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 Abstract

In the high-tech period, the mix of information prevails every area. Design is a long-

history subject mainly relies on designers‘ experiences, inspirations and aesthetic 

evaluations. Computer technologies involve in design process to support auxiliary 

assistances for designers and release them from some tedious time- and labor- 

consuming tasks, which named as Computer-aided Design (CAD). Collaborating with 

AI-based approaches (generic programming, evolutionary computation and generative 

strategy), design automation becomes promising in CAD area instead of being a tool 

merely. Advanced interactions between design and automatic system can be helpful to 

notice the intangible design information which belongs to the subjective area in design, 

now controlled by designers unintentionally. In this study, it puts efforts to enhance the 

communications between design- and technology- end. From shape representation, 

design process representation and design evaluation, design information can be recorded 

and used to build a generative environment for novel design solutions‘ exploration. It 

introduces a novel dynamic shape representation—the DSR shape, a 3D design 

grammar—the DSR shape grammar and a generative design framework—the User-

inferred generative system with subjective design evaluation mechanism. 

In design process, designers always think the way how to transform a design before the 

final solution is confirmed. Inspired by the process, the dynamic information received 

form DSR shapes can be used to create novel alternatives conveniently. The DSR 

(Dynamic Shape Representation) shape represents a shape not only by the geometric and 

topological information (static), but also its generating process in terms of series of 

sequential design actions (dynamic). The new shape representation can provide flexible 

ways for more new shape generation in generative system. 
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Based on the DSR shape, a 3D shape grammar and a general 3D interpreter are 

introduced for conceptual product design. The information process including design 

actions and steps of design creations can be represented by the proposed shape rules and 

design languages. Different from traditional shape grammars which are operated at the 

basis of shape replacement and sub-shape detection, I propose a new way to use shape 

rules—the ACM model. It permits that using the same design language to different 

design cases (initial shapes) for novel exploration. Emergent shape is supported. Design 

languages are generated in 3D environment by designers and recorded by the proposed 

system. The rule-based mechanism can release designers from the limitations of pre-

defined operating functions.  

The generative design system explores design alternatives in a huge solution space. It 

generates many inspiring design alternatives with more un-interested ones 

simultaneously. The user-interfered generative approach makes use of users‘ knowledge 

at the early stage by the design languages generated by DSR shape grammars. Through 

the interactions between design languages and designers, the preferences of design 

proceeding can be saved into the grammatical languages. After information 

digitalization, the parameters used in generative mechanism can represent users‘ 

intention. More useful design solutions will be created. For better interactive design 

evaluation, a subjective design aesthetic evaluation method is proposed for design 

exploration. There are several design examples shown in this thesis, such as the 

embroidery design, chair design and cup design.  

Information flow from design end to system end is valuable to guide the automatic 

mechanism towards to the positive direction effectively. The final solutions and actions 

in design process can be captured by the proposed 3D shape grammars, which can be 

used in the user-interfered generative framework. The whole process is not pre-defined 

by system. Designers can communicate with the interpreter by design languages in 

terms of design visualization. The newly designers‘ preferences included in design 
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languages can be involved in the generative process at the later stage. The subjective 

evaluation model is useful to find the users‘ interesting solution space for deep design 

exploration. Therefore, the proposed framework can be suitable for the design 

innovation in conceptual design. 
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Chapter 1 Introduction 

1.1 Research background 

In the information age, the integration of technology has become increasingly common 

in many areas, including manufacturing, education, design and the arts. Computer 

science contributes to design processes by enhancing effectiveness and productivity, 

which causes changes to design methods. Designers are able to create design models 

using computer-aided design (CAD) technologies. Sometimes, the creations from CAD 

systems can inspire designers in their ideation process. With CAD tools, new design 

categories have appeared, such as digital art, parametric design and evolutionary 

design. 

In digital art, CAD systems render a new medium in which pictures and sculptures can 

be created based on the repetition of basic forms such as cubes, spheres, cylinders and 

cones mimicking processes as crystal growth and water dripping way(Todd and Latham, 

1992). Parametric design is the generation of geometry from defined design families 

using a group of initial setups. The Parametric thinking means searching for specific 

values that can represent and create a many satisfactory solutions. Taking ideas from 

algorithms and grammars in computer science, parametric design shifts CAD systems 

from purely design representing tools to design tools. Changing the deterministic 

structure of a computer to create the non-deterministic feature of design, evolutionary 

design advances existing design models towards goals restricted by behavioral and 

geometric constraints. This is similar to the human behavior evolution process, leading 

to new the subject of ‗AI-in-Design’. Generative design is one of hotpots in this area. 

Generative design generates a group of new alternatives based on a group of design 
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sources (as seeds), it is a fast method for exploring design possibilities based on a 

predefined design space and a foreknowledge base. 

The major CAD systems for shape modeling in the marketplace can be classified into 

two main groups (Cardoso and Sass, 2008), even though the division line is not entirely 

clear. One group is solid modeling and drafting system. These systems allow 

management of large amounts of design information in a faster and more efficient way 

than paper works, this group includes AutoDesk and AutoCAD. Another group is made 

up of parametric modeling systems. These systems allow users to define geometric 

entities by establishing relationships of geometric or mathematical dependences among 

the different elements of design, e.g. CATIA. In all major CAD systems, the geometric 

modeler is at the heart of the program, and these systems work well in the later design 

process for supporting down-stream design tasks (Sun et al., 2007). There are many 

reasons to believe that the systems are valuable in the exploration of design alternatives, 

as they may suggest new paths of exploration for designers at the early stages of the 

design process, i.e., during conceptual design. 

The goal of CAD development is to realize intelligent support for the entire design 

process and to maximize the functions of computer technologies. Currently, there are 

some researchers who believe that CAD systems can be used to assist designers in their 

working process, although there is still a far distance away from the place where they 

want these tools to be. ―Can the computer, a machine, be creative or, at least, to emulate 

human creativity‖? This seems to be a question appeared in the mind of design 

participants and researchers. This question is also one of the interests of this study. 

There are two ways in which this question maybe answered: one is based on 

understanding of designer creativity, another is based on CAD system creativity. 
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1.2 Research problems 

1.2.1 Design representation 

Different people (and different designers) will have quite different impressions, when 

they evaluate the same design product. In other words, multiple readings in design, 

especially in visual design, play an important role in the conceptual creative phase 

(Gross, 2001). Aesthetic diversity provides designers with opportunities to consider 

alternative interpretations of design representations. 

This diversity will cause problems for shape representation in CAD systems. In a 

computer system, the uniqueness of a representation is one of the basic requirements. 

Design products are usually represented by a decomposition process in which a product 

is presented in terms of geometric and topological variables (the parametric design 

method). When a shape representation is generated, there must be a one-to-one mapping, 

from the representation to the design object. This is the nature of the quantitative 

representation in computer science. For designers, however, design interpretation and 

reinterpretation , which are of qualitative nature, are basic skills.  

From another perspective, when a designer is dealing with a specific job, s/he draws 

experience from more than one domain (Schon and Wiggins, 1992). For example, a 

fashion designer may find inspirations from his/her past experiences of building design 

projects or furniture design projects. The design knowledge heritage and experience 

accumulation may not be derived from the same domain as that of the current working 

project. However, many current CACD (computer aided conceptual design) systems 

only learn from the domain in which they are used. Several examples will be presented 

in the literature section, later in this thesis. 



4 
 

Overall, design representation in computer systems should work in a more 

comprehensive way so as to reflect the design knowledge and imagination in a design 

process. Therefore, one must break the limitations on geometry and topology of objects 

using predefined, finite variables/parameters. Requirements for developing a new 

method, with compatibility of design diversity and flexible representations are necessary 

to be able to explore designs using more than numbers and symbols. 

 

1.2.2 Design exploration 

Design exploration is used to find optimal and satisfactory design alternatives in design 

spaces. AI strategies, such as generative system, genetic algorithm, cellular automata 

and evolutionary computation, prevail in this area. Design knowledge is central to 

design exploration,  whether automatic or manual. Knowledge—based engineering 

(KBE) is at the intersection of diverse fundamental disciplines, such as AI, CAD and CP 

(computer programming), which perfectly match the broad and heterogeneous fields of 

design (Rocca, 2012) including psychology, philosophy, engineering, business 

management and fine arts. Design knowledge capture is directly related to the quality of 

the design exploration. The question of how to obtain and use design knowledge 

becomes the main priority in this process. 

Predefined knowledge is widely used in CAD research in forms of variables, 

formulations and symbolic strings. Knowledge is extracted from design sources before 

design exploration starts. The major design information is predefined, typically 

following a sequence; however, designers might not do this? In practice, they do not 

commence with an analysis of important aspects of given design problem, and then 

synthesize the solutions based on this analysis, and finally choose the structural way to 

represent the solution (Suwa et al., 2000). Designers do not go through the entire 
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process in a clear cycle. Instead they simultaneously process many channels of 

information.  

Rules and frames are the two most common forms of knowledge representation (Milton, 

2008, Negnevitsky, 2005). To support flexible smart design exploration, rules and 

frames should be created and applied to the design process. This means that design 

knowledge should be collected during the design process, not in advance. Other 

information, besides geometric and topological information, should be recorded. For 

modeling natural design actions, knowledge acquisition and applications are best when 

combined. Better system-user communication in design exploration is required so as to 

initiate more powerful computer support. 

1.2.3 Design evaluation 

The problem of design evaluation is particularly relevant to automated design systems. 

To support intelligent design, CAD systems should have not only powerful computing 

ability, but also the ability to incorporate the process and knowledge of design 

evaluation. 

Because human design evaluation is a highly subjective activity, it is dependent on the 

observer‘s experiences, and the time, place, and context in which the design is viewed 

(Leeuwenberg, 1971). Therefore, in most CAD systems, user interaction is enhanced so 

as to address this problem. 

The overwhelming combinatorial complexity of design makes it is hard to explore all 

potential solutions by enumeration and interactive evaluation approaches. To allow 

better design exploration, a computer based system should have the ability to learn from 

designers‘ actions in support of automatic design generation. Multiple standards should 

be incorporated into the system to evaluate groups of solutions to ensure objective 

assessments and correct selections.   
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1.2.4 Design interactions 

Although 3D software works well for modeling design objects, many designers still 

choose papers and pencils during the ideation process; freehand sketches are 

indispensable for designers during the conceptual design process. It is not until 

externalizing on paper their ideas that designers are able to find new ideas to continue 

(or complete) their works.  Some designers will draw sketches and ask an engineer to 

build corresponding 3D models on a computer. 

The reasons that designers dislike directly working in 3D software are varied, such as 

traditional working habits and uncomfortably complex operational commands on 

computers. One factor that should be noted is the limitation on 3D software‘s 

functionality. The majority of current 3D software works by supporting predefined 

functions. Although the working environment is continually improving, predefined 

functions are often in conflict with the methods that designers want to use. When using 

software, designers have to adjust their mind to be able to follow the system‘s 

instructions. 

For better creative support, more flexible operations will be useful to free designers 

from the constraints of difficult system operations. Additionally, as more designers 

become involved in CAD system, more valuable information can be received by 

systems to guide CAD technology intelligently generating innovative design alternatives. 
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1.3 Research Tools 

1.3.1 Rule-based systems 

In the mathematic approach, the design object can be represented as numerical data 

stored in a hierarchical structure in a computer system. This is a formal method for 

representing design in CAD systems, that originated from parametric design. However, 

although this approach is easy to manipulate, it is hard to understand and control from a 

design perspective. Computer researchers can transform the design generation by 

changing the values of variables; however, it is not easy to find the value that meets 

some specific design requirement. For design researchers, it is tedious to have to 

understand the meaning of the very many numbers, that are only useful for numeric 

operations. 

In the formal approach, there are many grammar-based methods. Here, grammar is used 

in a different sense that used linguistics and computer science. In CAD, a grammar is a 

systematic procedure to represent how a design can be generated. Graphic grammar and 

L-systems (Chase, 2005) are used to generate graphs or arrays, which are mapped to 

polygons, lines or primitive solids, not in a geometric form but in a symbolic 

representation. Systematic iteration is widely used. Structure grammars (Caldas, 2008) 

are especially useful for establishing a one-to-one correspondence between symbols and 

spatial transformations. Solid grammars (Amitani et al., 2008) is represented as a 

collection of faces, each of which is described by its edges and vertices as mapped onto 

Cartesian (x, y, z) coordinates. All of these approaches are running in computer systems 

based on symbolic computation. 

Shape grammars are a formal way to represent designs in terms of shapes and rules; 

there are four components: S (shapes), R (rules), L (label) and I (initial shape). The S set 
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depicts objects using a visual representation, which is static, regardless of whether the 

objects are in 2D or 3D. The R set is a processing description, with the changes and 

transforms performed on the set S, which is dynamic. The L set, generally appearing in 

shape grammars in the form of a dot, is used to mark and control the direction of the 

shape grammars‘ process, spatially and temporally. The I set is a start for a process in 

the application. It is introduced by an early application in arts (Stiny and Gips, 1972). In 

that application, a shape grammar defined design languages containing potential infinite 

shapes ranging from simple to complex, and a mechanism (rule selection) was required 

for selecting shapes in the language for painting. Also, the rule-based system is a 

powerful vehicle (Kirsch and Kirsch, 1986) to make statements about the structure of 

design behaviors. Differentiating from other string based symbolic computations, shape 

grammars are better for the pictorial design representation because of the tolerance of 

ambiguities and emergences. 

Shape grammars can be used as rule-based tools to facilitate communication between 

designers and computers. In shape grammars, design solutions are represented by a set 

of less-complicated forms, i.e., shapes and methods by which to generate them, i.e., 

rules. It is useful to retain the nature of design, including the ambiguities and 

emergences, which is convenient for designers‘ cognition. The mature theory of 

computer graphics makes is promising for implementations in computer systems; 

therefore, it should be friendly enough for both designers and computers. 

The early applications of shape grammars relied mainly on their strong design analytic 

power and generative abilities. By simulating existing corpus, design languages can be 

created. Using generative mechanisms, design languages support the generation of more 

alternatives, including several that might have been overlooked by designers (Chase, 

2002).  

The rule-based mechanism allow the translation of qualitative information such as 

cultural context and design styles into something quantitative. Shape rules can represent 
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design actions similar to human design behaviors. There are many research cases that 

support this idea. 

In this study, shape grammars are chosen as the research tools for promoting design 

innovation within a generative framework. 

 

1.3.2 Generative design 

Generative design is a design method in which the outputs are generated by a set of rules 

or an algorithm. The common practice of generative design is to support the generation 

of design solutions using automatic computational methods. As a result, the parametric 

approaches are typically adopted. Generative design a fast way to explore design 

alternatives; it is used in various design fields such as the arts, architecture and product 

design.  

Generative design has been inspired by natural design processes, wherein designs are 

developed as genetic variations. Through several basic transforms, such as mutation and 

crossovers, the generative mechanism can guide the search towards the potential 

solution space for optimal design results.  

Currently, generative design is becoming more popular and influential now. Many 

designers treat it as an auxiliary tool in their practical design process. Because of the 

emergence of new programming environments (visual interactive environment), 

generative design operations are relatively easy to understand, even for those with less 

of the technical background required to implement their ideas. This is an increasing 

amount of commercial software that support the generative design schema, such as 

CARTIA and Rhino. 

Generally speaking, there are three parts in a generative design system: 
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(a) a design schema; 

(b) a mean of creating variations; and 

(c) a mean of selecting desirable outcomes. 

Considering these parts from the design perspective, the following three forms are 

required: the design representation, the method for transforming the design and design 

evaluation. 

1.4 Research Objectives 

To support 3D design innovation, four objectives are proposed for this research.  

1. Introduce a new shape representation for design knowledge capture 

Shape representation is a key factor in design creation. When considering design, we 

consider design processes, and design products (Stiny, 1990). Therefore, not only the 

final visual solution, but also the ways used to create the design are significant in the 

design interpretation. 

In this study, a new shape representation with focus on the design process is introduced. 

Using a rule-based grammatical mechanism, both the processing information and the 

geometric information can be recorded. Design actions are represented by a special 

shape rule, i.e., Elemental Rules (ER). One shape can be represented by a group of ERs 

in a sequence, named Dynamic Shape Representation (DSR) shape. When the system 

has a DSR shape, the final shape (geometry) and the generating orders (a group of 

sequential ERs) can be received.  

Information about the design process is more useful for CAD systems‘ data analysis and 

manipulations, both of which utilize the advantages of computing power. Furthermore 
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the process information includes design actions that are similar to human designer 

behaviors.  It will be beneficial, in the process, to learn from designers‘ intelligence. 

2. Build generative mechanism for design exploration 

Creativity is not only the invention of new paradigms but also elaborations on a given 

paradigm; it is an important thought process for generative design. By analyzing the 

existing corpus and applying heuristic algorithms, a generative mechanism can create 

novelties or improvements on given design resources with distinct styles. Creativity is a 

useful approach to exploring design alternatives. 

