions in order to conduct an 

effective comparison with the official version (see Figure 5.9(c)) which was used as a 

benchmark in the evaluation. Figure 5.8(b) is the uniform scaling result and has same size as 

Figure 5.8(c). Corresponding schematized results are respectively shown in Figure 5.9(a) and 

(b).  

Figure 5.7  Schematized result by the proposed method. 
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 Figure 5.8  Generation of variable scale map by density-based deformation according 

to given display size. 

(a) Original shape 

(c) Variable scale map generated by 

the display-format-adaptive 

deformation  

(b) Uniform scaling result  
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5.4.2. Theoretical and empirical evaluation 

A theoretical analysis was conducted and fractal dimension was employed. It is interesting to 

find that the fractal dimensions of the schematic results by this new method and the official 

London tube map are almost identical, i.e. 1.2616 vs. 1.2623. For the Hong Kong metro 

system, the value for the schematized result using the proposed method in this chapter is also 

smaller than for the official map, i.e. 1.1313 vs. 1.1626, which indicates that the resultant map 

(see Figure 5.9(a)) should have a higher simplicity than the office version of the Hong Kong 

metro map (see Figure 5.9(c)). 

A perceptual evaluation consisting of two parts (designed in subsection 3.3.3) has been 

conducted. The two aspects, i.e. the improvement of map clarity and the ease of recognition, 

are considered in the first parts and the two aspects, i.e. shape simplification and overall 

Figure 5.9  Schematic maps for evaluation. 

(a) Schematized result with consideration of 

optimization in line density 
(b) Schematized result without consideration 

of optimization in line density 

(c) Digitized Hong Kong tube map 
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clarity, are considered in the second parts. The two 5-grade marking systems given in 

subsection 3.3.3 are used to evaluate the proposed method in this chapter.  

40 participants (22 male and 18 female) with different education backgrounds (cartography 

(25), earth science (10) and other (5)) participated in the test. They are asked to give a score 

for the four aspects considered in the perceptual evaluation and the results as follows. 

The results of the first part of the perceptual evaluation for London Tube map were as follows: 

 For the first aspect, i.e. the improvement of map clarity, the scores were either 4 or 5 

and the average score was 4.9.  

 For the second aspect, i.e. the ease of map recognition compared with its original 

shape, the scores for Figure 4.15(b) were either 4 or 5, and the average score was 4.5, 

and in the scores for Figure 5.7 there were 3 and 4, and the average score is 3.5. A 

one-tailored T-test is conducted and in this test, 11.3t  and 67.1221  )-n(nT . 

Because of )-n(nTt 221   , 210 :H    is rejected and 2111 :H    is accepted. That 

is to say, the mean of the score group for Figure 4.15(b) is significantly higher than the 

score group for Figure 5.7.  

The results indicated that the schematized result has a greatly improved clarity and a certain 

similarity with its original shape. 

The results of the second part of the perceptual evaluation for London Tube map are as 

follows: 

 For the first aspect, i.e. the visual simplification, the scores for Figure 5.7 and Figure 

4.15(a) are either 4 or 5 and the average scores are 4.5 and 4.3 respectively. A two-
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tailored T-test is conducted and in this test, 82.1t  and 99.1)2( 21

2
1




nnt . 

Because of )2( 21

2
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nntt , 210 :H    is accepted. That is to say, there is no 

significant difference between the two score groups for Figure 5.7 and Figure 4.15(a). 

 For the second aspect, i.e. overall clarity, the scores for Figure 5.7 and Figure 4.15(a) 

include 3, 4 and 5 and the average scores are 4.1 and 4.3 respectively. A two-tailored 

T-test is conducted and in this test, 76.1t  and 99.1)2( 21

2
1




nnt . Because of

)2( 21

2
1

 


nntt , 210 :H    is accepted. That is to say, there is no significant 

difference between the two score groups for Figure 5.7 and Figure 4.15(a). 

The results indicate that the schematized result has the almost same degree of visual 

simplification and map clarity compared to the official London Tube map. 

The results of the first part of the perceptual evaluation for the Hong Kong metro map are as 

follows: 

 For the improvement of map clarity (by the comparison between Figure 5.9(a) and 

Figure 5.9(b)), the scores are either 4 or 5 and the average score is 4.8.  

 For the recognition of the original shape, the scores for Figure 5.9(a) include 2 and 3 

and the average scores are 2.2 and the scores for Figure 5.9(b) include 4 and 5 and the 

average scores are 4.3. A one-tailored T-test is conducted and in this test, 55.21t  

and 67.12211  )-n(nT . Because of )-n(nTt 2211   , 210 :H    is rejected and 

2111 :H    is accepted. That is to say, the mean of the score group for Figure 5.9(b) 

is significantly higher than the score group for Figure 5.9(a). 
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The results indicate that the map clarity of the schematized result with the density-based 

method proposed in this chapter has been considerably improved while the recognition 

compared with the original shape has a quite low degree. 