For comprehensive design exploration, many generative design systems use a stochastic 

strategy. However, a random model will simultaneously produce many unintended 

design solutions, which, in an interactive evaluation system, is very time-consuming.  

Therefore, in this study, a generative system that interacts with users‘ past experiences is 

developed; it is called the user-interfered generative system. This system can choose the 

next generative exploration based on the preferences of the previous step. Combining 

this system with subjective evaluation, one can generate the desired solution faster than 

when using the traditional method. 

3. Establish a framework for better design information communication 

As described by Schon (Pauwels et al., 2010), the designer develops his/her ideas 

following the interaction between what he/she sees and what he/she draws during the 

design process. In this study, a 3D visual environment supporting a real-time three-

dimensional visual reflection to system users is developed and evaluated.  

Additionally, the pre-defined functions of current CAD systems can distract designers 

from their working focuses. To permit designers to concentrate most of their effort on 

design, rather than system operations, several basic shape functions are proposed. This 
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method permits users to create their own desired shape functions using a combination of 

basic operations.  

1.5 Thesis outline 

In Chapter 1, the introduction to this study is presented. 

In Chapter 2, a literature review of shape grammars and generative design approaches is 

presented. For shape grammars, after a brief introduction and definition, there are three 

sections that further discuss technical development, applications, and relations with 

design. For generative design, current applications and a technical framework are 

presented.  

In Chapter 3, the research methods used in this study are described. To translate the 

qualitative design into quantitative information, investigation methods such as the 

digitalization process, information analysis, and data visualization are used. The 

procedures used in the study are also presented. 

In Chapter 4, a 2D graphic generative system is introduced. The rule-based method is 

used to create embroidery designs in the Yunnan Zhuang ethnic style. Three categories 

of embroidery are used to generate the embroidery shape grammars. Based on the 

smooth curve of petals, B-spline curves are used to generate the designs in the system.  

In Chapter 5, the DSR shape is proposed. Considering both static and dynamic 

information, the DSR shape represents design features using shape rule application. 

Based on the DSR shape, the rule-based mechanism supports the generation of design 

languages during the design process. Using shape grammars, a 3D shape generation 

system with a visual user-interface is described. 
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In Chapter 6, the generative application and design evaluation issue are presented. There 

are two ways to generate and evaluate designs using the new shape grammar interpreter. 

For 2D design applications, a subjective evaluation model is used to assess design 

generation based on users‘ subjective impressions. For 3D design applications, a user-

interfered generative process to automatically generate design alternatives based on 

DSR design languages is discussed. For design automation, a cuboid orientation 

coordinate system is introduced to represent 3D orientation information for any shape. 

Combined with the rotation operation, a 3D shape rule with directional features can be 

extended to more rules (24/48) in the 3D environment. Using the generative mechanism, 

more novel design alternatives can be explored by DSR shape grammars.  

In Chapter 7, it concludes the study by highlighting contributions, discussing limitations, 

and presenting possibilities for future study.  
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Chapter 2 Literature Review 

 

2.1 Shape Grammars 

2.1.1 Introduction 

The notion of grammar has existed for many years in philosophy and linguistics but it 

has been used mainly in a metaphorical sense. Grammars becoming formal devices was 

first used in logic by Post (Knowlton and Simms, 2010); popularized and elaborated by 

Chomsky(Chomsky, 1965), which led to the identification of Post‘s formal system with 

the algorithmic notion of grammars.  From then, there began a wide investigation both 

of the theoretical poser of such formal grammars and of empirical investigation of the 

use of these formal systems. Shape grammars are similar to phrase structure grammars 

introduced by Chomsky(Chomsky, 1957) in linguistics. A phrase structure grammar is 

based on a finite number of symbols specified in advance. It has a start symbol and 

finite rules about how to put symbols together to make sentences and their structure 

description. Learned from phrase structure grammars, the first attempt of shape 

grammars was proposed in 1972 on the generation of 2D draws and 3D sculptures by 

Stiny and Gips(Stiny and Gips, 1972).  

In the early ages, shape grammars were widely used to analyze the design styles and 

structural features on buildings by visual analysis abilities. Accompanying the 

development of advanced computer technologies, shape grammars drew attentions from 

product design, engineering, mechanics and design education as the excellent generating 
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performance. In the last ten years, several applications on massive productions, e.g. 

urban plan design and product design, began to study the collaboration between shape 

grammars and Artificial Intelligence (AI).  

Design can be defined as complex shapes and relationships among them. A shape 

grammar contains a vocabulary, a set of spatial relations defined by shape rules, and an 

initial shape made up of the vocabulary. Design grammars recursively involve selecting 

transformation rules and applying them to a candidate structure, until a final structure 

that satisfies design requirements emerges (Brown, 1997). Therefore, shape grammars 

provide a framework and a formal computable mechanism for doing design. It supports 

a smooth way to connect the design end with a logic mechanism, i.e., the system end. In 

a computer system, a shape grammar can be at an intermediate level to explain designs 

within a logical system. Using visual forms (shapes) and visual actions (shape rules) to 

represent design is a beneficial way to capture some qualities of the nature of design, 

including style, culture, intention and behavior.  

In this section, a review on shape grammar from the technique developments to the 

academic applications is presented. In section 2.1.2, the formal definition of shape 

grammars are given. In section 2.1.3, the history of shape grammars in terms of 

techniques are presented. In section 2.1.4, the applications from academic world and 

practical world are described, ranging from architecture, production, engineering and 

design. The important features of shape grammar related to design study are discussed in 

section 2.1.5. 

2.1.2 Definitions 

For a better understanding of grammar based approach to design, the basic definitions of 

shape grammars are listed here. Most of them are defined at the basis of the formal 

definition by Stiny (Stiny, 1977, Stiny, 1980a). In order to achieve the comprehensive 
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explanation, some of the basic definitions are updated with the key concepts consistent 

with the current advancement in CAD and parametric technology.  

Definition: Shape. A shape is a limited arrangement of visual elements, including 

points, lines, planes, surfaces and volumes, defined in a Cartesian coordinate system 

with spatial relationships. 

Definition: Sub-shape. One shape is a sub-shape (part) of another shape whenever 

every part of the first shape is also among the parts of the second shape (denoted by s1   

s2). 

Here the shape/sub-shape is the general visual form in design, not limited by 

dimensionality.   

Definition: S
+
 and S

*
. The set of all shapes made of the ones in a given set S is denoted 

by S
+
. With a mathematical terminology, the set S

+
 is the least set containing all of the 

shapes in the set S that is closed under shape union and transformations. For a given set 

of shape S, the set S
*
 contains S and the empty shape S . 

Definition: Label. A label is a sign or a symbol associated with a shape/sub-shape for 

the following shape operations, such as the application of shape rule.  

The labeled shape consists of two parts, a shape and a set of labels. More precisely a 

labeled shape   is given by an ordered pair   = <s, l>, where s is a shape and l is a finite 

set of labels. The empty labeled shape is given by <S ,  >. 

The Euclidean transformations are translation, rotation, reflection, scale or finite 

composition of them. A transformation that does not involve scale is called an isometry. 

Any transformation of the empty shape is the empty shape. A transformation   of a 

shape s is the shape denoted by   (s). The general expression of the Euclidean 

transformation can be seen in literature in (Krishnamurti, 1981). 
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Definition: Shape rule. For computational completeness (and consistency) a shape rule 

can be presented as follow: 

  {
[   ( )]   ( )                                                      
                                                                                                 

 

in which   is a labeled shape,   is transformation,   is the left side shape,   is the right 

side shape. 

Definition: Shape grammars. A shape grammar has four components: 

(1) S is a finite set of shapes; 

(2) L is a finite set of symbols; 

(3) R is a finite set of shape rules of the form    , where   is a labeled shape in (S, 

L)
+
, and   is a labeled shape in (S, L)

*
; and 

(4) I is a labeled shape in (S, L)
+
 called the initial shape. 

Although the formal definition of shape grammars was introduced in 1980 by Stiny, 

currently, many studies are still working on it. 

The parametric shape grammar definition was also defined in 1977 by Stiny (Stiny 

1977). 

Definition: Parametric shape grammar. A parametric shape grammar has five 

components: 

(1) S is a finite set of shapes. 

(2) L is a finite set of unordered sets of labeled points. 

(3) R is a finite set of shape rules of form αβ, where α and β are labeled 

parameterized shapes: α=<u, i>, and β = <v, j>. Any assignment g to the parameters in 

the parameterized shape u and v, and the unordered sets of labeled parameterized point 

i and j, results in shape g(u) and g(v), that are in S*, and unordered sets of point g(i) 

and g(j), that are in L+ and L* respectively. 
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(4) I is a labeled shape such that I=<w, k>, where w is a shape in S
*
, and k is an 

unordered set of labeled points in L
+
. The labeled shape I is called the initial shape. 

(5) T is a set of transformations. 

For practically implementing shape grammar on some forms of computing machine, 

Krishnamurti(Krishnamurti, 1980) proposed a ‗Rational‘ concept to limit the parameter 

into integral unit. This makes for inexact arithmetic in accordance with the drawing 

shapes. 

Definition: Rational: A point p is rational if and only if each its coordinates x1(p), …, 

xd(p), d≥2, can be expressed as the ration of two integers. A labeled point p:A is 

rational if and only if p is rational. A line l, l = {p1, p2}, is rational if and only if its end 

point, p1 and p2, are rational. A shape s is rational if and only if each of its maximal lines 

(all parts of the shape) is rational. A labeled shape σ, σ = <s, p>, is rational if and only if 

s is rational and every labeled point in point set p is rational. 

To formalize the standard shape computation, a concept of shape algebra is involved in 

shape grammars‘ studies. 

Definition: Shape algebra. A shape algebra Uij contains shapes made from points, lines, 

planes, or solids arranged in a space of some dimension—0D, 1D, 2D, or 3D—that is 

equal to or greater than the dimension of the shapes in it. 

It can use the shape algebra Uij to represent the computational complexity of a shape 

grammar. For example, the shape algebra U12 consists of shape made up of lines in the 

plane, which means one shape grammar can consider the one-dimensional shape 

computation in a two-dimensional shape space. 

2.1.3 Development 

In this section, the history of shape grammars‘ technical development is discussed.  
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2.1.3.1 Shape representation 

Shape grammars represent design in form of either design languages (a descriptive way 

to present how design is generated) or design computation (a mathematic way to 

illustrate the shape operations by shape rules). From a perspective of design cognition, 

shapes are basic visual forms involving the design process to show design thinking. 

From a perspective of design computation, shapes are fundamental operators in 

algorithmic grammar mechanisms.  

Some shape representations in shape grammars are discussed here, not including the 

general shape representation which is the topic of later chapters.  

The study of shape grammars began from simple forms—2D line-based way. The 

concept of ‗rational‘ makes it is possible to represent line-based 2D shape by 

decomposition of Boolean operations and relations. So, a shape can be represented by 

maximal lines and labeled points of the labeled shapes to which they apply 

(Krishnamurti, 1980). This representation supports the requirements of shape 

computation: linked lists and balanced binary trees. The mathematical and 

computational definition of this representation and relevant issues on shape rule 

application are introduced in the literature (Krishnamurti, 1981). 

For convenient shape operations, shape segmentation thinking (Krishnamurti and Giraud, 

1986) is concerned with representing the shape based on the way of maximal line.  

―A line segment l, l = <t(l), h(l)>, is given by its end points t(l) = [x(t), y(t), …], h(l) = 

[x(h), y(h), …], that are reprehensively referred to as the tail and head of l.‖ 

The shape segmentation, simply speaking, is the way to use lower dimensional elements 

to represent higher dimensional forms. In this case, two end points can be used to 

represent a straight line. It permits the shapes represented in this way to be compared 

with others in a decreased or increased sequence.  
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At this time, line drawings and arrangement of lines in space are shapes. For better 

shape recognition, every shape has a unique set of maximal lines. This set contains the 

smallest number of the longest lines that combine to make the shape, and it is given 

canonically to determine the shape. 

The algebraic model of shape is mathematically uniform for 2D line-based shapes. The 

corresponding maximal-line representation is essential for the concept of shape 

emergence and for supporting computational design such as in a generative process to 

search in the exploration. There is a partial relationship(Stouffs, 1994) in the algebraic 

model is introduced to define a shape by a partial order relation ( ). Some emergent 

shapes can be created by the partial relationship working on two regular shapes. 

Even the maximal line representation is good for shape recognition and computation, the 

lengthy expression is not friendly enough to understand especially for some complex 

shapes. The CSG tree (Arbab, 1990) can represent them in a structured tree based on 

some fundamental shape sets. An extended CSG tree represents a shape by some 

regularized set operators and assembly operators on primitive solids. 

 

 

Figure 2-1: Extended CSG tree(Arbab, 1990) 
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From the ways for representing a shape (2D), it can be concluded that the initial aim of 

early shape grammars was to depict images and shapes, not for generation (Kirsch and 

Kirsch, 1988). No matter the maximal lines and CSG tree, it worked well on presenting 

the shape accurately, but they were hard to be used to generate new meaningful designs. 

In order to fully understand a shape, the topology relations are as important as the shape 

configuration. In a design situation, shapes can have special semantic meanings.  

The knowledge about formal properties of vocabulary elements and their relationships 

concerns topological configuration of a shape. The matrix(Çağdaş, 1996) can be used to 

transfer the spatial relationships into numerical information which is easy to compute. 

The topological relation of shapes can be represented by different arrangement of 

numbers in matrix (Figure 2-2 (a)). The special layout plan can be represented by 

different numbers in matrix (Figure 2-2 (b)). In Figure 2 (b), the three relations from left 

to right are: ‗Corner relations‘, ‗Partial relations‘ and ‗Complete relations‘. 

 

The PAL (Parametric Attributed Labeled) shape(Brown et al., 1996) is a way to extend 

the definition of parametric shapes by adding a new variable, i.e., the label attribute. In 

this way, through specifying the values of attributes, parts of semantic meaning of shape 

can be included. This representation is commonly used in set grammar (similar to shape 

 (a)                                                                        

(b) 

Figure 2-2: Matrix representation of topological relations(Çağdaş, 1996) 
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grammars, just running the mechanism based on symbols).  Therefore, the definition of 

a parametric attributed set grammar is a six-tuple (S, L, A, E, I, R) such that 

(1) S is a finite set of shapes; 

(2) L is a finite set of labels; 

(3) A is a finite set of attribute types; 

(4) E is a finite set of instantiated external attributes; 

(5) I is a finite set of PAL shapes, called the initial set; 

(6) R is a set of set rules. 

The majority of early shape representations in shape grammars focused on the straight 

line shapes in 2D. This was because of the difficulties of curvy shape representation and 

computation. However, there were still many works to represent curves by orthogonal 

methods. One way was to generate curves by the control points of grids. Another way 

was to generate the skeleton by straight lines, and then transform the straight lines into 

curve lines by their end points.  

With the development of advanced visualization technology, the complex 3D shapes 

appeared increasingly. The CGA (Computer Graphics Architecture) shape(Müller et al., 

2006), a novel shape grammar for the procedural modeling of CG (Computer Graphics) 

architecture was introduced. It can produce building shells with high visual quality and 

geometric details. CGA shape is a way to represent a shape in a down-top stream. There 

are many basic 3D visual components. Combining the assemble method, the 

components can be put together in a sequential way to generate the final shapes (mostly 

are buildings). 

Sometimes, shapes are not recognized as a whole, but partially. In order to be close to 

the human designers‘ perception, not only the whole shape, the part of shape (sub-shape) 

representation was also studied. Yue and Krishnamurti(Yue and Krishnamurti, 2008) 
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introduced a graph-like data structure that can support a flexible way to represent the 

sub-shape and sub-relationships in a graph-based way, as seen in Figure 2-3. 

 

In Figure 2-3, there is a boundary node for each corner of the rectangular space, as well 

as a node for each endpoint of a wall. These nodes are connected by either a wall edge 

(solid line) or an empty edge (dotted line). A central node represents the room 

corresponding to the space, and connects to the four corners by diagonal edges (dashed 

line). 

Of course, there are many other ways to represent shapes which can be used in shape 

grammars. Here, I only discussed the ones which are related to this study. General shape 

representations will be presented in Chapter 5. 

2.1.3.2 Shape recognition 

Shape grammars express design in a formal way as a representation. Within such a 

representation, another issue is how to identify interesting shapes/sub-shapes by an 

algorithm in logic systems.  

There was a classical shape/sub-shape recognition algorithm introduced by 

Krishnamurti and Earl (Krishnamurti and Earl, 1992), which can still workable in the 

 

Figure 2-3: Examples of rectangular spaces and graph-like data structures(Yue 

and Krishnamurti, 2008) 
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current shape grammar studies. This algorithm can solve the sub-shape recognition 

problem based on maximal line representation. The maximal line was also developed 

into maximal planes for 3D shape recognition with the arithmetical definition on 

orthogonal line-based shapes. 

Sometime, interesting shapes are not considered as a whole, but the partial ones. 