The results of the second part of the perceptual evaluation for the Hong Kong metro map are 

as follows: 

 For the visual simplification, the scores for Figures 5.9(a) include 4 and 5 and the 

average score is 4.5, and the scores for Figure 5.9(c) are either 3 or 4 or 5 and the 

average score is 4.0. A one-tailored T-test is conducted and in this test, 68.3t  and

67.1221  )-n(nT . Because of )-n(nTt 221   , 210 :H    is rejected and 

2111 :H    is accepted. That is to say, the mean of the score group for Figure 5.9(a) 

is significantly higher than the score group for Figure 5.9(c).  

 For the overall clarity, the scores for Figures 5.9(a) and 5.9(c) are either 4 or 5 and the 

average scores respectively are 4.5 and 4.6. A two-tailored T-test is conducted and in 

this test, 89.0t  and 99.1)2( 21

2
1
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2
1

 


nntt , 

210 :H    is accepted. That is to say, there is no significant difference between the 

two score groups for Figure 5.9(a) and 5.9(c). 

It is seen that the results for this new method are better than the official version in the visual 

simplification and has almost same overall clarity as the official version. This again indicates 

that the results from this new method are well accepted.  
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5.5 Summary 

In this chapter, a method is proposed for the automated generation of display-format-adaptive 

schematic network maps and consists of three steps, i.e. (a) to estimate the line density by a 

grid-based method, (b) to obtain a display-format-adaptive deformation by an optimization-

based method, and (c) to automatically generate schematic representation of the deformed 

network maps by using a stroke-based approach (Li and Dong 2011). The proposed method 

has been tested with a real-life dataset, i.e. the London tube network. The schematized result 

by stroke-based method (Li and Dong 2010) without consideration of the enlargement of 

congested areas and the digitized official London Tube maps were used as benchmarks. 

Perceptional tests and theoretical analyses were carried out for the evaluation.  Both results 

indicate that the proposed method is able to produce schematic maps with high visual 

simplification and great map clarity. However, due to the deformation adopted in the 

generation of schematic network maps, the map recognition compared with original shape is 

quite low. 
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Chapter 6. Adaptive schematization with balancing 

areas and orientation distortions  

This chapter focuses on balancing areas and orientation distortion in the adaptive 

schematization by minimizing the orientation distortions arising from the deformation in order 

to improve the map recognition of schematized results. This chapter is structured as follows: 

in Section 6.1, the need for the balancing areas and orientation distortions in adaptive 

schematization will be discussed; in Section 6.2, an optimization method is developed to 

achieve the balancing; In Section 6.3, an experimental evaluation is conducted for the 

proposed method and finally a summary is made in Section 6.4.    

6.1 The requirement of balancing areas and orientation distortions in 

adaptive schematization 

In the chapters 4 and 5, the adaptive deformation was used in the generation of schematic 

network maps in order to improve map clarity. However, for the deformation, no matter what 

methods are used, it is impossible to avoid orientation distortion. Furthermore, larger 

orientation distortions may reduce the map recognition. More seriously, orientation distortion 

may be exacerbated in the schematization due to the re-orientation of network lines according 

to a set of given directions. As mentioned in subsection 5.5, due to the deformation adopted in 

the generation of schematic network maps, the map recognition compared with original shape 

is lower than the manual products. In fact, according to the set of properties in the hierarchy 

(Barkowsky and Freksa 1997) for map recognition, the orientation is very important, next 

only to the connectedness (topology). Therefore, this chapter aims to minimize orientation 
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distortion in the adaptive schematization in order to improve the recognition of schematized 

results. 

6.2 An optimization method for balancing areas and orientation 

distortion 

6.2.1. Balancing areas and orientation distortions  

To achieve the balancing areas and orientation distortion arising from the map deformation, 

the orientations of lines should be similar to their original orientations, and the improved map 

clarity by the deformation used in the adaptive schematization should be preserved as much as 

possible. In addition, the size of the results with the reduction of orientation distortions should 

be the same as their original sizes. 

However, the reduction of the orientation distortion by the vertices on the network map while 

preserving the clarity of the maps as much as possible is an ill-posed problem and has no 

unique solution. Therefore, an optimization-based method is developed in this chapter to 

reduce the distortion. The schematic representation of the results with the minimization of 

orientation distortions are generated by the stroke-based schematization method proposed by 

Li and Dong (2010) in order to check whether this method can improve the map recognition. 

6.2.2. Formulation of balancing areas and orientation distortion as a convex quadric 

optimization problem 

An optimization-based method is developed in this chapter to minimize the orientation 

distortion and convex quadric programming (CQP) is adopted in the method.  

An brief introduction to CQP has been given in section 5.3. In this chapter, the problem on the 

reduction of the orientation distortion is formulated as follows: 
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As the orientations between vertices on the original map are regarded as desired orientations, 

the input vertices can be defined as two sets of vertices C  and 'C  where C  and 'C  contain 

the coordinates of the vertices on the original map and the deformed map. Therefore, each 

vertex has two sets of coordinates, i.e.   ii YX ,  on the original map and   
'' , ii YX  on 

the deformed map  

The problem of the reduction of orientation distortion can be modeled with two variables for 

each vertex with two real number coordinates, i.e. the transformed coordinates   ii yx ,  

after the reduction of the orientation distortion.   is the real number field. The constraints 

imposed on these variables are described as follows. 