Experienced designers can more easily find ‗good‘ shapes than others. Identifying 

emergent sub-shapes is a trivial skill for human being (such as experienced designers), 

but it is very difficult for a computer by algorithm. In order to realize it, the shape 

recognition should be able to find the desired shapes in an implicit way. Liu (Liu, 1995) 

defined four categories of sub-shapes which is helpful to identify various shapes on 

design cognition and computation: 

(1) Explicit, closed sub-shape; (Figure 2-4.a) 

(2) Explicit, unclosed sub-shape; (Figure 2-4.b) 

(3) Implicit, closed sub-shape; (Figure 2-4.c) 

(4) Implicit, unclosed sub-shape; (Figure 2-4.d) 

 

In this work, the Threshold of Recognizing Activation (TRA) introduced in human 

cognition was used in distinguishing between targets and distracted images. 

 

Figure 2-4: Classifications of emergent sub-shapes 
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For better computational support, Sourfi and Edmonds(Soufi and Edmonds, 1996) 

introduced another two types of sub-shape categories: embedded shape and spatially 

completed shapes. For the embedded shapes, these are the shapes all of whose 

boundaries existed in the original pattern. Usually, they arise due to the perceptual 

ambiguity associated with the patterns composed of overlapping shapes. For spatially 

completed shapes, they are defined to be the shapes that are partially or totally occluded 

in the original pattern. Normally, they arise due to the transformational process. There 

are some examples shown in Figure 2-5. 

 

In parametric shape grammars, a decomposing thinking (McCormack and Cagan, 2002b) 

was introduced to break the traditional limitations on sub-shape detection in order to 

find more novel sub-shapes. In this approach, the judgment of shape recognition and 

sub-shape detection was not based on the general geometric parameters, but the different 

result on specific feature persistence, such as symmetry and intersection situation. A 

parametric shape can be achieved through decomposition of shape into a hierarchy of 

sub-shape ordered by a sequential restriction.  

Knight and Stiny (Knight and Stiny, 2001) categorized computational paradigms as 

classical or non-classical in two aspects: representation and process. Classical 

representations are those that adhere to a reductionist philosophy. Non-classical 

 

Figure 2-5: Emergent sub-shape shown by transformational process.(Soufi and 

Edmonds, 1996) 
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representations can be seen in a variety of ways without being judged right or wrong; 

visual representations generally fall in this category. Therefore, a shape represented in 

one way should be possibly decomposed into different ways to be recognized. 

In addition to orthogonal shapes, sub-shape recognition issue involves the study on 

curvy shapes. McCormack and Cagan introduced a two-steps method (McCormack and 

Cagan, 2006) for identifying and comparing the shapes based on curve lines.  In the first 

step, a set of potential matches were worked out on the basis of a representative straight-

line shape. In the second step, the subsequent comparison was made for the validation or 

rejection of the potential matches based on the actual curves. Between the two steps, 

users were allowed to interact with the shape-matching process by their own intentions. 

The Distinct Points were used to represent the simulation of straight line shapes. 

The decomposition points (Prats et al., 2006) were introduced for flexible shape 

decomposition and sub-shape detection. The decomposition points were normally placed 

on the contour line, although exceptions were not precluded and there was no limit to 

the number of decomposition points. By the decomposition points existed in the contour, 

each element was represented by a decomposition line that joined the two extremities of 

each element. Through re-link the decomposition points, some new shapes were 

generated, Figure 2-6. 

 

 

Figure 2-6: Application of decomposition points.(Prats et al., 2006) 
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Although shape grammars can be considered as visual design computation, visual 

approach can be used together with the combination of mathematic methods.  

An early shape synthesis system (McKay et al., 2008) adopted a computer vision 

approach that involved comparing images in the form of bitmaps according to a distance 

metric. For image matching, the algorithm checked whether a template image 

(representing the sub-shape to be detected) was present in a testing image; the lower the 

separation distance value was, the better the match. 

Another work on shape detection with the vision approach (Jowers et al., 2010) 

considered not only the completed shape match, but also the similar comparison. The 

Hausdorff Distance was introduced to compute the degree of similarities. Therefore, the 

2D shapes were not limited by their geometric properties, such as lines, curves or 

rectangles. 

The issue of shape recognition or sub-shape detection is essential in a shape grammar 

application, especially for the computer automation. The distance between human 

designers‘ perception and the recognition by computer vision makes it difficult to 

implement merely by algorithms. 

2.1.3.3 Shape rules 

Shape rules are the basic shape operations in shape grammars. It is the way to transform 

the shape from an initial status to the satisfactory status. However, after nearly forty 

years of studies, the progress on how to make the shape rules more efficiently is still 

slow. 

Generally, rule application to a shape proceeds as follows: (1) finding part of the shape 

that is geometrically similar to the left side of a rule in terms of both non-terminal and 

terminal elements; (2) finding the geometric transformations (scale, translation, rotation, 

mirror image) which make the left side of the rule identical to the corresponding part in 
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the shape; (3) applying those transformations to the right side of the rule and substitute 

the right of the rule for the corresponding part of shape.  

The overall way to run a shape rule in shape grammars is based on the classical shape 

replacement. 

For increasing the diversity of new shape alternatives, a lot of works have been done on 

improving the functions of shape rules. Many new kinds of rules with different functions 

have been introduced. 

The shape replacement procedure can be specified precisely and unambiguously by a 

shape equivalence rule (Knight, 1981)    , where   and   are the shapes that can be 

transposed or replaced according to some spatial relations. It is applied recursively to a 

spatial relation to derive new spatial relations in much the same way that an equivalence 

rule is applied recursively to a word in an associative calculus to produce new words in 

the calculus. Simply speaking, the function of equivalence rules is to ignore the 

direction of shapes. Through changing the directions, the same rule can generate more 

shape alternatives for the novel generation, see Figure 2-7. 

 

Another kind of new rule is the ‗useless rule‘ (Jowers et al., 2011). The reinterpretation 

mechanism afforded by shape rules is fully captured by identifying the shape rules, so-

called ‗useless rules‘. These are shape rules of the form AA, where a shape A is 

recognized and replaced by itself. Application of an identity shape rule to a shape S, 

results in the shape (S-t(A))+t(A), where t is the transformation under which the rule is 

applied. The resulting shape is visually identical to the shape S, and in a generative 

process such a rule is useless because it does not modify a shape in any way. But, in an 

 

Figure 2-7: Application of equivalence rule 
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explorative process it is an important observational device that supports reinterpretation 

of the structure of the shape according to sub-shape recognition. 

Actually, the natural idea of useless rule is the flexible shape identification. Although 

the shape is replaced by the same one, if the shape recognition is different, then there are 

still many new cases that can be found, see Figure 2-8. 

 

For 2D/3D shape rules, there is a comparatively mature system existed to classify the 

categories of rules. There were seven general shape rules(Lim et al., 2008) which were 

identified:  Add, Cut, Chang view, Delete, Outline transformation, Replace, and 

Structure transformation. Under every general category, it can be sub-divided into 

lower-order rules. Therefore, in this way, a structured general rule system is concluded.  

2.1.3.4 Grammatical mechanism 

Stiny (Stiny, 1980b) introduced the way to run shape grammar through a mechanism 

with the application of the Kindergarten method. This mechanism was based on a series 

of geometrical gifts and a system of categories of geometrical forms. Similar to the 

situations in kindergarten, the ‗child‘ played with one another of the gifts to discover its 

properties and possibilities for design. Whenever he/she reached impasses, he/she could 

 

Figure 2-8: Application of useless rules.(Jowers et al., 2011) 
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turn to his/her ‗mother‘. The ‗mother‘ invoked one or more categories to suggest a new 

avenue or a new direction of play. The ‗child‘ was thus encouraged to think about the 

certain kind of designs that could be made with the gifts. 

Designs languages created in this process had five aspects: 

(1) A vocabulary of shape is specified; 

(2) Spatial relations between shapes in the vocabulary are determined; 

(3) Shape rules specified in terms of the spatial relations; 

(4) Shapes in the vocabulary are combined to form initial shapes; 

(5) Shape grammars specified in terms of the shape rules and the initial shape. 

The Kindergarten method matched the description of design (Schon and Wiggins, 1992), 

i.e., a cycle of seeing-moving-seeing, or the model of error-test-error way. 

After the working procedures were introduced, two roles of labels and two kinds of 

labels were defined by Knight (Knight, 1983). These two kinds of label were the state 

label and spatial label, which can lead to two distinguished functional rules. The former 

one can change the state of the labels, used to control the transformation recursively. 

The latter one changed the shape based on the different spatial relationships, which was 

used to generate newer and more novel shapes. 

Through early studies, it was found that there was a little conflict between two abilities 

of shape grammars: the generative power and the analysis function. In order to 

overcome this problem, in recent years, many researchers made use of the generative 

power combined with some other analysis methods or intelligent technologies (AI). 

The Principal Component Analysis(Orsborn et al., 2008a) was a method to project a 

large dimensional set of data into a smaller set of dimensions, where the smaller set of 

dimensions captured as much information content as possible from the original space. It 
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was helpful for analyzing some useful information such as new shape rules for the shape 

grammar mechanism. 

Generative shape grammars need users‘ involvements in order to supervise the direction 

of generation. Many AI technologies were used, working together with shape grammar 

methods, such as Genetic Algorithm (Caldas and Norford, 2002, Hsiao et al., 2010), 

Genetic Programming (崔嘉 et al., 2013), Cellular Automata(Speller et al., 2007) and so 

on. These methods worked very well on design automation with little barriers on the 

design evaluation by fitness functions.  

2.1.4 Applications 

2.1.4.1 Shape grammars application 

Shape grammars have already been used as powerful design tools to analyze, simulate 

and create design objects in various areas. In this section, the mostly studied shape 

grammars and their applications will be reviewed. Through the existing works, the 

methods and experiences can be learnt. 

2.1.4.1.1 Architecture applications 

Commonly, the work on architecture design is the major one of shape grammars‘ 

application. There were many famous shape grammars on the analysis of existed 

building styles. With the involvements of CAD systems, some works generatively 

created new buildings at the basis of research corpora. Recently, some researchers on 

urban planning began to notice the functions of shape grammars. 

The Palladian grammar (Stiny and Mitchell, 1978) was an earlier case to use a 

parametric shape grammar that generated the ground plans of Palladian‘s villas. The 

focus of this work was to develop a definition of Palladian building style. There were 
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eight stages which corresponded more or less to a natural and intuitive design process. 

However, through the analysis of the Palladian grammar, three problems arose: 1) the 

grammar had no explicit sequence of rules; 2) it was possible to have invalid design 

outcomes; 3) there was no easy way to go back or undo the shape rules. 

The Buffalo grammar (Downing and Flemming, 1981) presented drawings of a small 

sample of houses from early suburban developments in Buffalo, New York. It 

concentrated on the conventions which governed the organization of shape and establish 

linkages with other house types in the popular tradition. The Buffalo grammars was 

developed to express the conventions through the schemata of a parametric shape 

grammar which allowed differences between bungalows to be explained as different 

geometric realization of a shared set of conventions. 

The parametric shape grammar of specification on the prairie-style houses in Frank 

Lloyd Wright was presented by Koning and Eizenberg (Koning and Eizenberg, 1981). It 

analyzed the corpus of 12 existed houses, the generation of the series of shape rules 

helped to transform and rebuild the model with features received above. There were 18 

schemata that can be used to generate eighty-nine basic compositions for this style, and 

then the next step considered the issue of ornamentation. Three new styles of prairie-

style building can be created by this grammar. 

The Queen Anne house grammar (Flemming, 1987) generated houses in the Queen 

Anne style of which dominated domestic architecture in the US in the 1880s. The 

grammars were developed to express how the basic plan can be created, and articulated 

the relationships in the features of plan. In this work, 3D forms were used to generate 

the grammars, although in the manual way. 

In 1993, a parametric shape grammar (Buelinckx, 1993) that characterized the plan 

design of Wren‘s City churches was introduced. Four basic types were defined formally 

by shape-rule lattices. Complex compositions were characterized as variations of these 
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simple types. This work showed the powerful presenting ability and formal descriptive 

functions of shape grammars. 

The Taiwanese dwelling grammar (Chiou and Krishnamurti, 1995) were developed to 

exemplify and visually explain the style of Taiwanese traditional vernacular dwellings 

by the form of rules of composition. There were 120 shape rules and 17 stages used in 

this work to depict every step to generate a house. Through the shape representation by 

parameters, the generation process and construction can be represented. 

The row-house grammar (Cada, 1996) was introduced based on the generative capability 

of grammar and reasoning capability of knowledge–based system and their integration 

in a prototype. Formal analysis established a vocabulary of form and formal 

relationships in architecture. Syntactic analysis helped to define and classify syntactic 

elements and operations in architecture. Shape grammars provided a method for 

syntactic analysis as well as formalism for representing knowledge. 

Çağdaş (Çağdaş, 1996) introduced a parametric shape grammar which can generate the 

plans of traditional Turkish house. The main vocabulary element in the shape grammars 

were rectangular and triangular blocks with some constrains by parameters. The other 

vocabulary elements used in this work were produced by combining two or more 

elements of this vocabulary. Two types of knowledge: the knowledge about the formal 

properties of polygons and the knowledge about dimensional properties of polygons 

were discussed. There were two novel ways to run the shape grammar. In the first 

approach, a rectangular schema or a grid was generated at the initial stage and then 

refined in order to generate a plan composition in further progressive stages. The spatial 

relations were represented through hierarchical rule-set. In the second approach, the 

generation process started by locating a certain space and proceeds by adding the other 

space to the plan composition. In this way, spatial relations were represented through 

multiple rule-set. 
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Shea and Cagan (Shea and Cagan, 1997) introduced a computational structural design 

tool which focused on deterministic structural optimization method, and provided design 

solutions on geodesic dome design. Shape annealing, a simulated annealing optimization 

on a shape grammar representation, was introduced as a design technique for the 

generation of optimally directed designs of shape (Cagan and Mitchell, 1993). 

Optimally directed design is an approach to design optimization that directs the design 

generation toward the numeric range of a global optimum. Design style can be 

incorporated in the design process through multi-objective optimization of design goals. 

Yingzao Fashi (Building standards) is a Chinese building manual written by Li Jie (DC 

1110) and published in 1103, see Figure 2-9. The Yingzao Fashi grammar (Li, 2002) is 

introduced by Li in 2002 as a definition of design style. In this work, shape grammars 

were used to characterize the definition formally and graphically. The antecedents for 

each rule of this shape grammar were unique; therefore each rule would apply in only 

one situation. This helped make explicit on which rule was applicable. The Yingzao 

Fashi grammar also introduced a new problem which was necessary for repetitive 

application of a rule. 

 

In 2003, Gu and Maher (Gu and Maher, 2003) introduced a work not special on shape 

grammars, but by using shape grammar as the tool to build an visual architectural 

 

Figure 2-9: Generation by Yingzao fashi grammar (Li, 2002) 



35 
 

environment. Through the user interactive communication, the rational agent generated 

user-centered visual buildings based on their own requirements. 

The Caravanserai grammar (Andaroodi et al., 2006) can generate new types of buildings 

by a group of selected shape rules to simulate a corpus of architectural heritages, named 

Silk Road caravanserais. This was an ontology based shape grammar schema which can 

extract the semantic meanings which were compatible with a language for computer. 

AutoCAD was used as a tool to carry the mechanism of shape grammars. 

Most of the reviewed works here involved manual work while some were automatically 

controlled by computers. Just like what Tapia (Tapia, 1999) mentioned, the computer 

implementations of shape grammars should make machines to handle bookkeeping tasks 

and allow designer to focus on creative activities. The shape grammars played a role as 

the design translator for the design objects and the logic mechanisms. With the advanced 

computer technologies, not only the analysis and generation of shape grammars, but also 

the wide massive production abilities were studied by many researchers. 

The Discursive grammar (Duarte, 2005) was introduced by Duarte in 2005. This work 

showed the application of a modeling approach to the development of an interactive 

computer system for exploring house solutions with a given style (Siza‘s house) and the 

goal of customizing mass housing. Normally, when a designer is faced with the design 

of a large development, the solution is to design a limited number of house types and 

then to repeat them based on some research, such as market analysis or custom 

requirements analysis. In this study, the discursive grammar helped the designers to 

generate more solutions automatically. The heuristic fitness functions and spatial 

weights were used in this process. 

The CGA (Computer Graphic Architecture) shape (Müller et al., 2006), a novel shape 

grammar for the procedural modeling of CG architecture, produced building shells with 

high visual quality and geometric details. This was a good case to combine with the high 
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visual technology and the shape grammars mechanism for architecture design, see 

Figure 2-10. The idea of modeling urban environments using shape grammars was 

explored by Parish and Muller (Parish and Müller, 2001) and Wonka (Wonka et al., 

2003). On the one hand, Parish and Mullar showed how to generate large urban 

environments where each building consisting of simple mass models and shapes for 

façade detail. One the other hand, Wonka demonstrated how to generate geometric 

details on façade of individual buildings. 

 

Critically speaking, the CGA shape grammar was a good way to construct a highly 

detailed building by the way of shape grammars. Some CGA shape rules were finished 

by the designers in manual way. However, the value of massive, high resolution 

building demonstration was impressive for the practical architectural work. 

Markus Lipp et al (Lipp et al., 2008) introduced an interactive visual editing grammar to 

produce architecture algorithmically. This was a real-time visual editing paradigm for 

shape grammars allowing the creation of rule-bases from scratch without text file editing. 

By using semantic tagging and semantic selections, this work generated the complex 

building in semi-automating way. The direct designer dragging and selection was 

friendly enough for the interaction between system and uses. Several design samples 

shown in Figure 2-11. 

 

Figure 2-10: Application of CGA shape (Müller et al., 2006) 
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The master planning grammar (Halatsch et al., 2008) described the application of 

procedural modeling methods to automatically derive 3D modes of high visual solution 

for a highly detailed and quick visualization of complex city modes. The CGA shape 

was used. This semi-automatic approach can drastically reduce and ease complex and 

time consuming design task in the planning of urban designs. A stochastic shape 

grammar for the automatic creation of large urban scenarios in visual 3D environment 

was used. 

The Urban grammar (Beirão et al., 2009) presented a shape grammar for planned urban 

spaces intending an implementation for generative urban design. The concept was an 

extension of the discursive grammar schema and adapted to urban design area. The 

generation module was composed of three main parts: an Otology, an Interpreter and an 

Interface. 

Koutsourakis et al  (Koutsourakis et al., 2009) introduced a shape grammar on 3D shape 

reconstruction. It described a way to use shape grammar along with Markov Random 

Field (MRF) framework in order to retrieve the semantics and the geometry of 

challenging façade. The outcome of this process enabled users to bridge gaps between 

2D segmentation and 3D reconstruction from a single view. 

 

Figure 2-11:Samples of grammar-based procedure architectural (Lipp et al., 

2008) 
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ArchiDNA(Kwon et al., 2009) was an interactive system for creating 2D and 3D 

conceptual drawings in architectural design. It defined a unique shape generation 

process called ‗Match-and-Attach‘, which attached one or more shapes (an applier-

shape) to another shape (a base-shape). Match-and-attach consisted of affine transforms, 

(i.e., a combination of translation, rotation, and scaling) that were controlled by the 

geometrical properties of a base-shape. The process was unique in terms of semi-

automatic shape generation that used the combination of the designers‘ manual input 

and the algorithmic shape operations with defined stylistic properties. 

For clarification, I build a form of all the reviewed works on architecture design by 

shape grammars, listed in Table 2-1. 

Table 2-1: Applications on architecture 

Year Author Name 
Dimensi

onality 
Function 

1978 Stiny and Mitchell Palladian grammar 2D Building 

1981 Downing and Flemming Buffalo grammar 2D Building 

1981 Koning and Eizenberg Prairie-style grammar 2D Building 

1987 Flemming Queen Anne grammar 3D Building 

1993 Buelinckx Wren‘s City Church grammar 2D Building 

1995 Chiou and Krishnamurti Taiwanese dwelling grammar 2D Building 

1996 Cada Row-house grammar 2D Building 

1996 Çağdaş Turkish house grammar 2D Building 

1997 Shea and Cagan Dome grammar 2D/3D Building 

2002 Li Yingzao fashi grammar 2D Building 

2003 Gu and Maher Visual architectural grammar 2D/3D Building 

2006 Andaroodi et al. Caravanserai grammar 2D  Building 

2005 Duarte Discursive grammar 2D/3D Building 

2006 Muller et al. CGA shape 3D  Visualization 

2008 Lipp et al. Interactive visual editing grammar 3D Building 

2008 Halatsh et al. Master planning grammar 3D Urban plan 

2009 Beirao et al. Urban grammar 3D Urban design 

2009 Koutsourakis et al. 3D shape reconstruction 2D/3D Reconstruction 
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2009 Kwon et al. ArchiDNA 2D/3D Building 

From the applications of shape grammars on architecture, it can be concluded that there 

are three functions which are concentrated: the analysis ability (to analyze the corpora of 

existed building styles); the generative ability (based on the results of analysis to create 

more building alternatives which can keep the features received above); the massive 

production ability (to release the designers/architects from the labor-consuming work). 

2.1.4.1.2 Product applications 

Shape grammars can capture design details including some implicit features by the rule-

based mechanism. The applications ranged from furniture design, mechanical design, 

and engineering design and so on. There are two focuses on this aspect: the style feature 

and the time consuming issue. 

Knight (Knight, 1980) introduced a parametric shape grammar on the generation of 

Hepplewhite-style chair-back design. The curve lines were used to depict the contour of 

the chair. Straight lines were used to generate the skeleton structure of the chair, and 

then the correspondent curvy transformation was generated. This was a very smart 

approach to execute the curvy design at the early stage of shape grammar application.  

However, this grammar was made by hands. Parts of the curvilinear shapes were shown 

in Figure 2-12. 

 

 

Figure 2-12:Basic curvilinear shapes based on rectilinear form (Knight, 1980) 
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Reddy and Cagan (Reddy and Cagan, 1995) presented an improved shape annealing 

algorithm for truss topology generation and optimization, based on the techniques of 

shape grammars. The algorithm featured a shape optimization method using only 

simulated annealing with a shape grammar move set; while no traditional gradient-based 

techniques were employed. 

Borrowing the descriptive functions of shape grammars, the semantic factors in form of 

qualitative representation—questionnaire collection—were considered in the product 

design process for pursuing customers‘ requirement. A wire-framed chair design (Hsiao 

and Chen, 1997) was presented to support this research. For a curvy solution, the B-

spline curves were used in the generating process. The integration between subjective 

assessment and numerical parameters was used to work for the final product generation. 

Although the wire-frame of chairs was based on two-dimensional curves, the final 

design was rendered into the three-dimensional effects. 

The coffee maker grammar was the most famous application of shape grammars in 

product design. It proved that the shape grammars and the languages they defined can be 

an ideal means to generate and represent design where basic functionality can be 

decomposed into discrete process. Through depicting shapes in three side views: the top, 

side, front views; the information represented by shape grammars can be used to 

generate the 3D designs by the values of parameters. The generative abilities of shape 

grammars was utilized in this approach. By modifying only a few of shape rules applied 

during the design process, completely different designs can be produced, see Figure 2-

13. 
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The Harley-Dividson grammar (Pugliese and Cagan, 2002) can capture brand identity 

by shape grammars on two-dimensional motorcycle design. There were 43 rules are 

generated for the production of family of motorcycle. 

The inner hood panel grammar (McCormack and Cagan, 2002a) presented an effective 

way for supporting the early stage of mechanic design. This work took the advantage of 

shape emergence to generate novel items. The running mechanism of inner hood panel 

grammar was based on computational design which was different from the traditional 

shape grammar by hands. There were two stages for the rule application: the coarse 

stage and the fine stages. Excepting the user interaction, optimization approaches were 

used to evaluate and evolve the design generations by assessment and penalty functions. 

Li and Schmidi built a designer assistance tool around the EGT(Epicyclic Gear Trains) 

mechanism grammar (Singh and Gu, 2012). The tool automatically generated EGT 

graph structure and functional schematics. In the new EGT grammar(Li et al., 2004), not 

only the outside appearance design, but also the inside relationship about structure were 

studied. The frame (structure) was abstracted as simple images consisted of points and 

lines. Using elemental shape grammar rules to represent the image, the design process 

was formed as image evolution. 

A shape grammar can provide a common language that supports all facets of the design 

by supporting all the participants in the design process in the preservation of brand 

identity. This language was also known as the Brand DNA(McCormack et al., 2004). 

 

Figure 2-13: Generation by Coffee maker grammar (Agarwal and Cagan, 1997) 
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The brand DNA has been used effectively to model shapes inherent to the Buick brand. 

This research provided the way for the brand identification and the style persistence. In 

this paper [76], the curve liens recognition was proposed as an ongoing issue for shape 

grammar application. However, the process was mainly working in a manual way. There 

were two kinds of rules: the creation rule and modification rules, which were introduced 

to different design requirements. 

Using straight lines and circular arcs in algebra U13, and labeled points in algebra V03 as 

basic elements, shape operations between two shapes can be reduced in terms of shape 

operation on their basic elements. It supports the possibilities to run shape grammars in 

computer systems. Chau et al (Chau et al., 2004) presented two case studies, the Coca-

Cola grammar and Head & Shoulder grammar, for the product design by shape 

computation. The former case study was computed using the implementation, which 

was able to incorporate curvilinear basic elements in their maximal representation and to 

support shape emergence. The latter one was also computed using the implementation 

on 2D and 3D area. 

The movement grammar (Asokan and Cagan, 2005) captured how people express 

emotion through movements and interactions. The movement captured was then 

embedded in the design of forms using shape grammars, enabling artifacts to serve as 

the voice of personal expression and cultural identity. The movements were treated as a 

language to convey some specific information. Shape grammars were used to translate 

the qualitative information into the potential quantitative form. Then the shape rules 

extracted from the movements were used to generate some concrete final design. There 

was a case study on the cup design, see Figure 2-14. 



43 
 

 

The Coca-Cola bottle grammar incorporated with genetic algorithm to generate branded 

product was introduced by Mei et al (ALISON MCKAY and PENNINGTON, 2006) in 

2006. This work demonstrated that evolutionary algorithms can be used to generate a 

number of shape grammar rules sequences and associated parameters automatically and 

the designs can be evaluated with respect to a single functional requirement. In this 

study, the volume of the bottle was viewed as the key standard to construct the fitness 

function. This was a good example of the research on the automatic evaluation approach 

working on product design. 

The ―GP-GA-SG‖(Lee and Tang, 2006) control planning strategy was defined to 

manage the variables in product generation by the mechanism of shape grammars. The 

parameters in GA representation were modified by genetic programming (GP) which 

was regulated by control planning strategies named ―GP-GA-SG‖. There was a case 

study on a 3D camera design. A curve surface, NUBUS face, was used in the camera 

design, which increased the aesthetic value of the design and the complexity for 

computation. The parametric thinking was working in this study. Limited by the 

categories of variables, some unintended changes happened and the diversity of design 

results was restricted. 

There are two works on vehicle design by shape grammars in literatures (Orsborn et al., 

2008b, Orsborn et al., 2008a). The thinking of design automation was presented. Shape 

rules were crated according the results of a statistical analysis, not according to 

 

Figure 2-14: Generations created by movement grammar (Asokan and Cagan, 

2005) 
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designers‘ subjective observation. The way of application on shape grammar was 

decided by the requirements of product industry. 

In 2010, Wu(Wu, 2010) introduced a computer-supported Ming-style learning system. 

In this work, the usage of ―Hu men‖ was introduced as an example to illustrate how to 

summarize the relationship between style and form, and represent it with a set of rules. 

This was helpful for learning the style of design through an objective way. 

A formal model of computer-aided visual design system (Grabska and Ślusarczyk, 2010) 

was introduced for automatic reasoning by shape grammars. This logic model can use 

data structures in the form of specific graphs called attributed hyper graphs. It was 

convenient to present design as the elements of a visual language. There was a case 

study of teapot design, see Figure 2-15. 

 

For clarification, I build a form of all the reviewed works on product design by shape 

grammars, listed in Table 2-2. 

Table 2-2: Applications on product 

Year Author Name 
Dimension

ality 
Function 

1980 Knight Hepplewhite-style grammar 2D Furniture 

1995 Reddy and Cagan Truss grammar 2D Mechanics 

1997 Hsiao and Chen Wire-frame chair grammar 2D/3D Furniture 

1997 Agarwal and Cagan Coffee maker grammar 2D/3D Product 

2002 Pugliese and Cagan Harley-dividson grammar 2D Mechanics 

2002 McCormack, Cagan Inner hood panel grammar 2D Mechanics 

 

Figure 2-15: New design of a teapot.(Grabska and Ślusarczyk, 2010) 
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2004 Li et al. EGT grammar 2D Mechanics 

2004 McCormack et al. Brand DNA 2D  Vehicle  

2004 Chau et al. Coca-Cola grammar 2D Product 

2004  Chau et al. Head & Shoulder grammar 2D/3D Product 

2005 Asokan and Cagan Movement grammar 3D Product 

2006 Ang et al. Coca-Cola bottle grammar 2D/3D Product 

2006 Lee and Tang Camera grammar 3D Product 

2008 Orsborn et al. Vehicle grammar 2D Vehicle 

2010 Wu Ming-style furniture grammar 2D/3D Furniture 

2010 Grabska and 

Slusarczyk 

Attributed hyper graphs 2D/3D Product 

 

Form the reviewed works on product design it can be known that the generative 

production of shape grammars were widely used in this area. In most works, the 

persistence of style was essential for generation systems, which mainly relied on the 

shape rules recording the visual information in design process. As the specific 

requirements of product design, from the aspects of functions, material, size, product 

periods, many computer technologies (AI, analysis methods) were used to guide the 

direction of generation. 

2.1.4.1.3 Arts and other applications 

Compared with the architecture and production applications, the application on arts is 

seldom. One reason is that studies on arts mainly depend on the designers‘ intuitive 

creation and the subjective aesthetics. Another reason is the implementation of curve 

lines, curve surfaces and smooth solids which are common in the art design are difficult 

to manipulate in computer systems. 

The early application of shape grammars was the generation of 2D drawing and 3D 

sculpture in 1972 (Stiny and Gips, 1972). Formalism for complete, generative 
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specification of a class of non-representational geometric painting and sculptures were 

defined, which used shape grammars as its primary structural component. 

After the first attempt on arts, an application on Chinese lattice design was introduced 

by Stiny (Stiny, 1977) in 1977. The parametric shape grammars were proposed to 

replace the labeled shape in design language, but of course in manual way. Another 

work on Chinese lattice design was introduced by Mark Tapia (Tapia, 1992) in 1992. In 

the later work, parametric shape grammar provided a method of computation for labeled 

shape. The definition of shape was also improved by the number of lines, relative length, 

the angle between two lines and the relative positions. The Chinese lattice grammar 

demonstrated rich variety of stylistically similar forms that can be generated by a 

parametric shape grammar using a few rules. 

After the first attempts on art design, there was a long time of silence period. Until 2008, 

Zhang and Lin (Zhang and Lin, 2008) represented Tibet Tangka based on a method of 

shape grammars. In this work, some preliminary studies were conducted on the 

classification of Tangka painting by different design features, such as colors and 

symmetry, and by shape rules. There were however, not too many details on practical 

implementation. 

The seldom numbers of shape grammars‘ application on arts can demonstrate the 

difficulties in this area. There are both tangible factors for this difficulty, e.g. the color, 

shape, spatial arrangement and material, and intangible factors, e.g. emotion, intention, 

feeling and subjection. Shape grammars lone can be hard to cover so many issues 

simultaneously.  

Just like the mechanism of running shape grammar, the Kindergarten method, shape 

grammars can be used as a useful teaching assistance tool to help the junior designers to 

understand the design process and create some fundamental solutions quickly. There 

were some applications on design education. 
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The introduction of Yingzao Fashi grammar (Li, 2001) was aimed for teaching the 

architectural style. There were three features of this teaching assistant tool. First, the 

definition of the design source—style of Yingzao Fashi was not primarily an 

enumeration, but a partial generative definition. In this way, it kept the potential possible 

design space for the creation by shape grammars. Second, the author of the grammar 

was also the judge. The students would receive more information than the sources 

themselves. They must make a decision on what they needed to know, what information 

was missing? In other words, the students had to finish the test-error-test cycle by the 

shape grammar mechanism to find the knowledge they required. Second, the students 

were the architects. In the system, the grammar was more than a guide for users, but was 

also a machine for producing. It supported the users to create and visualize the design 

solutions. 

Wu (Wu, 2005) presented a shape grammar interpreter, named Bracket system, focused 

on the traditional Chinese architecture. It allowed the users without architectural 

background to generate some stylistic architecture by the system. 

On the design education area, there are two advantages for shape grammars in design 

teaching process. Shape grammars support a visual environment for the junior design 

students. It is helpful for the users to feel the design mechanism in a direct way. Another 

advantage is the rule-based mechanism represents the steps or procedures of how the 

design is generated. The design language can help the junior students to organize their 

design thinking in their learning process. 

2.1.4.2 Shape grammar interpreter 

Although there are many works on shape grammars‘ applications, the major of them are 

finished in manual way, not by algorithm in computer system. In this section, the 

researches on shape grammar based on design computation, i.e., the shape grammar 

interpreters, are reviewed. 
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An earlier implementation was finished by Krishnamurti and Giraud(Krishnamurti and 

Giraud, 1986) in 1986. This was a simple rule-based shape generation system by 

PROLOG. The PROLOG language provided a declarative programming environment in 

which the statement of a problem and hence, the description of its solution can be given 

as a collection of clauses. This had the advantage of avoiding much of the attention to be 

paid to the nitty-gritty details demanded by conventional programming languages. In 

this interpreter, only the simple 2D sub-shape detection issue was studied. Shapes are 

represented by maximal line-based form. 