A constraint is defined by Eq.(6.1) to ensure that the size of the resulting map can fit within a 

given map frame and the size of the display can be defined by the range

),(),( maxmaxminmin VUVU  . 

                                                    

maxmin

maxmin

VyV

UxU

i

i




  for vertex i .                                         (6.1) 

The orientations between vertices on the original map are used as desired orientations which 

are calculated by Eq.(6.2) where  ii YX ,  and  jj YX ,  are the coordinates of vertices i  and j  

on the original map and ij  is the orientation between the two vertices.  
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In addition, in the process of reducing the orientation distortion, the edge lengths between 

vertices on the deformed map should be preserved as much as possible in order to avoid large 

edge length changes, which may result in significant altering of the spatial distribution. The 

edge length is calculated by Eq.(6.3) where  '' , ii YX  and  '' , jj YX  are the coordinates of 

vertices i  and j  on the deformed map and ijL  is the edge length between the two vertices. 

                                               2ij

2

ijij YYXXL ''''                                                 (6.3) 

For each vertex, the desired coordinates '' , yx  can be obtained by its linking vertices and are 

calculated by the desired orientation and the edge length on the deformed map, as written in 

Eq.(6.4). 

                                                       

iijij

iijijj

yLy

xLx

j








sin

cos

'

'

                                                (6.4) 

The objective function is to minimize the square sum of the position difference between the 

desired coordinates and the transformed coordinates for each vertex in order to minimize the 

orientation distortion and can be written: 

(6.2) 
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                            Minimize   )))())((( 2'2

)(

'

jj

Ci iLinkingj

jj yyxx  
 

                        (6.5) 

In this study the CQP consists of the inequality constraints (6.1) plus the objective function 

(6.5). As all the constraints are linear and the objective function is convex, the CQP can be 

efficiently solved. As the Hong Kong metro network has lower map recognition compared 

with its original shape, this data is used in this chapter as a testing data. The result of applying 

the proposed optimization method to Figure 5.8(c) is shown in Figure 6.1.  

 

6.2.3. Preservation of network topology 

In Figure 6.1, the topology is not correctly preserved in the area depicted by a rectangle and 

the problem may be that the preservation of the distance and orientation between the adjacent 

vertices that lack direct links are not taken into consideration. To solve the problem, the 

distance and orientation between the vertices without direct links need to be considered and 

the objective function (6.6) is revised as follows: 

                                              )))())((( 2'2

)(

'

jij

Ci iAdjj

jj yyxx  
 

                                     (6.6) 

In Eq.(6.7), the preservation of the orientation and distance between adjacent vertices are 

considered in the constraints, even though there are no direct links. However, the preservation 

Figure 6.1  Reduction of orientation distortion. 
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in the distance and orientation for all vertices may result in a considerable increase in the 

constraints so that much computation time is needed, especially for large datasets. Hence, a 

threshold should be given to determine the range for the selection of adjacent vertices. Finally, 

the CQP consists of the inequality constraints (6.1) plus objective function (6.6) and the result 

of applying the proposed optimization method to Figure 5.8(c) is shown in Figure 6.2. 

However, the consideration of the topology greatly increases computation time, as the number 

of variables and the number of constraints would be quadratic in the number of lines. 

Therefore, an optimistic strategy can be adopted: the problem of the distortion minimization 

can be first solved without considering the preservation of the network topology, i.e. using the 

objective function (6.5) in the optimization problem. If the solution does not change the 

topology, we are done. Otherwise, constraints (6.6) are used in the optimization problem for 

the preservation of the network topology. 

 

Figure 6.2  Reduction of orientation distortion with consideration of preservation of topology. 
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6.3 Experimental evaluation 

6.3.1. Experiments for adaptive schematization with balancing areas and orientation 

distortions 

Two comparative analyses have been conducted for evaluation: a theoretical and an empirical 

one. The stroke-based method proposed by Li and Dong (2010) is used to generate the 

schematic network maps and has been briefly introduced in section 4.4. 

The official Hong Kong metro map (see Figure 5.9(c)) is used as a benchmark. In addition, 

the schematized result without the minimization of orientation distortions (see Figure 5.9(a)) 

is used in order to confirm whether the proposed method can improve map recognition. The 

schematic result with the minimization of orientation distortions are shown in Figure 6.3. 

 

6.3.2. Theoretical and perceptual evaluation  

In this evaluation, Figures 5.9(b), i.e. the schematized result without consideration of 

optimization in line density, and 5.9(c), i.e. the official version of Hong Kong metro map, are 

used as benchmarks. 

Figure 6.3  Schematized result with minimizing orientation distortion. 
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A theoretical analysis was conducted and a fractal dimension was employed. In terms of the 

fractal dimension, the value for the schematized result generated by the new method (see 

Figure 6.3) is slight smaller than that of the official maps (see Figure 5.9(c)), i.e. 1.12 vs. 1.16. 

A perceptual evaluation consisting of two parts (designed in subsection 3.3.3) has been 

conducted. The two aspects, i.e. the improvement of map clarity and the ease of recognition, 

are considered in the first parts and the two aspects, i.e. shape simplification and overall 

clarity, are considered in the second parts. The two 5-grade marking systems given in 

subsection 3.3.3 are used to evaluate the proposed method in this chapter.  