Based on wire-frame work, a visual shape grammar system was presented by Hsiao and 

Chen (Hsiao and Chen, 1997) in 1997. This was not a real 3D shape generation system 

which rendered the 3D results by the 2D wire frames. B-splines were used to generate 

the 2D shapes. It had a simple visual interface to show the design results. However, the 

maneuverability was not good enough, and the inputs were based on texts. 

The GEdit (Tapia, 1999) was a 2D general shape grammar interpreter aimed for the 

study of shape computation. In a visual windows interface, the system users can interact 

with the interpreter by the line-based shape to generate some basic designs. The 

designers‘ requirements were considered. The grid web working platform permitted 

users to specify the shape and rules by mouse activities. This was a good work to test the 

running mechanism of shape grammar and find the way how shape grammar can work 

in computer system. 

The 3D shaper(Wang, 1999) was developed by Yufei Wang in 1999 to simulate the 

design produced by manipulating wooden ―Froebel‖ blocks. Compiled for the 

UNIX/SGI operating system, it was a powerful program that enabled the users to 

experiment with three-dimensional shape grammars in ways that were difficult to 

visualize mentally, and sometimes impossible to perform physically. 
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There were some more studies on shape grammar implementation before 1999 shown in 

literature (Gips, 1999). As some of them are not close to this study, they are not cited in 

this thesis. 

The Shaper 2D(MCGILL, 2001, McGill and Knight, 2004) was a program that 

promoted the use of computers for learning about computational design. This program, 

created by a designer rather a programmer, was developed to employ an intuitive, visual 

interface that encouraged a ―learning by designing‖ approach to shape grammar 

education. One advantage of Shaper 2D was the transparent interactivity and the 

dynamic response, see Figure 2-16. The Shaper 2D was developed by both a java applet 

and a stand-alone application. However, sometime, the rules designed by designers can 

lead the design to some dead situations because of the absence of system inspection. 

 

The Grid grammar(Liew, 2002, Liew, 2004) was introduced based on two features, the 

directive and predicate. The former one can help to generate a series of design languages, 

and the latter one can make the grammar to explore more possibilities by parallel 

application. This work was the development of a 2D shape grammar interpreter. The 

system was programmed by Visual LISP programming environment in AutoCAD to 

apply parametric shape grammar rules. The program used a vector description format to 

not only describe a schema but also find a schema in drawing. 

 

Figure 2-16: Shaper 2D interface (MCGILL, 2001) 
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Chau et al (Chau et al., 2004) presented a shape grammar system (SGS) based on shape 

algebra U13 implemented in the Perl programming language. The Perl Data Language 

(PDL) and Perl/Tk were two key modules used in this prototype implementation. They 

were used for matrix manipulation and the graphical use interface respectively. There 

were two case-studies, the Coca-Cola bottle grammar and Head&Shoulder bottle 

grammars are discussed. 

The Discursive Grammar(Duarte, 2005) consisted of a programming grammar 

(description grammar) and a design grammar (shape grammar) on three-dimensional 

mass house application. The former one concentrated on the data transferring from user 

input to system representation, the latter one was concerned with the design generation. 

Therefore, its interpreter named MALAG(Correia et al., 2010) can be classified into two 

modules: PROGRAMA and DESIGNA. The PROGRAMA(Duarte and Correia, 2006) 

was a description grammar interpreter based on user and site data generates the design 

brief, that is, a symbolic description of an adequate house design. PROGRAMA was 

written in Java, encoding the rules with jess—a rule engine for the java platform. From 

the design brief, the second module, DESIGNA, computed a set of designs according to 

some architectural style. It made use of shape grammar to calculate the data received 

from its previous computation. 

The Curved-Shape Match (CSM) interpreter(McCormack and Cagan, 2006) introduced 

a curve-based shape grammar interpreter using parametric sub-shape recognition. The 

interpreter was implemented in C++ and was compiled and run on a Windows 

workstation. Unlike previous interpreters that were limited to nonparametric sub-shape 

matching or parametric shape matching with no emergence, or interpreters of only 

straight lines, this interpreter worked on general parametric features through a 

decomposition technique which allows sub-shape matching. 

In 2008, a prototype shape synthesis system(Jowers et al., 2008) was presented with the 

motivation of studying conceptual design by interactions between sketches and 
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designers‘ mind. There were three steps to generation a desired design: recognition, 

reinterpretation, and transformation by 2D sketches. As its sequel, literature [23] 

continued the system and proposed a new way to solve the sub-shape detection problem 

by a mathematical measure, i.e., the Hausdorff distance, a distance matrix for point sets. 

As such, the shape can be represented as raster images. The system did not rely on 

formal geometry to facilitate sub-shape detection by applying the sub-shape relation to 

any shapes that can be represented in a raster image. At the basis of the previous works, 

the QI (Quad Interpreter)(Jowers and Mckay, 2009, Jowers and Earl, 2011) was 

introduced which were built on these methods. QI is a shape interpreter for shapes 

composed of quadratic Bezier curves arranged in a plane. The interpreter used a 

graphical interface in which shapes and shape rules can be intuitively defined via mouse 

input. QI offered a semi-automatic mode of interaction, which meant that the system 

calculated possible applications of shape rules and the user selects from these which rule 

to apply, and where to apply. QI supported the emergent sub-shape recognition. The 

interface was shown in Figure 2-17. 

 

There was a real-time visual editing system introduced by Markus et al (Lipp et al., 

2008) to create shape rules-base by shape grammar from scratch, not the text type input. 

The main contribution of this work was to enable a visual editing workflow for 

grammar-based modeling by providing the shape operational functionalities. It permitted 

 

Figure 2-17: Interface of QI (Jowers and Earl, 2009) 
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the semantic selection and the persistence of transformations. The users can change the 

shape rules by drag-and-drop conveniently. 

Reis (Reis, 2008) presented a prototype program being developed in Common List. This 

program included the FC (Forward-Chaining), the GEO (GEOmetry) and the SG 

(Shape-Grammar) module of List code. Although the output of this system was simple 

(2D forms), a thinking of creating visual solution by shape grammar automatically was 

proposed. 

Grammar Environment (GE) (Andrew I-Kang Li et al., 2009a, Andrew I-Kang Li et al., 

2009b), a 2D shape grammar interpreter, was proposed by Li in 2009. There were two 

characters, the ‗graphicness‘ and ‗edit-and-run‘ cycle. In the second one, the emergent 

support was discussed. GE was coded in Perl at the basis of previous system design by 

Chau et al (Chau et al., 2004). In this system, users can create some basic shapes, like 

lines and rectangles, by the internal shape editor. Also, users can create more refined 

shape by AutoCAD, and then import the generated models into the GE system. 

Therefore, it can be seen that GE is a applet of AutoCAD. 

There was a semi-automatic shape generation process introduced by Kwon et al.(Kwon 

et al., 2009), named ArchiDNA. The ArchiDNA made use of some basic shapes 

extracted from special architecture styles, and then re-constructed the complex design 

solutions through a repetitive application.  

The 3D spatial grammar interpreter(Hoisl and Shea, 2009, Hoisl and Shea, 2011) was 

proposed towards a more general 3D shape generation, see Figure 2-18. Based on a set 

grammar formulation of spatial grammars using a set of parameterized primitives, it 

allowed for both the development and the application of grammar rules in an interactive, 

visual manner. The interpreter was based on the open source 3D mechanical engineering 

CAD system FreeCAD that was built on top of the source geometric modeling kernel 

OpenCASCADE.  There were two windows for defining new rules and editing the 
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existing ones. The rules were saved as an archive file that consisted of an XML file for 

the free parameters of relations and geometry in terms of R-rep data. 

 

The SGI (Shape Grammar Interpreter)(Trescak et al., 2009a, Trescak et al., 2009b), a 

general 2D shape interpreter, was introduced by Trescak et al based on maximal line 

representation for the rectilinear form generation. There were five good points of the 

SGI: friendly user interface; easy to change/view the properties of shapes and rules; with 

the dynamic usage instruction; easy to switch between different views; draw the shape 

by polyline. In an improved version (Trescak et al., 2012), the viable intersections which 

was any inner or outer intersection of two segments, were used in the shape grammar 

process for enhancing the functionalities of emergent sub-shape. There were two 

algorithms discussed for design generation, a tree structure form and the modified real 

time version.  

For clarification, I build a form of all the reviewed works on shape grammar interpreter, 

listed in Table 2-3. 

Table 2-3: Shape grammar interpreter 

Year Name Tool(s) Application 2D/3D 

1986 Graphic Editor PROLOG Shape Editing 2D 

1997 Wire-Frame Chair 

Design 

Alias/3D studio Furniture Design 2D/3D 

 

Figure 2-18: Interface of 3D spatial grammar interpreter.(Hoisl and Shea, 2009) 
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1999 3D Shaper Java Architecture 3D 

1999 GEdit Common Lisp Shape Computation 2D 

2001 Shaper 2D Java Shape Computation 2D 

2002 Grid Grammar AutoLIST General Application 2D 

2004 SGS Perl Bottle Design 2D/3D 

2005 Discursive Grammar Jess Architecture 3D 

2006 CSM Interpreter C++ Shape Computation 2D 

2008 Real-time CGA — Architecture 3D 

2008 FC&GEO&SG Common Lisp Shape Computation 2D 

2009 QI — Curvy Shape 2D 

2009 ArchiDNA JDK Architecture 2D/3D 

2010 GE Perl/Tk Shape Computation 2D/3D 

2011 3D Spatial Grammar FreeCAD Shape Computation 3D 

2011 Design with Vision — Shape Computation 2D 

2012 SGI Java Shape Computation 2D 

2.1.5 Shape grammars and design 

There are many excellent applications on design by shape grammars mentioned above. 

Shape grammars have becomes a recognized tool to assist design work. Even the major 

works of design are still preceded by hands, the excellent analysis ability and strong 

generating function of shape grammars are helpful for design creation.  

There are many new approaches appeared in design research for assisting designers in 

their working process, such as the parametric methods, fractal design, expert system, 

data mining strategy, 3D modeling and computer vision, ranging from Data Analysis, 

Artificial Intelligence to the Computer Graphics. Compared with other approaches, 

shape grammars have their own features in the design technology study. Shapes are the 

key factor in shape grammar mechanism as the basic form for carrying all design 

information. Generally, shapes defined as forms can be perceived by their physical 

appearances. A shape rule is a kind of less-complicated design action. It can represent 
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both the transformation of a shape from one status to another desired status and the 

process of the design about how to generate the outvcome (design language). Therefore, 

I re-define the shape grammar in a general way without the limitation on the 

representation and components. 

The shape grammar is a way to represent design by visual forms and in a schema which 

is closer to the nature of design process. 

Sketch is the favorite way for visualization for designers at their early design stage. 

Besides the limitless operations to represent design, the direct visual response is also 

important for design creation. Designers can visualize their design thinking by drawing 

on papers. It looks like there is communications between designers and the sketches 

which they draw. Shape grammars can also support the directly visual communication 

by its visual mechanism. Not like other technologies which are running based on 

symbols and numbers by text input, shape grammars permit the data input, data 

manipulation, data output, all in visual forms which can be understood by designers. 

At present, there are more and more design tasks which require complicated and vivid 

demonstrations to explain design thinking. So the three-dimensional model becomes 

popular. Experienced and evidences (Zhai and Milgram, 1998) showed that human 

performance would be better if there was a dimensional match between tasks and input 

devices. Shape grammars can work with computer graphics in 3D environment. It is 

easy to satisfy the required working platform for the high-quality design representations. 

For design innovation, there are many techniques mentioned in section 2.3 on shape 

grammars to enhance the novelties of shapes. The basic theory of them is to recognize 

and create more partial shapes, i.e., the sub-shape detection. Spatial relations for a given 

vocabulary sometimes allow for the construction of designs with sub-shapes that are the 

shapes in the vocabulary but not the ones actually combined to make the design (Stiny, 

1980b). It looks like the way of seeing a shape by human being. When designers see and 
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describe a complex shape, they don‘t give the full figure, but the parts which they are 

interested in. Different parts of a shape can be noticed by different people, it is one of 

the reasons why there is a multi-reading phenomenon in design evaluation. There was an 

experiment (Lee et al., 2012) which successfully demonstrated one fact about seeing a 

shape: recognizing how a sub-shape emerged from a shape was seen as a normal human 

visual property. So, in shape grammars, shapes should be much more flexible and not 

necessarily closed (Liu, 1995).  

There is the ambiguity described well by Stiny: ―Shapes are simple filled with 

ambiguities. They don‘t have definite parts. I can divide them anyhow I like anytime I 

want‖ (Troiano and Birtolo, 2014). The ambiguity is caused by the flexible sub-shape 

detection and recognition. Different from the shape computation by text, numbers or 

symbols, shape grammars are one of the earliest computational systems for doing design 

directly through computation on shapes (Lee and Chang, 2010). Shape can keep much 

more information than the symbols or variables extracted from it, even including some 

unconscious one ignored by the shape creator. When designers put multiple shapes 

together, the ambiguities inside the shape may create the most important factors for 

design creation, i.e., shape emergence. 

Apart from computation, emergence (Knight, 2003a) often refers to the perception of 

properties of a thing that are not given explicitly in the thing itself or some 

representation of it. Emergence in shape grammars emulates human creative behavior in 

design. It is intended to give shape grammars some of the same powers and capabilities 

of human designers. 

Knight(Knight, 2003b) classified the emergence into three categories: the anticipated 

emergence, with possible emergence and with unanticipated emergence. 

Anticipated emergence is important for analyzing the applications of shape grammars. In 

an analysis application, a shape grammar is developed to characterize designs (shapes) 
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in an existing style or language. The grammar generates both original and new designs 

in that style. 

With possible emergence, the author of a grammar writes rules and thinks that, perhaps, 

certain shapes might emerge. The author cannot tell definitely, i.e., formally, 

experimentally, or in some other way, whether these shape will appear. 

With unanticipated emergence, the author of a grammar writes rules and computes with 

them. Shapes emerge that were not premeditated or anticipated in any way. In order to 

compute with these shapes, the grammar may need to be updated with the new rules. 

Although unwelcome in analysis applications of grammars, unanticipated emergence is 

essential to many design applications. 

For the computer technologies, such as AI or DM (Data Mining) methods, the symbol-

based or number-based approach can also support the shape emergence, but only in the 

first two categories. The accuracy of computation means that it cannot deal with the 

situations which are not in control. However, in shape grammars, as the ambiguities 

inside shapes may be computed to generate some unanticipated ones, this leading some 

unexpected novel shapes out of ambiguities. That is the reason why many applications 

in design focused on the generative abilities of shape grammars. By the ambiguity and 

emergence of shape computation, the generative mechanisms have the potential to 

explore new design alternatives, even the ones ignored by the authors from original 

design sources.  

2.2 Generative Design 

In this section, the literature review on generative design is presented. Generative design 

is widely used in various areas of design for some 20 years. The design-related issues, 

technique development, computational tools and design applications are reviewed. At 
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the end, several problems regarding generative design which will be studied in this 

thesis are discussed. 

2.2.1 Introduction 

Creative fields are characterized by the generation and manufacture of objects for 

reflection and evaluation (Schön, 1983). Many technologies are invented to support and 

increase the creativities in design and other areas. For years, many designers use digital 

technology to design shapes and spaces using advanced technologies such as generative 

modeling methods with parametric modeling and CAD scripting (Sass and Oxman, 

2006). Generative design approaches have emerged from the search for strategies to 

facilitate the exploration of alternative solutions in design, using computer a variance-

producing engines to navigate large solution spaces and to achieve unexpected but 

viable solutions (Herr and Kvan, 2007). By using generative approach, new design 

alternatives can be explored in huge solution spaces. The generative ability and 

navigation ability are two obvious features for generative design mechanism.  

Celestino Soddu defined that ―Generative Design is a morphogenetic process using 

algorithms structured as not-linear systems for endless unique ad un-repeatable results 

performed by an idea-code, as in Nature‖. Sivam Krish defined that ―Generative Design 

is the transformation of computational energy into creative exploration energy 

empowering human designers to explore greater number of design possibilities within 

modifiable constrains‖. In addition to these definitions, there are different 

understandings and definitions on the concept of generative design. Although the lack of 

a clear and unique definition and formal methods for generative implementation, the 

significance is now widely recognized by architects and design researchers(Shea et al., 

2005). 
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In additional to generating the desired design variety, the generative approaches (rules) 

encode constraints to create only the intended output. Therefore, through a well-

designed system of rules, a generative design system has the capability of maintaining 

stylistic coherence and design identity while generating diverse designs (Granadeiro et 

al., 2013b). 

The main incentive for adopting generative design (GD) systems in design is to use 

computational capabilities to support human designers and (or) automate parts of the 

design process (Singh and Gu, 2012). In some cases, traditional design methods cannot 

explore design ideas before creating design solutions. However, it is an extremely 

tedious, time-consuming and error-prone process to proof the concept by really building 

it. A generative design system supports a feasible way to invoke the nebulous ‗proof of 

concept‘ through systematic examination of evidence and demonstration of design 

performance (Coyne et al., 2002). The proposed generate-and-test (GT) algorithm 

requires the formulation of a generative model (Pece, 2007). From the perspective of 

computer-aided design system, it is hard to formalize design details by sophisticated 

analysis, simulation and rendering software (Chien and Flemming, 2002). It will be 

helpful to overcome the bottleneck by GT algorithm in GD systems. Rule-based or 

parametric-based formulation in generative mechanism can explore more alternatives 

than the design generation by precise design description. 

Generative design process is composed of the following components: 

1. A design schema. 

2. A means of creating variations. 

3. A means of selecting desirable outcomes. 

A generative design process can be defined as having four stages, as shown in Figure 2-

19. The design ideas are extracted and represented in the forms of algorithmic rules. The 
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rules describe general design models which are transferred into detailed design 

representations by adding constraints. After that, generative mechanisms visualize the 

results as the output for designers‘ evaluation. In the whole process, designers‘ 

involvements are required for modifying the design representations and access the 

generations. 

 

Geometric model and parametric model are two components for generative applications 

in design. A geometric model is a typical output of advanced CAD system. It is used to 

design product with fixed features (dimensions and configuration). The generative 

process can be used on the generic representation of design product for wider 

exploration. The parametric model has been around for years with the first parametric 

CAD tools emerging in 1989. Parametric model involves the use of geometric 

constraints as well as dimensional relations and data to drive shape definitions (Aish, 

1992). Values within parametric expressions can be modified by designers and are then 

propagated through a design. Often building on parametric concepts, generative design 

transforms the computer from a modeling assistant to a generator through the use of a 

defined set of production, or grammar rules. Therefore, generative design mechanisms 

support design decisions especially on holistic and context based design descriptions 

(Herr and Kvan, 2007) and break the limitations of design generation relied on numeric 

formalizations. 

 

Figure 2-19: Generative design process (Krish, 2011) 
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2.2.2 Technology 

Generative design systems have been developed for many years. Its compatibility, 

interactivity and automate performance are well accepted. Many other technologies can 

cooperate with GD systems in some specific fields. GD systems are able to take a more 

active part in the generation of computable design descriptions than other traditional 

CAD systems. At the same time, GD systems permit that the design process still remain 

largely under the designers‘ control. At some stages, GD systems lead the users to be 

‗active audiences‘ instead of the ‗passive audiences‘(Amitani et al., 2008). In this 

section, I review two related technical points of generative design: the classification and 

collaboration. 

 Classification 

There are two ways used for generative model construction. One comprises the usage of 

knowledge tool, the other involves object-oriented programming techniques. The first 

way enables fast creation and testing of such models. Design information can be 

represented formally first. Then they are involved in generative process for specific 

design objects. The second way is more time consuming but it allows the creation of 

more sophisticated generative models(Skarka, 2007). 

Based on the way how to construct the generative process, GD systems can be classified 

into requirement-driven and form-driven (Chien and Flemming, 2002). The major GD 

systems were requirement-driven. Design requirements and design consideration are 

represented by rules, with the parameters and grammars used in the generating process. 

A counter example is a system consisting of a pure shape grammar, that is, a set of 

shape rules, which capture design information implicitly. 

From the ways in which the GD systems run, generative design processes are often 

implemented as completely automated systems, as is the case in rule-based systems such 
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as the ‗emergent design‘ process developed by Testa et al (Testa et al., 2001). In a fully 

automated generative design system, the designer usually interacts with the system by 

initially defining constraining relationships and setting relevant variables, typically by 

means of computer programming. Therefore, in an automated process, design 

information is coded in a generative system forehand. After the generative process is 

completed, the designer decides on whether to accept the outcome or to repeat the 

process with modified initial settings. Other generative processes, however, are more 

responsive, involving the designer to make choices at certain stages in an otherwise rule-

driven process, as is often the case in shape grammar (Chase, 2002). Recently, from the 

consideration of design knowledge, the interactive generative systems are becoming 

popular. Woodbury et al (Woodbury et al., 1992) provided a useful characterization for 

interactive generative design tools by considering three aspects of their representation: a 

clear representation; a fast representation and an applicable representation. A highly 

interactive system has a representation that is clear and fast. A useful system has an 

applicable representation for design practice. In order for this dual effort to produce a 

coherent result, designer and system must at some point interact and exchange the 

information and knowledge during the generating process. 

For generative modeling technology, time emerges as a viable dimension for design 

parameters, described by the geometry {x-dimension, y-dimension, z-dimension, t}. 

Non-linear symbolic contents become the message carrier which is capable of 

representing design information. There are three case studies presented in literature 

(Flanagan, 2005). 

Top-down process is widely used in generative systems to construct one or more design 

families. In order to enhance the communication between the system and the designers, 

an iterative circle for pre-stage interaction is used to understand designers‘ option. By 

giving a voice to the neglected bottom-up process, the study (Talbott, 2007) presented 
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programmable requirements and showed how a system geared to bottom-up thinking 

might augment a designer‘s visual tie to an evolving 3D product. 

In short, generative design systems require various design knowledge, such as memories 

(design experiences), organization (design procedures), integration (multi-factors) and 

elaboration (describing implication of a new idea) (Knowlton and Simms, 2010).  

 Collaboration 

Generative design systems have powerful generating abilities. No matter for automates 

or interactive process, designers‘ involvements always meet with one bottle neck. How 

to navigate information in a huge solution space becomes an issue when the products 

being design involve complex relations and large numbers of variables and constraints. 

As a result, the compatibility of GD systems with more evolutionary technologies, such 

GA, CA, L-system becomes a difficult issue to address. With the flexibility of the 

design systems, variables may be edited to improve the values of the objective function, 

looking for the best performances. However, for a large number of variables, search 

algorithms have more advantages exploring the solution space. 

CA is particularly useful for its parallel computational processes and the ability in 

simulating context-sensitive growth patterns, e.g. simulating scenarios where multiple 

factors are mutually affected by each other, such as changes in one zone that lead to the 

changes in the neighboring zones. As a generative design strategy, CAs are typically 

chosen for tasks that involve simple constraints operating on large numbers of elements, 

where differentiation and variety are sought (Watanabe, 2002). 

SG and LS are similar and useful for generating patterns incrementally, particular for 

form-based designs. 

SI (Swarm Intelligence) is useful for simulating self-organization among various units. 

Same as CA, SI also demonstrates parallel computational processes. In SI the parallel 
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processes occur because of the autonomy of agents/units while in CA it is defined in 

terms of the cell stages and neighborhood conditions. 

GA is based on modification, combinations, and other operations on the building blocks 

as well as the solution space. Design exploration and selection occur at each cycle, 

which is not the case with SG or LS. 

Some GD techniques are more suited to specific design purposes than others. 

On the issue of evolutionary technologies working with generative mechanism, details 

can be found in literature (Singh and Gu, 2012). 

2.2.3 Applications 

Generative design systems are more meaningful as practical applications other than 

theoretical methodologies. In this section, several application cases in the past ten years 

are reviewed. In the early period, many types of automated design exploration methods 

were available for later stage designs. At this stage, important aspects of the designs 

were already established and exploration was carried out within narrow bounds in order 

to improve specific performances. To some extents, the function on design optimization 

is the major role for this stage. Besides, generative design systems can also operate at 

the early stages of design process, where design is still under formulation. The ability to 

explore design variations at the early stages of design process can produce far more 

beneficial results, than optimizing it within narrow means at the final stages of design. 

Conceptual design development is a process where many threads of possibilities are 

developed in parallel. These concepts are then abandoned or re-combined until a 

satisfactory scheme emerges out of the exercise. Often this exploration is directed by the 

outcomes of previous explorations (Menezes and Lawson, 2006). One of the key 

challenges in the generative design process is to facilitate the fluidity of this chaotic 

process. 
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In order to encourage designers to explore conceptual alternatives at the early design 

stages, SEED (Chien and Flemming, 2002) system permited them to generate and 

evaluate rapidly not only (internal representation) an over design concept, but variants 

and alternatives of concepts, shown in Figure 2-20. This approach took into account of 

the studies dealing with human spatial cognition, way-finding in physical environments, 

and information navigation in electronic media. 

 

The generative method within eifForm (Shea et al., 2005) was an optimizing process 

called structural topology and shape annealing (STSA), which combined structural 

grammars, performance evaluation including structural analysis and performance 

metrics and stochastic optimization via simulated annealing. With a standard CAD 

environment shown in Figure 2-21, eifForm allowed designers to experiment with the 

system within a familiar context and also allowed the creation of more complicated 

design scenarios for use as input models. Adding the extra capability of associative 

geometry, through the use of Generative Components in combination with eifForm, it 

enabled designs to be explored with parametric variations dynamically and to be 

assessed with the structural impact of alternative building, enclosure and structural 

forms. 

 

Figure 2-20: Example of design space in SEED-Layout (Chien and Flemming, 

2002) 
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The toolkit (Fischer et al., 2005) for developmental generative design and form-finding 

was implemented, which examined tissues of face-centered cubically close-packed 

voxel cells and topological related structure for the possibility of 3D data conversion 

and of rapid prototyping applications. It utilized virtual space as an experimental 

environment with supports of STL files. 

The DDT method (Sass and Oxman, 2006) (Digital Design Fabrication) was introduced 

by Larry Sass. It was a two-stage process of working that integrated generative 

computing and RP into one process. It was an application on architecture. For architects, 

the issue of scaling with ill-structured problems made the idea of a structured method of 

design harder to resolve. DDF approach was presented as a structured means to 

physically externalize these complexities of architectural design within a digital design 

environment. 

The generative model creation in CATIA system was presented by Wojciech Skarka 

(Skarka, 2007). The method covered not only the very process of model creation in 

CATIA system but also the whole complexity of the process. It began with knowledge 

identification and acquisition and finally with an explanation system creation that 

facilitated and justified the usage of generative model itself. The MOKA (Stokes) 

methodology was used in particular information knowledge model and knowledge 

representation, which was special for CATIA. 

 

Figure 2-21: Interface of efiForm (Shea et al., 2005) 
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Focused on architecture design application, the procedure (Hofmeyer, 2007) for cyclic 

transformations between spatial and structural design with the use of a scale to 

evaluation design characters was presented. It can yield fundamental knowledge on both 

interaction between spatial and structural design, and the underlying design process. 

Differentiated from other architectural applications, it combined the process of spatial 

design and structural design; the communication from both sides were enhanced. 

The GENE_ARCH (Caldas, 2008), an evolution-based generative design system, aimed 

at helping architects to achieve energy-efficient and sustainable architectural solutions 

was presented. The system adopted goal-oriented design, combining a genetic algorithm 

(GA) as the search engine, with the DOE2.1E building energy simulation software as 

the evaluation module. In terms of the search engine, the standard GA was proven to be 

able to locate high quality designs in large solution spaces. One of the distinctive aspects 

of GENE_ARCH was that it generated complete building designs, both in terms of 

geometry, spatial layout and room characteristics. When a design was generated and 

evaluated by GENE_ARCH, it was a whole building entity that was being assessed, not 

an initial design concept or an abstract geometrical shape. 

 

The ‗Our Content‘(Amitani et al., 2008) was a generative website project, which 

proposed an idea to interact with users by multimedia data (text, image and video), not 

 

Figure 2-22: Application of GENE_ARCH (Caldas, 2008) 
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only the parameters and variables. The generative system was used to produce the 

‗stories‘ as the final output for users.  

Ji-Hyun Lee and Ming-Luen Chang(Lee and Chang, 2010) proposed a design generation 

system based on customers‘ affective responses. This was applied to the conceptual 

design of the product forms of a mobile phone. Generative Algorithm was used in this 

system. The literatures including some examples of coupling shape grammar with 

evolutionary technologies have been mentioned before (in section 2.1.4). 

2.2.4 Problems 

From the existed literature, many applications which used generative system are 

discussed and studied. Although with the widely applications, there are still some issues 

that need be studied further. Researchers (Talbott, 2007) complained that generative 

system promoted 1) the display of non-graphical information; 2) the production of 

complete solution without incremental feedback; 3) the use of predefined and static 

fitness criteria, and 4) the inundation of a design with rules lists and dialogue boxes. In 

this study, I identified four problems which need to be addressed, as follows: 

1. Visualization interaction 

As the design space grows, the designer will become less able to navigate through the 

design space. That is, revisiting and accessing the information the design contains in a 

focused manner. A generative design system with powerful production ability needs to 

provide proper navigation support for designers to work with the system. 

Visualization is the key elements in information retrieval. It transforms abstract 

information (parameters, variables and design ideas) into concrete objects (design 

entities, design solutions and design product) that can be ‗seen‘ on the screen. 
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Many generative designs systems adopted evolutionary technologies to solve this 

problem at the later stage, with the fitness functions. However, the optimal methods can 

filter the design space into smaller ones. At the same time, the potential ‗creative‘ design 

may be blocked from designers‘ screen. To find a possible way that permits GD systems 

to ‗talk‘ with designers in design process will be better than only reducing the scale of 

design space to overcome this problem. 

2. One-directional communication 

In design process, design goals and detailed requirements are often revised, deleted and 

spawned intermittently (Talbott, 2007). Before the final solution is confirmed, the major 

design process is unstable. However, many design-system interaction problems common 

also to generative systems arise from the so called one-directional information 

communication. From goal to solution, a system can only run the predefined process and 

step forward to produce the defined design solutions, which is not suitable for the highly 

flexible design process. Currently, in the major GD systems, a designer‘s involvement 

usually centers on the input of goal as fitness criteria or grammatical rules. This is what 

I called one-direction communication. 

3. Design story telling 

Humans naturally share knowledge using sequences of information that we might term 

‗telling stories‘. A story, in this sense is a sequence of events that, in combination, has a 

shape or meaning. This is a form of knowledge exchange for organizing our experience 

(Garvey, 1990). This can be defined as the process information. 

Generative design systems, no matter the requirement-driven and goal-driven, 

concentrate on the constrains, conditions, rules and parameters, which are all static data. 

The sequence information is usually represented by states changing, such as the in the 

major commercial CAD systems. In this way, parts of design information cabn get lost 
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in generating process. As a result, the products from a GD system may be less promising 

than what the designers‘ expected on the design quality and creativity.  

4. Design theory problem 

Some of current design theories seemed in conflict with the generative design process. 

For example, Rosenman (Rosenman, 1996) pointed out that ―the less the knowledge 

about the existing relationships between the requirements and the form to satisfy those 

requirements, the more a design problem tends towards creative design‖.  Also, the 

definition of creativity in design involves the transferring of knowledge from other 

domains, having the ability to generate ―surprising and innovative solutions‖ (Gero and 

Kazakov, 1996). 

Some of these statements cannot be compatible for computer-based GD strategy. How 

to match these design theories for better CAD services should be a tough issue for 

generative system development. 

In addition to these four problems, there is also an issue of how match designers‘ 

traditional working habits with the manner in which generative design systems work. 

These problems are the concerned for this study and are to be tackled in the 

implemented system to be presented later in this thesis. 
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Chapter 3 Research Methodology 

3.1 Methodology 

Through literature reviews, it can be seen that many existing works demonstrated rich 

experiences on how to apply shape grammars to design applications. Following the 

development of computational methods involving shape grammars, the abilities of shape 

analysis and generative production showed advantages. Most applications in product 

and manufacture industry followed the same working procedures, as shown in Figure 3-

1. 

In Figure 3-1, the work begins with the design analysis form selected design sources. At 

this step, there are different analytical strategies that can be used, which will be 

discussed in more details later. Shape rules in shape grammars represent design features 

in future design creation. For computer implementation, design information is decoded 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-1: Procedures of shape grammar study 
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into the computational form. In generative design, some variables extracted from shape 

rules will be calculated in generative product system for the novel design alternatives. 

As for the specialties of design evaluation, the designers can be invited to work with the 

systems to replace normal fitness functions for selecting desired solutions. Through 

repeating the circles, the design solutions can be evolved to a satisfactory level, and then 

the final design products can be generated. 

This is the common process how rule-based approach can be used to assist design works. 

In different design areas, the strategies of design analysis may be different.  

In mechanical design, there are many accurate restrictions on the functions, procedures 

and physical appearances (size, area, scale). Therefore, the mathematical methodologies 

will normally be chosen. The Principal Component Analysis (PCA) is a good choice.  

The Principal Component Analysis
1 

is a mathematical procedure that uses an orthogonal 

transformation to convert a set of observations of possible correlated variables into a set 

of values of linearly uncorrelated variables called Principal Components. The number of 

principal components is less than or equal to the number of original variables. The 

method is mostly used as a tool in exploratory data analysis and for making predictive 

models.  

There are lots of works (Pugliese and Cagan, 2002, McCormack and Cagan, 2002a, 

Orsborn et al., 2008b, Orsborn et al., 2008c, Orsborn et al., 2008a) done using the PCA 

methodology to analyze their data in mechanical design.  

In architecture design, the objects are complex either in the structure design or in spatial 

design. It is hard to find all the variables analysis through one analysis. Therefore, the 

Decomposition thinking is widely used in order to reduce the complexities of 

architectures. 