40 participants (20 male and 20 female) with different education backgrounds (cartography 

(22), earth science (11) and other (7)) participated in the test. They are asked to give a score 

for the four aspects considered in the perceptual evaluation and the results as follows. 

The results of the first part of the perceptual evaluation are as follows: 

 For the improvement of map clarity (by the comparison between Figure 6.3 and Figure 

5.9(b)), the scores are either 4 or 5 and the average score is 4.9.  

 For the recognition of the original shape, the scores for Figure 6.3 include 4 and 5 and 

the average scores are 4.5 and the scores for Figure 5.9(b) include 4 and 5 and the 

average scores are 4.4. A two-tailored T-test is conducted and in this test, 68.0t  and

99.1)2( 21

2
1




nnt . Because of )2( 21

2
1

 


nntt , 210 :H    is accepted. That 

is to say, there is no significant difference between the two score groups for Figure 6.3 

and 5.9(b). 
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The results indicate that the map clarity of the schematized result with the density-based 

method proposed in this chapter has been considerably improved and the map recognition 

compared with the original shape has a quite high score. 

The results of the second part of the perceptual evaluation are as follows: 

 For the visual simplification, the scores for Figures 6.3 include 4 and 5 and the 

average score is 4.5, and the scores for Figure 5.9(c) are either3, 4 or 5 and the average 

score is 4.0. A one-tailored T-test is conducted and in this test, 07.4t  and

67.1221  )-n(nT . Because of )-n(nTt 221   , 210 :H    is rejected and 

2111 :H    is accepted. That is to say, the mean of the score group for Figure 6.3 is 

significantly higher than the score group for Figure 5.9(c).   

 For the overall clarity, the scores for Figures 6.3 and 5.9(c) are either 4 or 5 and the 

average scores respectively are 4.8 and 4.7. A two-tailored T-test is conducted and in 

this test, 03.1t  and 99.1)2( 21

2
1




nnt . Because of )2( 21

2
1

 


nntt , 

210 :H    is accepted. That is to say, there is no significant difference between the 

two score groups for Figure 6.3 and 5.9(c). 

It is seen that the results for this new method are better than the official version in the two 

aspects. This again indicates that the results from this new method are well accepted.  

6.4 Summary 

As the deformation adopted in the generation of schematic network maps may reduce the map 

recognition compared with its original shapes, an optimization method was proposed in this 

chapter to minimize orientation distortions in order to improve the recognition of schematized 

results while map clarity is sufficiently achieved in the adaptive deformation. The proposed 
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method has been tested with a real-life dataset, i.e. the Hong Kong metro map.  Perception 

tests and theoretical analyses were carried out for the evaluation.  Both results indicate that 

the proposed method is able to produce schematic maps with great clarity. More importantly, 

map recognition compared to the original shape has been greatly improved by the proposed 

method.  
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Chapter 7. Display-format-adaptive generation of 

variable scale network maps   

This chapter aims to generate display-format-adaptive variable scale network maps by a 

combination of variable display and the generalization of map contents in order to produce a 

clearer map for different display sizes. This chapter is structured as follows: in Section 7.1, 

the need for the display adaption in the generation of variable scale network maps will be 

discussed; in Section 7.2, an appropriate deformation method is selected; in Sections 7.3, the 

generalization of the map contents is employed in order to improve the map readability; and 

in Section 7.4, an experimental evaluation is conducted for the proposed method and finally a 

summary is made in Section 7.5.    

7.1 Display adaption in generation of variable scale network maps 

Network maps, e.g. road and metro maps, have a close relationship with human life and have 

been widely used in daily activities, such as tourism, navigation and pedestrian travel. 

Currently, with the widespread use of mobile devices, e.g. laptops and mobile phones, 

network maps are often displayed on these devices. However, a major problem is their small 

display size. The representation of a considerable amount of map information on such 

displays results in a reduction of map visibility and clarity. Therefore, this chapter proposes a 

method for the generation of variable network maps for different small displays by a 

combination of variable display and the generalization of the map contents to produce a 

clearer map for different display sizes.  

Real-world data set distributions are often highly non-uniform (Bak et al. 2009). To achieve a 

deformation adaptive to given output sizes, it is suggested to make the lines more evenly 
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distributed by making the map scale varied, i.e. presenting dense areas at larger scales and 

compressing sparse and empty areas as much as possible, in order to improve the map clarity 

when the map size is reduced to fit small displays. Beside the improvement of the map clarity, 

such evenly varying line density can exploit the limited map space and increases the map 

aesthetics by improving the visual balance. Although such display-format-adaptive 

deformation can improve map clarity, the representation of too much map information on 

small displays may still result in a decrease in map readability. Methods are therefore required 

to avoid visual clutter.  

7.2 Selection of appropriate deformation method adaptive to display sizes 

Normally, the transportation or buildings in a city centre is congested and the degree of 

congestion is reduced with an increase in distance from the centre (Borchert 1961). That is to 

say, the greater the distance to the centre of the congested area, the sparser the areas are. 