                                                      
1
 The information comes from https://en.wikipedia.org/wiki/Principal_component_analysis 
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The decomposition thinking is learned from nature.  Decomposition 
2
 is the process by 

which organic substances are broken down into simpler forms of matter. The process is 

essential for recycling the finite matter that occupies physical spaces.  

In architecture design, a complex form has to be decomposed by several finite simpler 

forms in a hierarchical structure. Different levels show the similarities of the objects 

inside, and also show the relations between levels. The applications can be found in 

these works in literature (Gero and Ding, 1997, Lipp et al., 2008, Duarte, 2005, Correia 

et al., 2010).  

In this study, based on the design objectives, mixed methodologies will be used to 

analyze the design objects that are to be developed and evaluated in the thesis. 

3.2 Research Interests 

In this study, the aim is trying to find a way to support design innovation, especially in 

product design, by generative techniques. It is the cross area between design study and 

the CAD study. Therefore, it is hard to follow the way of traditional methodologies to 

process the research. The interests cover some tangible and intangible design factors, 

qualitative and quantitative data, and the visual information and numerical information. 

Following the features of this study and the rules of research methodologies, there are 

three aspects that should be considered. 

3.2.1 The opinions from designers 

This study is related to design, unavoidable for designers‘ attendances. Furthermore, one 

of the research interests is to try to bring design technology closer to designers‘ activity. 

Therefore, the responses from designers are essential for guiding the study development. 

                                                      
2
 The information comes from http://en.wikipedia.org/wiki/Decomposition 
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The methodologies of interview and questionnaire are used. At first, open interview is 

used to understand designers. With the predefined topic, I talked with several design 

PhD students and designers. There were no outlines on the content of these talks. In the 

face-to-face interviews with several candidates, the expectation was about how they felt 

about the current computer technologies used in design practice. A further question was, 

what kind of assistance or tool (in computer) they wanted to get. From the received 

information, several opinions were useful. All candidates admitted the positive usages of 

design technologies in their works, and some of them thought that the technologies 

become necessary gradually. However, the major group of designers thought that the 

current technology could not satisfy their needs, such as the difficulty in the operations, 

the distance between the way in which the computers operate and their own way of 

working. Most of them thought that the computer aided design systems and tools had 

too many restrictions on both the way they used the technologies and the results they 

could get from these technologies.  The responses from the interview helped to 

formulate the thinking in developing a generative design system with which the HCI 

problem is part of the research concern of this study. 

Another problem I found was that there were some over-estimates on design 

technologies. From the talks, I could clearly feel that designers needed the assistance or 

they wanted to get more helps from computational design technologies. However, some 

of them put too much expectation on the new design technologies. For example, there 

was one candidate who liked the ‗Parametric Design‘ very much. He thought only by 

changing several numbers, a lot of different architectural buildings would be be 

generated. This thinking was based on the perception that it was quite easy to do with 

the computing power. Any changes could be done by only changing some numbers. 

However, he did not consider the limitations on the new generations of solutions arising 

from such changes in the form of style and design novelty. At another extreme, a 

candidate only admitted that the functions demonstrated by some tools were powerful, 



75 
 

but it was not possible for these functions to be developed further to provide real 

creative support to the stage of conceptual design. 

Through these interviews, I felt strongly that there was a gap between the design group 

and the computer group even they are both working on the promotion of design 

technology for design innovation. For better collaborations, the two sides of people 

should know each other better. Therefore, when a researcher engages in the 

implementation of a new design tool involving new mechanisms, such as shape 

grammars or generative techniques, it is necessary to ask the opinions of designers on 

the way in which their interactions with the implemented systems are to be involved. 

The questionnaire was another way which I used to receive some responses from 

designers. In this study, the visual forms (shapes) were considered useful. Therefore, I 

used the visual questionnaires to do the investigations. When some shapes and designs 

were generated in the form of shapes by the system that I implemented in this study, it 

was difficult to identify a unified language to evaluate these design generations. 

Different candidates with different design backgrounds would have quite different 

opinions. Therefore visual forms were chosen and they were directly shown in the 

questionnaire in a designed sequence, shown in Figure 3-2. I invited the design 

candidates to classify the shapes and list their reasons. This proved to be a workable way 

to receive the information from the designers‘ subjective opinions. 
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3.2.2 Intelligent intervention 

Most generative product design systems are based on stochastic possibility models, 

which can assure the fair opportunities for searching in the defined solution spaces.  One 

explicit aim of generative mechanism is novel generations created by computer systems. 

In these contexts, when I get several valuable results, there must be much larger 

amounts of unsatisfactory design solutions accompanied. The human interactive 

evaluation methods are widely used in the application in design area. Therefore, the 

conflict between the huge amounts of design generations and the limited evaluating 

ability by HCI (Human Computer Interaction) becomes a barrier for advanced 

applications. 

In order to enhance the effectiveness of GPDS (Generative Product Design System), 

there are many data manipulating methodologies which can are used, as mentioned in 

section 2.2. At the same time, the AI technologies, such as Genetic Algorithm, Shape 

 

 

Figure 3-2: Visual questionnaires for shape classification 
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Annealing algorithm, Cellular Automata and Evolutionary computation, can also be 

used to automatically evaluate the design generations in some specific areas. 

In this research, the study of design technology is based on the views of designers. I 

want to use the designers‘ intelligence to guide the development of generative 

application by shape grammars. Therefore, how to learn from designer‘s creativity is 

one potential task of this research. 

There are two ways to do this: 

For 2D design, the embroidery design as a case study is discussed. I proposed a new 

evaluation method using subjective aesthetics in generative process. There were many-

many correspondences between the evaluation of subjective evaluation and the physical 

evaluation. The working process is shown in Figure 3-3. 

 

In Figure 3-3, designers were invited to evaluate the design generations by their 

subjective feelings. The values were then dealt with a threshold mapping to the physical 

variables. If designers considered that the new generation was acceptable, then the 

generative mechanism was used to search for novel designs in a relative small space 

 
 
 

  
 
 
 
 
 

Figure 3-3: Subjective Evaluation process for generative application 
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based on a stochastic model. If the designers disliked the new generation, then another 

circle of design exploration would begin. 

For 3D design, I introduced a rule-based approach to generate the design language based 

on design sources. The differences were that in the new rule-based approach, the 

representation of shape as a rule was designed by designers themselves. Therefore, 

through the specialty of the new shape grammars, the design information named Process 

Information (including design shapes and design actions) was used to guide the 

generative system to create several novel design solutions. Normally, the design rules 

used in the major shape grammar implementation by computer was fixed in advance, the 

system can only run the rules. If there was new request to change the rules, then a re-

coding process would be required. In this study, the new shape grammars and their 

shape grammar interpreter permitted the designers to change and adjust the design rules 

in the design process. Therefore, a more flexible environment was introduced for 

capturing design information. 

3.2.3 Human computer interaction 

A friendly interface is always desirable in order to support the functionalities and pass 

design information between the system and the designers as users. In this study, a 3D 

computer system is developed and implemented. There are two different representations 

that can be used to support the directly and friendly use interaction. 

For users, the 3D visual forms are shown in the work places. Users can directly control 

and transform 3D solids by dragging and dropping mouse movements or with simple 

keyboard inputs. 

For computers, there is another representation used. A translator level between system 

and user can work with information exchange. As a result, the output of this system has 

two forms of files. A XML file records the structured data information for computer 
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manipulation. A SAT file records the geometric and topologic data for 3D shape 

demonstration. 

As this study does not focus on the advanced interactive technologies, the new 

technologies such as touching technology, virtual simulation and mobile devices are not 

introduced in this work. 

3.3 Research design 

3.3.1 2D case study on Embroidery design 

At the beginning of this research, the shape grammar was a new area for me although I 

had some similar backgrounds. In order to familiar with the working mechanism, a 2D 

research project was studied, i.e., the 2D Yunan Zhuang ethnic embroidery design. In 

this project, the embroidery shape grammars were discussed, and the benefits and 

barriers of shape grammars were learned. 

At the same period, a 3D modeling tool (Autodesk Inventor) as a representative of 

current main-stream commercial 3D software was adopted. Through two 3D modeling 

cases (one simple and one complex), the experiences of working within 3D environment 

guided the research direction for CAD framework that was subsequently implemented. 

3.3.2 Problem identification 

Through literature review, several research problems were identified, as mentioned in 

section 1.2. To tackle these problems, my research questions were identified. 
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In 3D modeling works, the functions supported by Inventor are not friendly enough for 

me to generate my desired shapes. Sometimes, I have to change my idea to follow the 

instructions of software. Therefore the first question was 

Is it possible to build a platform which can support users to construct their own 

functions in CAD system? 

After long time working, when I finish a 3D model, it was difficult to do some 

transformations on the object, excepting the ones that system permitted. The reason was 

the most information of the object was related to the geometry and the structure. They 

were not robust enough for changing, but for storing only. This led to my second 

research question: 

Is it possible to introduce a new shape representation which is more convenient for 

shape transformation? 

In 2D embroidery shape grammar project, I found that some results were not satisfactory 

because the rules were not created by designers. When designers find some 

unsatisfactory styles and want to change them, it is impossible with the existing CAD 

systems, even with a research prototype. This is the third question I would like to seek 

answer in this study. 

Is it possible to invite designers to create their desired shape rules in a rule-based 

system directly without changing the structure of systems? 

In designers‘ world, their experiences were accumulated from different design sources. 

In shape grammar systems, however, most of them only focused on one specific area. 

Therefore the last question which should be asked was as follows: 

Is it possible to permit the CAD systems to receive information from multi-domain? 
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In this study, I attempt to explore the possible answers to these questions while focusing 

on the development of a generative system supporting form design in 3D.  

3.3.3 Proof-of-Concept 

The definition of DSR shape and DSR grammars are proposed. 

The DSR shape can record both the final shape and the process how the shape is 

generated (process information). 

The DSR grammar with special shape rules and application methods can break the 

limitation on geometry. 

3.3.4 Implementation 

In the environment of Win XP, I chose ACIS as the 3D Graphic engine and Xtreme 

Toolkit as the interface technique to build a shape grammar interpreter. It can support 

users to generate their own shape rules by the interpreter. 

3.3.5 Applications 

There are two generative models which are introduced in this study. For the 2D 

application, a subjective aesthetic model was used to help users/designers to explore 

their favorite designs in a small design space rapidly. For the 3D product design, 

especially the conceptual design, a user-interfered generative process was introduced 

based on the application of DSR shape grammars. The users‘ involvement was at early 
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stage of design process. Several cases were shown to support this approach and this will 

be reported in later chapters.  
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Chapter 4 2D Embroidery generation system 

4.1 Motivation 

Grammar-based approaches have the ability to simulate design sources by their visual 

representation, i.e, shapes. The design languages and usage of shape rules are in a 

sequential way following the practical design process. In recent works, the involvement 

of Artificial Intelligence to guide the running of shape grammars mechanism evolves the 

design towards some specific direction effectively.  Many contributions have been made 

on some tough issues of the system implementation, such as the shape representation, 

sub-shape detection, orthogonal representation & curvilinear representation and the 

design evaluation.  

For a better understanding the rule-based theory, a two-dimensional culture-based 

project was chosen as an attempt to understand the issue of shape computation. 

Compared with more complex 3D working requirements, 2D shape computation was 

consider easier to implement. The culture-based project which had more intangible 

knowledge was considered a proper case to understand the ambiguity and emergence in 

shapes with the representation of shape rules and generative mechanisms. 

Design is a complex composition with multiple meanings. For a better implementation 

in computers, how to represent design effectively and successfully becomes an essential 

issue for design innovation. Design decomposition is a useful strategy to analyze design 

into many sub-design objects. A hierarchical structure can be used to represent the 

design components in a logical system. 
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For implementation in computers, the orthogonal shapes (straight lines) are widely used 

in shape grammars. Pointing at this project, all design objects were based on curvilinear 

lines. The curve lines represented by B-splines in shape grammar became a challenging 

issue for shape recognition and shape rule application. 

Design languages record the design generating process. Not limited to the final design 

results, more information can be received which are useful for further design exploration. 

In this case study, the generative mechanism can be used based on the information of 

design languages.  

A mental process normally represents design at different levels of abstraction. In this 

application, two levels of abstraction were identified to help formulate the embroidery 

design exploration, 

1. Level 1 deals with decomposition, so local details can be explored individually, 

and 

2. Level 2 represents the arrangement of elements and thus the structure of the 

design. 

Other sections in Chapter 4 are listed as follows, 

In section 4.2, the background of embroidery in Zhuang ethnic is introduced. For the 

collected design sources, the features are analyzed by shape grammars. 

In section 4.3, the two-level embroidery shape grammars are discussed. 

In section 4.4, the computer implementation of embroidery shape grammar is presented. 

Several key issues are discussed, including the sub-shape detection, shape representation 

based on B-spline curves, the system demonstration. Three main kinds of embroidery 

design generation will be shown. 
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In section 4.5, the contributions and limitations are concluded. 

4.2 Embroidery design analysis 

Embroidery of Zhuang Ethnic has a wide foundation in Zhuang and Miao Autonomous 

Prefecture of Wenshan. The crafts of embroidery are the necessary skills for local 

women, and they have been passed on from generation to generation. The embroidery of 

Zhuang ethnic is fine worked, the superb skills of which can be seen from needles and 

lines. The methods of embroidery included flat embroidery, sub-stitch embroidery, 

flower embroidered, press embroidery, and so on. The embroideries have strong cultural 

characters in shape, color and pattern, pursuing a simple and decorative beauty. 

Embroidered shoes and embroidered blankets are the most classic representative designs, 

with rich patterns, vivid mold and elegant color, as shown in Figure 4-1. 

 

The main themes are flowers, birds, fish, pine, crane, dear and others. Patterns have 

deep meaning, such as, birds symbolize good luck, carp with water is a symbol of peace 

and prosperity, mandarin ducks playing in the water mean the harmony of couples, 

pomegranate means have more children. 

Considering the possible computer implementation, flowers were chosen as the theme of 

this case study. Fourteen flower embroideries were collected as the design sources for 

this project, as shown in Figure 4-2. 

 

Figure 4-1: Embroideries in Zhuang Ethnic village 
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After analyzing the copra of the real embroidery design, features were abstracted as 

follows: 

1. There are strong inherent spatial relationships;  

2. The structures of the designs show balanced beauty;  

3. The elements, named petals, are naturally smooth and irregular;  

4. There are stylistic differences among different ethnic groups. 

These features indicated that it was feasible to use grammar rules to depict the 

embroidery design process. The inherent spatial relationships were suitable for the 

spatial ambiguity in shape grammars. The balanced beauty permitted the usage of spatial 

labels to create symmetrical effects. The elements and stylistic features can be analyzed 

by the hierarchy structure. 

There were two more issues which had to be considered before the study of embroidery 

shape grammars. One was how to represent a design pattern based on decomposition 

thinking and hierarchical structure. Another was how to represent the smooth curve lines 

in a shape. 

Because of the stylistic differences mentioned above, it was necessary to find the key 

style feature to classify the corpus into different design group. The style of ‗stem‘ was 

chosen. Based on the different shape of the stem, all the design sources can be classified 

 

Figure 4-2: Corpus of original embroidery designs 
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into three groups: Single-stem (Figure 4-3 (a)), Double-stem (Figure 4-3 (b)) and 

Multiple-stem (Figure 4-3 (c)). 

 

In different design groups, one pattern can be decomposed into four components 

{Flower, Flower_relationship, Petal, Petal_relationship}. The ‗Flower‘ and ‗Petal‘ are 

two components to generate the pattern. Their spatial relationships can be represented 

by the ‗Flower_relationship‘ and ‗Petal_relationship‘. In this study, the relationship 

means the spatial position of the corresponding parts, e.g. the ‗Flower‘ and ‗Petal‘. 

For the issue of curvy shape representation, the contours of petals were traced, while 

trying to find the potential rules, as shown in Figure 4-4. It was found that by using the 

rectangles, the curve outlines of the shape can be traced. For every rectangle, the points 

in diagonal lines can be viewed as the control points to generate a curve by B-spline to 

simulate its contours.  

 

Commonly, the control points of B-spline curves can be represented by the 0D form, 

that is, points. The reason why rectangle was chosen to represent control points in this 

 

Figure 4-3: Categories of embroidery patterns 

 

Figure 4-4: Analysis of curvy shape. 
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study was because the higher dimensionalities the more information can be received. In 

a rectangle, not only the position of two control points can be recorded, the information 

on the angles, the area values can also be identified. The information is useful to avoid 

some unintended shapes at the later design stage. 

4.3 Embroidery grammars 

A real design involves several design processes, approaches, interactions which are 

complex to formalize with a single formal approach. To segment a design process into 

low level constituents, concentrating on a single aspect at a time, is helpful for dealing 

with the problem by computers. Similar to the research in literatures (Stiny, 2008, 

Heisserman, 1994), in this application the grammars can be divided into two levels, 

based on different decomposing degrees. The advantage of this is to make sure that each 

level has its own focus without the disturbance from other levels. 