When reducing the size of such map to fit small displays, a natural thought is that the 

compression of areas depends on the distance to the centre of the congested area in order to 

improve the map clarity and the centre can be manually determined or selected as the centroid 

of congested areas detected by the methods developed in chapter 4. In addition, considering 

that the ratio of the width to height may be different for the original map and the give displays, 

the deformation adaptive to the displays should be implemented in two steps, i.e. one for the 

horizontal direction and the other for vertical direction. Such deformation is illustrated in 

Figure 7.1 where only the point u  is displaced to new location ’u in one direction.  
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Based on these thoughts, a transformation function similar to the Bifocal display (Spence and 

Apperley 1982) is developed to achieve the deformation adaptive to displays as follows: 

                                                       
a)(b

)(b-b')(u-a
uu'


 =                                                         (7.1) 

where the point u  is displaced to a new location 'u , a  is the x or y coordinate of the centre of 

the congested area and the boundary b  is shifted to 'b to fit the small display. 

In practice, users usually only need the map information for an small interesting region, 

instead of the whole city transportation system and the transformation Eq.(7.1) cannot be used 

to make the lines more evenly distributed for the maps with more than one congested area, 

although it is easy to implement and has a low algorithmic complexity.  

Compared with the transformation of Eq.(7.1), although the deformation method developed in 

section 5.3 needs much more computational time, the desirable display-format-adaptive 

Figure 7.1  Display-format-adaptive Deformation according to the distance to centre of 

congested area. 
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deformation can be achieved with this method for maps with arbitrary spatial distribution. 

Hence, the deformation method is adopted to generate variable scale network maps adaptive 

to displays, and consists of two steps, i.e. re-distribution of line density via grid deformation, 

and map reconstruction according to the distorted grid. More details can be found in section 

5.3.  

7.3 Improvement of map readability with multi-scale selective omission  

Although the deformation adaptive to small displays can improve the map clarity, there may 

be visual clutter when representing a considerable amount of map information on small 

screens. Methods are therefore required to simplify the map contents in order to improve map 

readability.  

7.3.1. Selection of appropriate method on selective omission 

There are two common approaches.  The first approach is to integrate the technique with a 

multiple representation database (MRDB). However, as most current systems only support 

transformations through a series of fixed scales, it is difficult to use such system for variable 

scale maps. The second approach is the use of map generalization with the ability to transform 

spatial data smoothly from one scale to another.  

For the realization of a continuous multi-scale representation of network maps, selective 

omission is a common technique and available methods can usually be divided into two 

classes, i.e. stroke-based (Jiang and Claramunt 2004a, Jiang and Harrie 2004, Chaudhry and 

Mackaness 2005) and mesh-density-based (Chen et al. 2009). In the stroke-based approach, 

network segments are first concatenated based on some specific principles, e.g. good 

continuation grouping (Thompson and Richardson 1999). Then the formed strokes are 

ordered according to various specific properties, e.g. geometric properties, topological 
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properties and thematic properties. Finally, achievement of selective omission of portions of 

the network is based on the stroke order.  For the mesh-density-based approach, the mesh is a 

closed region surrounded by network segments and the mesh density is defined as the ratio of 

mesh perimeter to mesh area. If the mesh density is higher than some threshold, the mesh 

should be merged into its neighbor mesh. The process is iterated until all mesh density values 

are smaller than the threshold. Li and Zhou (2012) evaluated the two approaches and 

proposed an integrated approach which has the advantages of both. In their method, the 

hierarchies of a network are constructed according to the network patterns, which are usually 

divided into three types: linear, areal and hybrid, and then based on the hierarchies. 

Continuous multi-scale selective omission is implemented using two thresholds for mesh 

density and line length, which are determined according to the scale factors of the source map 

and the output map. 

7.3.2. Determination of thresholds for selective omission 

For the selection of an appropriate generalization approach, the integrated approach proposed 

by Li and Zhou (2012) has the advantages of the stroke-based and mesh-density-based 

approaches and is thus used in this study. In the integrated method, the thresholds for the line 

length and the mesh density are determined according to the scales of the input and output 

maps. As the scale is not consistent for a variable scale map, some recommended values 

proposed by previous research are used in this study, i.e. a value between 0.5 and 0.7 mm is 

recommended as appropriate for the smallest visible line length (Li and Openshaw 1992, 1993) 

and Chen et al. (2009) indicated a value of 10 mm for the size of the smallest visible mesh. 
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7.4 Experimental evaluation  

7.4.1. Experiments for adaptive generation of variable scale network maps 

In this study, two comparison analyses have been conducted to evaluate the proposed method, 

i.e. statistical and psychological. The road network map of the town of Marion in the United 

States of America (see Figure 7.2(a)) is used as test data. The three display sizes of common 

PDA and mobile phone screens, i.e. 3.75cm×5cm (2.2 inch and 2:3 ratio of height to width), 

3.85cm×2.65cm (1.7 inch and 3:2 ratio of height to width) and 3.2cm×2.4cm (1.4 inch and 

3:2 ratio of height to width) are selected as the output map sizes and the uniform scaling 

results of Figure 7.2(a) for the three sizes are shown in Figure 7.2(b), (c) and (d), which are 

used as benchmarks in this study. 
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Three distorted grids (see Figure 7.3(a), (b) and (c)) generated by the optimization method 

developed in section 5.3 are used to visualize the distortion effect. The variable scale maps 

generated by the distorted grids are represented in Figures 7.3(d), (e) and (f) and the running 

times of the proposed method for the three results are respectively 4.15 second, 4.08 second 

and 3.97 second and a window PC with 2G RAM and a 2.6GHz Intel G620 dual-core CPU is 

used to perform the experiments. 

In order to obtain an effective comparison for the statistics of density distribution and visual 

inspection, the generalization approach of Li and Zhou (2012) is not used for the generation 

(b) Uniform scaling result 

(2.2 inch) 

(a) Original shape 

(c) Uniform scaling result 

(1.7 inch) 

(d) uniform scaling result 

(1.4 inch) 

Figure 7.2  Display of a road network map of the town of Marion on three common PDA and 

mobile phones devices. 
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of variable scale maps in Figure 7.3 and the corresponding generalized resultant maps are 

shown in Figure 7.4.  

 

(a) distorted grid 

(2.2 inch) 
(b) distorted grid 

(1.7 inch) 

(d) variable scale map 

(2.2 inch) 

(e) variable scale map 

(1.7 inch) 

(f) variable scale map 

(1.4 inch) 

Figure 7.3  Variable scale maps without using generalization of map contents. 

(c) distorted grid 

(1.4 inch) 
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(b) generalized variable 

scale map (1.7 inch) 

(a) generalized variable 

scale map (2.2 inch) 

(c) generalized variable 

scale map (1.4 inch) 

Figure 7.4  Variable scale maps using generalization of map contents. 
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7.3.1. Statistical analysis 

For the evaluation of the proposed method, two measures for the description of the density 

distribution of the maps in Figure 7.3 are used to check whether the proposed method in this 

chapter can better exploit the map space. The first one is to calculate the utilization rate of 

map space. Bak et al. (2009) quantitatively describe the use-of-space using a high density grid 

by computing the ratio of the total size of the filled grid cells on a map to the total size of the 

map. In this part of this study, the method of Bak et al. (2009) is used to calculate the 

utilization rate of map space. Besides the use-of-space, the distribution homogeneity of dense 

and sparse areas is an important factor to check to see whether the map space is better 

exploited for the improvement of map clarity. The standard deviation of all density values 

calculated using the high density grid is used as the second measure to describe the 

distribution homogeneity. 

Table 7.1 Results of utilization rate of map space. 

 
Utilization rate for 

variable scale map (%) 

Utilization rate for resultant map 

by uniform scaling (%) 

Size 1 (2.2 inch) 38 30 

Size 2 (1.7 inch) 43 30 

Size 3 (1.4 inch) 44 30 

Table 7.2 Results of distribution homogeneity. 

 
Distribution homogeneity 

for variable scale map  

Distribution homogeneity for 

resultant map by uniform scaling  

Size 1 (2.2 inch) 0.056 0.067 

Size 2 (1.7 inch) 0.066 0.078 

Size 3 (1.4 inch) 0.077 0.091 
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The results for the two measures are shown in Table 7.1 and Table 7.2 respectively. It should 

be noted that the utilization rates for the variable scale maps are consistently larger, and the 

standard deviations of the variable scale maps are also smaller, than the corresponding 

uniform scaling maps. In addition, the utilization rates increase with the reduction of the 

output map size. This indicates that the proposed method is able to adaptively generate 

variable scale maps so as to better exploiting the map space.  

7.3.2. Perceptual evaluation 

For variable scale maps, as the lines on network maps are distorted in the deformation process, 

an important problem is map recognition, which influences map usability. As the differences 

of the standard deviations in the Table 7.2 are not very large, we would like to confirm 

whether readers have a similar view from the visual aspect for the improvement in map clarity.  

Therefore in this study a perceptual evaluation on map recognition and clarity has been 

conducted. 

40 participants (21 male and 19 female) with different education backgrounds (cartography 

(22), remote sensing (15) and other (3)) were involved in this test. They were asked to give a 

score for the map recognition compared with the original map, according to a 5-grade 

marking system: 1 = very difficult, 2 = difficult, 3 = normal, 4 = easy, 5 = very easy. For the 

improvement of the map clarity, they were requested to give a score for the comparison with 

the corresponding uniform scaling map according to the 5-grade marking system: 1 = not 

improved, 2 = a little improved, 3 = improved, 4 = much improved, 5 = significantly 

improved.  
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Table 7.3 Results of the perceptual test for the evaluation of map recognition. 

 very easy easy  normal difficult Very 

difficult 

Size 1 (2.2 inch) 82.5% 17.5% 0% 0% 0% 

Size 2 (1.7 inch) 72.5% 27.5% 0% 0% 0% 

Size 3 (1.4 inch) 67.5% 32.5% 0% 0% 0% 

 

Table 7.4 Results of the perceptual test for the evaluation of overall clarity. 

 significantly 

improved 

much 

improved  

improved  little 

improved 

not 

improved 

Size 1 (2.2 inch) 0% 35% 40% 25% 0% 

Size 2 (1.7 inch) 57.5% 25% 17.5% 0% 0% 

Size 3 (1.4 inch) 62.5% 22.5% 15% 0% 0% 

 

The results shown in Table 7.3 indicate that the variable scale maps were easily recognized 

compared to their original shape and the map distortion did not influence the map usability. 

For the results for map clarity shown in Table 7.4, all participants thought that the variable 

scale maps were an improvement by comparison with the corresponding resultant map 

obtained by uniform scaling and the degree of improvement was significantly increasing with 

the reduction of map size. This indicates that the results of this new method were well 

accepted for the improvement of map clarity and the preservation of map recognition. 
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7.5 Summary 

This study proposed a new method to generate variable scale network maps adaptive to given 

display sizes by a combination of variable display and the generalization of map contents in 

order to produce a clearer map for different display sizes.  For the evaluation of the new 

method, real-life data was used and statistical analyses and perception tests were carried out.  

Both evaluation results indicate that the new method was better able to improve the map 

clarity for small displays and well explore the limited map space, and the resultant map 

distortion didn‟t influence map recognition compared with its original shape. It can be 

therefore concluded that this is an effective method to adaptively generate variable scale maps 

for different small displays.  
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Chapter 8. Conclusions 

8.1. Summary 

Schematization is the process to simplify graphics and the resultant maps are called schematic 

maps. Such simplification improves map readability for easy reading and interpretation, 

especially for small devices. So far, schematic maps are usually produced with computer-

assisted cartographic systems. The process of generation is not only time-consuming, but 

needs a skilled map designer. A promising solution is to automatically generate schematic 

maps with pleasing map designs similar to the manual products. Furthermore, automated 

production can make the process faster and cheaper. More importantly, it would extend the 

usability of such maps by linking geographical information systems, and satisfy the 

requirements of real-time map generation for the use of schematic maps on mobile devices.  

This thesis focuses on the automated generation of schematic network maps and three related 

issues are discussed as follows: 

(1) As one could imagine, if there are many congested lines in a small area on the map, 

although the shapes of these lines are simplified, it is still not easy to interpret the map. 

Therefore, the first issue is the development of an automated method to generate 

schematic network maps with the adaptive enlargement of congested areas in order to 

improve map clarity. 

(2) Currently, there is an increasing demand for the representation of maps on mobile devices. 

However, the representation of larger maps on small displays may result in the reduction 

of map clarity. Therefore, the second issue is the development of an automated method 
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for the display-format-adaptive generation of schematic network maps in order to obtain a 

clearer map representation for different display sizes. 

(3) Although the use of the adaptive deformation can improve the clarity and esthetics of 

schematized results, the large orientation distortions arising from the network 

deformation may reduce readability (or recognition) of a schematized result compared 

with its original shape. Therefore, the third issue is the development of a method to 

reduce orientation distortions while map clarity is satisfactorily achieved. 

For the first issue, a method was developed for the automated generation of schematic 

network maps, and focused on the adaptive enlargement of those areas with highly dense lines, 

called congested areas in this study. A psychological test was conducted to define such areas. 

In this method, congested areas on network maps were first detected. Then the detected 

congested areas were enlarged with the multiquadric interpolation technique to desirable 

larger scales by properly selecting control points. Finally, the schematic representation was 

generated by the stroke-based method (Li and Dong 2010) which can provide more clear 

representation. The proposed method has been tested with two real-life datasets, i.e. the 

London Tube map and the Hong Kong Metro map. The schematized result without the 

enlargement of congested areas and the digitized official maps were used as benchmarks.  

Perceptional tests and theoretical analyses were carried out in the evaluation. 

With regard to the second issue, as real-world data set distributions are often highly non-

uniform (Bak et al. 2009), a method was proposed for the automated generation of display-

format-adaptive schematic network maps. In this method, a grid-based method was first 

developed to estimate the line density of network maps. Then a method was developed to 

optimize the line density over the whole map by shrinking sparse areas to fit into a given 

display size. Finally, the schematic representation was generated by the stroke-based method 
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(Li and Dong 2010). The method was tested with a real-life dataset, i.e. the London Tube map. 

Perceptional tests and theoretical analyses were carried out for the evaluation.   

For the third issue, an optimization method was proposed for the minimization of the 

orientation distortion while the map clarity was satisfactorily achieved. Finally, to check 

whether the proposed method could improve the map recognition of the schematized result, 

the stroke-based method (Li and Dong 2010) was adopted to generate schematic 

representations. The new method was tested with a real-life dataset, i.e. the Hong Kong Metro 

map. Perceptional tests and theoretical analyses were carried out for the evaluation.   

With the variable scale concept, an investigation was also carried out into the improvement of 

map readability when a combination of variable display and the generalization of map 

contents were employed to produce a clearer map for different display sizes. In this chapter, 

an appropriate deformation was selected to optimize the line density of network maps for a 

given display size, and then the method proposed by Li and Zhou (2012) using a selective 

omission process was employed to reduce map contents in order to improve map readability. 

A real-life data was used to adaptively generate three variable scale maps according to three 

common display sizes of PDA and mobile phone. Statistical analyses and perception tests 

were carried out for the evaluation of the generated results. 

8.2. Conclusions 

In the previous section, the work conducted in this thesis has been summarized. Based on the 

experimental results from this study, some conclusions were made as follows: 

From the evaluation of the method on automated generation of schematic network maps with 

consideration of the enlargement of congested areas, it was found that: 
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 The proposed method is an effective method for the automated generation of 

schematic network maps and map readability are greatly improved by this method. 

 In this method, direct deformation for congested areas before the generation of 

schematic representations makes the enlargement more effective; 

 By adaptive deformation with consideration of the entire map pattern, pleasing 

schematized results can be achieved. 

From the evaluation of the method on automated generation of schematic network maps with 

a density-based deformation, it was found that: 

 The proposed method is an effective method for the automated generation of 

schematic network maps with great clarity; 

 The density-based deformation involved in the schematic map production is easy to 

implement and has a high automation level; 

 The density-based deformation can homogenize the spatial density distribution so as to 

greatly improve map readability, especially for representation on small display devices. 

 For network maps with highly non-uniform density distributions, the homogenization 

of line density can adequately utilize the limited map space.  

From the evaluation of the method on adaptive generation of schematic network maps with 

balancing orientation and area distortion, it was found that: 

 The proposed method is an effective method for the adaptive generation of schematic 

network maps for small display sizes and the map clarity is significantly improved by 

the density-based deformation; 
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 The minimization of the orientation distortion by the developed optimization-based 

method improves the schematic map recognition; 

 In this optimization-based method, the distances and orientations between the vertices 

without direct linking are preserved as much as possible in order to avoid edge 

crossing. 

From the evaluation of the method on adaptive generation of variable scale network maps for 

different display sizes based on spatial distribution density, it was found that: 

 The proposed method is an effective method to adaptively generate variable scale 

maps with great clarity for small displays; 

 Experimental results indicate that the new method was better able to explore the 

limited map space for small displays and map recognition is well preserved; 

 This method has a high performance level, e.g. solving instances of 255 road segments 

about 4 seconds, and may be fast enough to provide static maps for small displays. 

8.3. Limitations and future work 

In this study, several methods are proposed to generate schematic network maps with 

consideration of the improvement of map readability. However, there are still some 

limitations in this study: 

 The proposed methods only focused on the improvement of the clarity for the network 

on a network map and other map symbols on the map are not considered. 
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 The formation of strokes in the proposed methods is just by the good continuation 

grouping principle, and other attributions of network segments are not considered. In 

fact, named metro line and named roads are well-identified strokes. 

 The proposed methods were validated only by the London Tube network and Hong 

Kong Metro network and thus need to be verified on other datasets. 

 In the experimental evaluation, there was still lack of quantitative measures for map 

clarity and aesthetics so that only perceptual tests were used. More comprehensive 

measures on the evaluation of the map quality therefore are needed. 

Therefore, this study can be improved in the future by the following aspects: 

 To consider various map symbols, e.g. symbols for rail stations and landmarks, in the 

schematic network production in order to improve the applicability of these methods. 

In addition, some important geographical features, such as coastlines or rivers, should 

be included on the map to help the user better recognize the map. 

 To utilize more attributes of segments, e.g. road name, road type and metro name, in 

the formation of strokes in order to improve the schematic map recognition, e.g. the 

schematization based on the metro line formed by the segments with same name on a 

metro network map. 

 To develop more effective measures instead of subjective tests to evaluate the map 

quality. 
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Appendix A: Development environment of a 

prototype system 

In this study, the component-based software development mode is adopted to achieve the 

reusability and extensibility of software for future research. As a simply and powerful 

programming language, Visual c#.net is used to perform the coding work of this study and a 

interactive application interface is designed with the aid of the designer toolbox in Microsoft 

Visual Studio.  

As the optimization solution using convex quadric programming (CQP) was provided to 

achieve a desirable map deformation in this study, in order to efficiently solve this 

optimization problem, this prototype system adopted IBM ILOG CPLEX 12.4, which has 

high performance and robustness for solving problems expressed as mathematical 

programming models. To summarize, the following Figure illustrates the development 

environment of this prototype system. 
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The development environment of the prototype system. 
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Appendix B: Main functions of the prototype system 

According to the above development environment in appendix A, a prototype system was 

developed and the application interface in this system is shown in following Figure. In this 

interface, two PictureBox controls are used to represent the original map and its 

corresponding deformed map in order to visually check whether a desirable deformation 

could be obtained. The function modules of the system are described as follows: 

(1) File management: this module deals with line shape files, e.g. opening an existing 

network map, saving the current network map as a image or a shape file; 

(2) Feature (e.g. point, segment and stroke) editing: this module provides some editing 

tools for network maps, e.g. showing feature attributions, deleting feature, editing 

feature, saving edit; 

(3) Operations based on grids: this module provides some operations based on a grid, e.g. 

calculating line density, network analysis using the fractal dimension, the calculation 

of the utilization rate of the network map for the whole map space, the homogeneity 

of the density distribution, and converting the vector network data to raster data; 

(4) Transformation: this module includes some operations for map deformation, e.g. 

using fisheye view, Bifocal transformation, Multiquadric interpolation and the 

optimization-based method proposed in chapter 5.3; 

(5) Schematization: this module includes the operations to realize two schematization 

methods, i.e. the segment-based method and the stroke-based method proposed by Li 

and Dong (2010); 
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Overall interface of the prototype system. 
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