Generally, designers depict the sketches at an early stage to confirm the design 

framework. Therefore, the first level is the Coarse Level, which specifies general issues, 

such as categories, symmetries, balance relationships and petal orientations. The 

considerations at the coarse level only refer to a skeletal construction. At the second 

level, i.e., the Refined Level, embodiment issues, such as petal shapes and colors for 

every segment specified at the coarse level are determined. 

4.3.1 Coarse Level 

In many rule-based methods, a grid of registration points facilitates formal 

transformations (Talbott, 2007). Sometimes this grid is visible, playing an active role in 

the design process (Woodbury et al., 1992). However, this study does not use the grid, 

but rectangles to locate the orientation of different parts in an embroidery design. At the 

conceptual stage, there are not many restrictions on the shape details. Therefore, it can 
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use rectangles to represent the style of a pattern without worrying about the overlap 

avoidance, curvilinear complexity, and petals redundancy. In a computer 

implementation, this can reduce the degree of difficulties in dealing with sub-shape 

detection and emergence control. 

The rule base included the Original Rule and the Transitional Rule, as shown in Figure 

4-5 and 4-6. The former one was used at the beginning of the design process to generate 

the stem and to ascertain the position of petal patterns. The latter one was used to 

generate a rough distribution of the petal patterns. 

 

In Figure 4-5, a slim rectangle representes one stem, while a plump rectangle represents 

one petal. A dot in this figure signifies the label to mark the current operational shape. In 

this approach, labels can indicate the shape manipulating sequences, and spatial 

relationship concurrently.  

 

Figure 4-5: Embroidery Grammar: Original Rule 
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Ten families of transitional rules can represent all the possibilities of shape 

transformations.  In Figure 4-6, ‗x‘ and ‗y‘ represent the original scale of a rectangle, 

while ‗a‘ and ‗b‘ represents the variable values of ‗x‘ and ‗y‘, respectively. For 

convenience in computation, it arranges all the four parameters in a domain of R
+
. 

Therefore, ‗x+a’ means increasing the length of ‗x‘ with a value of ‗a‘ in R
+
 direction, 

 

Figure 4-6: Embroidery Grammar: Transitional Rule 

x, y, a, b ∈ R+ , x, y, a, b in different family, could may different value 
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‗x-a‘ means decreasing the length of ‗x‘ with a value of ‗a‘ in R
+
 direction. For overlap 

avoidance, it is required to add a new parameter, α, which represents the angle between 

diagonal line and x sideline. The value of α, which can be calculated through arctan (y/x), 

is a key rationale to classify the rule family into different groups. In this research, there 

are ten families of rules in two groups based on Equation 4-1. 

x

y

ax

by





                    (4-1) 

In Equation 4-1, α does not change whatever the variation of ‗a‘ or ‗b‘ might be. In Rule 

Family 1, if b > a*y/x, then α2 > α1. The same situation applies for the rules in Family 2 

to Family 5. Consequently, it classifies Family 1-5 as a category in which α will increase, 

and Family 6-10 as the one in which α will decrease. 

4.3.2 Refined Level 

At the Refined Level, it only needs to focus on the transformations from the rectangles 

into curvy petals and stems. As mentioned above, the generation of petal and stem is a 

process involving both users and automatic program. The color issue and overlap 

avoidance issues need to be considered as well. Following the feature analysis of new 

embroidery examples, it decomposes every single petal into a composition of two curvy 

lines for two reasons. The first is to avoid breaking the fluency and naturalness of one 

petal. The second is the inadequacy of control ability to employ more advanced 

decomposition methods, such as the sets of control points.  

Here, the rule base is the Terminal Rule, as showed in Figure 4-7. Terminal rules are 

mainly for creating the final petal and stem shape. Once the replacements from all 

rectangle shapes to curvilinear shapes are computed, the process stops. 
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The formal definition of new shape grammar can be defined below: 

SG (Shape Grammar) = {S, L, R, I} 

S (Shape set) = <Rectangle, Curvilinear Petal, Stem>   

L (Label set) = <  > 

R (Rule set) = <Original Rule, Transitional Rule, Terminal Rule> 

I (Initial Shape) = <  > 

In this two-level shape grammar, the study does not treat the rules in a narrative way, 

since the purpose of this research is to utilize generative computation. For a generative 

system, the use of a descriptive rule base can achieve better computational efficiency. At 

the coarse level, the structure and skeleton framework are fixed. If the original rules and 

transitional rules are changed, then a new kind of design languages for other product 

designs can be generated, such as chair structure, table structure and so on. At the 

Refined Level, particular elements can be helpful for generating specific styles of 

designs in the same category.  

4.3.3 Design language by embroidery grammars 

By using the embroidery grammars, it can generate designs from the Original rules to 

distribute the flowers to the proper positions. Then, through using Transitional rules, 

different possibilities can be generated for the final pattern confirmation. After the use 

 
                                    (a)                                                                  (b) 

Figure 4-7: Embroidery Grammar: Terminal Rule 

(a) Rule for petal generation, (b) Rule for stem generation 
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of Terminal rules, the rectangles will be replaced by the curvy shapes. One-time shape 

grammar implementation is end. The whole process is shown in Figure 4-8, and three 

design languages based on the three design groups are shown in Table 4-1. 

 

 
 
 
 
 
 
 
 

Table 4-1: Design languages of Embroidery grammar 

Category Design Languages 

Single-stem 

                 

Double-stem                  

                 

Quadruple 

-stem 
         

     

 

  Figure 4-8: Embroidery Grammar: running process 
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4.4 Implementation 

4.4.1 Sub-shape recognition 

First, the sub-shape detection problem must be solved. At the Coarse Level a shape is 

defined by a rectangle. Therefore, the detection algorithm introduced by Krishnamuti 

can be used (Krishnamurti, 1981). 

The emergent shapes are helpful to stimulate the creativity of a designer at the 

conceptual design stage(Krish, 2011). A rational utilization is workable in my research 

to deal with the problems of emergent shapes. Using shape grammars, it can control the 

emergent shapes within an acceptable scale in order to create intuitive and interesting 

impacts. 

 

In this research, after the application of the rules at Coarse Level, the distribution of 

rectangles may generate lots of unintended overlaps by applying the terminal rule at the 

Refined Level (Figure 4-9 (a)). For reducing the overlap, a 3-tuple set was used, {(Plefttop, 

Prightdown), β, sub-direction} (Figure 4-9 (b)) to locate the petal at the Refined Level. A 

point pair (Plefttop, Prightdown) was used to locate the proper rectangle, which was detected 

by a sub-shape detection algorithm. Here, β is the angle between diagonal line and x 

sideline, calculated from the rectangle parameters at the Coarse Level. Actually, a 

  
 

Figure 4-9: Emergent Shape 

(a) Uninteresting overlap (b) 3-tuple set for petal 
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rectangle was divided into two working areas for petal generation: the upper part and the 

lower part, which can be valued by ‗sub-direction‘ based on the calculations done by the 

implemented algorithm.  

 

In Figure 4-10, working areas marked by dot were replaced by the petals using terminal 

rules. In this case, this kind of distributions implemented by the 3-tuple set can reduce 

the possibilities of the unintended overlaps. It was noted that only by using the 3-tuple 

set, the algorithms cannot completely eliminate the overcrowded situation (Figure 4-10: 

d-f). Therefore, at the Refined Level, there were other parameters, the ‗petal number‘ 

and ‗petal orientation‘, which can be used to restrict the overcrowded situation further. 

Through experiments, it was found that if the number of petals was less than 8, then it 

would minimize the overlaps to an acceptable degree. Some acceptable emergent shapes 

are shown in Figure 4-11. 

 

Figure 4-10: Images for overlap control 

(a)-(c) The distribution of work areas; (d)-(f) the overcrowded situations only 

under the control of 3-tuple set 
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4.4.2 B-spline Knot Interpolation Algorithm 

In the embroidery examples, petals are natural and smooth, which are difficult to find 

suitable mathematical equations to simulate. So, in the algorithm, free B-spline curves 

were used to generate them.  

 

However, it was revealed that that the petal, composited by two B-spline curves, can 

bring some unintended changes after the transformations made by the grammar rules 

(Figure 4-12). In Figure 4-12, the small shapes were generated by B-spline curves, after 

changing the positions of these control points, transforming into different sizes, the 

distances between neighboring points were changed. This led to some unintended 

transformations which were aesthetically unacceptable. The reason was that the control 

points in the original shapes were not required by that many, while more were needed 

for keeping shape appearance after scale transformation. So, if the number of control 

 

Figure 4-11: Some emergences of embroidery design 

(a)-(c) The original parts; (d)-(f) Emergent shapes through overlapping 

 

 

Figure 4-12: Unsatisfactory shape transformations 
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points was not increased in proportion with the size changes, some unexpected 

transformations would occur. The use of isometric transformation can be one solution. 

However, this method generated the petals twice during one process, which doubled the 

system cost in terms of both space and time. In this research, a new practical B-spline 

interpolation algorithm was introduced. 

Generally, the B-spline curves have a local feature. The changes of some knots in a local 

area will not influence the whole feature of the curve. The new method adopted is used 

to produce several parallel lines between two knots. The intersection points are the 

interpolation knots of the curve. However, the parallel lines may intersect with other 

part of the spline or have no intersection points, sometimes. As a result, this will cause 

undesirable exceptions during a computer simulation (Figure 4-13).  

 

To overcome this problem, a sub-group was defined, knots G = {G1, G2,…Gn (n<m)} in 

a free spline with m knots. Normally, it can choose n = 4, but at the two ends. Here n 

was set to 3. Some other parameters were also defined to calculate the tendency of the 

spline, as follows: 

Di(i+1) = 2 2
1)y(iyi

2
1)x(ixi )P(P)P(P   ,         (4-2) 

in which (Pxi, Pyi), (Px(i+1), Py(i+1)) are two point positions of spline. Di(i+1) is the distance 

of them; 

          (
 (   ) 
    (   )

   (   )(   )
 

   (   ) 
    (   )

 )  ,     (4-3) 

 

Figure 4-13: Problem of interpolation 
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which is the angle of adjacent lines between three neighboring knots. 

After studying, it was found that there was a rule to the tendency of spline curves. For 

example, four neighboring knots, Pi-1, Pi, Pi+1, Pi+2, are in the group G with n=4, in 

which Pi and Pi+1 are the objective points required to insert knots. D(i-1)i, Di(i+1), D(i+1)(i+2), 

µi, µ(i+1) are the lengths and the angles in the group, respectively. First, when the Pi-1, 

Pi+2 are on the same side of the line (PiPi+1), the spline may protrude towards the 

opposite direction. Second, when Pi-1, Pi+2 are on the different sides of the line (PiPi+1), 

the segment of spline between Pi and Pi+1 may protrude towards the opposite direction of 

Pi-1 at the part nearby Pi-1, vice versa. Third, the degree of the protrusion in the second 

situation depends on the proportion of D(i-1)i/Di(i+1) and Di(i+1)/D(i+1)(i+2). Thus, it can 

calculate the protruding tendency based on the calculation, and produce proper length 

and direction of the parallel lines to intersect with the spline between Pi and Pi+1. 

The algorithm is as follows: 

B-Spline Interpolation Computer Algorithm 

Object phase: Line PiPi+1; the Group = { Pi-1, Pi, Pi+1, Pi+2 }, which n=4; the free spline 

curve C; the number of increasing knots is k per phase. 

BEGIN 

1. Dxi(i+1) =  Px(i+1)-Pxi  , Dyi(i+1) =  Py(i+1)-Pyi 

2 if(Dxi(i+1) < Dyi(i+1)) 

3 Based on Equation 3, to get the value of µi, µ(i+1), (counter-clockwise is default); 

4 if(µi < π && µ(i+1), < π) 

5  if(Pyi < Py(i+1)) 

6   To produce k parallel lines from Pi to Pi+1 

7   To record the intersection points as output 

8  else 

9   To produce k parallel lines from Pi+1 to Pi 
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10   To record the intersection points as output 

11 else if((µi > π && µ(i+1), > π) 

12  if(Pyi < Py(i+1)) 

13   To produce k parallel lines from Pi+1 to Pi 

14   To record the intersection points as output 

15  else 

16   To produce k parallel lines from Pi to Pi+1 

17   To record the intersection points as output 

18 else 

19  if(µi < π && µ(i+1), > π) 

20   To produce k* D(i-1)i / D(i+1)(i+2) parallel lines from Pi+1 to Pi, 

21   To produce k-k* D(i-1)i / D(i+1)(i+2) parallel lines from Pi to Pi+1 

22   To record the intersection points as output 

23  else 

24   To produce k* D(i-1)i / D(i+1)(i+2) parallel lines from Pi to Pi+1 

25   To produce k-k* D(i-1)i / D(i+1)(i+2) parallel lines from Pi+1 to Pi, 

26   To record the intersection points as output 

27else 

28 Do the similar operation from line 3-26 by changing Pyi and Py(i+1) to Pxi and Px(i+1) 

END 

The experiment showed that the algorithm can deal with almost all the situations 

occurring in this application. However, there were two exceptions. First, it was not 

suitable for helical curves. Second, it was not suitable for pointed curves. If it can 

decompose the two cases into several smaller sub-segments, then the algorithm will be 

workable.  

Comparing the results generated by the B-spline interpolation algorithm and isometric 

transformation, the conclusion was satisfactory. There was no obvious difference 

between the two examples generated. In Figure 4-14, it can be seen clearly that after 
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changing the size of the shapes, the one at the right side, generated by this algorithm, 

was same as the middle one, generated by isometric transformation. The reason for this 

was there were 10 more control points between every pairs of control points in the 

original shape. 

 

There are some famous B-spline knot insertion algorithms in literatures (Granadeiro et 

al., 2013a, Tang and Cui, 2014). However, the algorithm mentioned here can resolve the 

B-spline interpolation problem in a computer for most cases of the embroidery examples 

automatically. 

4.4.3 System implementation 

Through a generative production mechanism, it can generate a large number of patterns 

with novel effect retaining the original features of embroidery examples. 

At the Coarse Level, several aspects of embroidery feature are specified, such as the 

category style, the symmetry style, the number of parts, the relationship of parts and the 

distribution of parts, in which every single character is parameterized based on the 

corpora (Table 4-2). 

 

 

 

Figure 4-14: The result of B-Spline interpolation computer algorithm 

The left one is original model, the mid one is generated by isometric transformation, the 

right one is generated by algorithm 
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Table 4-2: The parameters in Coarse Level 

Character Parameter value 

Category 

Symmetry 

Number of parts 

Relationship 

Distribution 

single, double, multi 

none, half, quadruple, rotation 

1, 2, 3, 4 

strictly, loosely, random  

The proportion between every length of two parts 

It should be noticed that the distribution is a proportion between two adjacent parts 

specified by the evaluating mechanism with some preconditions from corpora.  

At the Refined Level, the petal number, petal shape, petal color, stem category, stem 

color, which define the details of an embroidery design example, are parameterized, 

shown in table 4-3. 

Table 4-3: The parameters in Refined Level 

Character Parameter value 

Petal number 

Petal shape 

Petal color 

Petal orientation 

Stem category 

Stem color 

1, 2, 3, 4, 5, 6 

petal database 

color function 

up, mid, down 

none, straight, lightly curve, moderate curve, exquisite curve  

color function 

These characters were extracted from the examples of embroidery patterns. Among the 

parameters listed in Table 4-2 & 4-3, the category, symmetry, number of parts, 

relationship, and petal number were finite variables, whilst, distribution, petal shape, 

petal color, stem color and stem category were valued from a potentially large space 

based on a random possibility model. By considering only the finite parameters, the 

system can generate more than 4000 different styles of patterns using the generative 

mechanism. If more parameters and the emergent shapes were counted, then there would 

be too many new design patterns created by the system for designers/users. 
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On the petal generation, two ways were used to build the petal database. The first was 

specified by the algorithm in the program. The second was specified by users or 

designers through a friendly interface. The algorithmic generation followed the style of 

original corpora (Figure 4-15 (a)). The user generation can express different preferences 

of designers or users (Figure 4-15 (b)). After generation, a user can input a brief 

introduction, specify the petal orientation, and then save the petals in a database.  

 

In the system, a user/designer can control the generating process through input 

parameters. The system can then randomly select some petals from the ‗Petal Database‘ 

and receive the necessary grammar rules. After data calculation and rule application, 

some of the results will be shown on the screen. Because of the random selection, the 

system can create quite different visual effects in different generations. At the same time, 

the style feather can be kept, as seen in Figure 4-16. 

 

Figure 4-15: The petal of pattern 

(a) Generated by algorithm, (b) Generated by user 
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4.4.4 System application 

In the Zhuang ethnic embroidery design system, there were three parts corresponding to 

the three categories of embroidery design: Single-stem, Double-stem and multiple-stem. 

Different parts had different variables extracted by rule-based grammars. Although the 

mechanism was designed based on shape grammars, for better design interaction and 

computational implementation, it still used the parameters to control the design process 

in a visual environment. 

For Single-stem category, there were nine parameters ware extracted from design 

samples to control the new generations, as listed in Table 4-4. The ‗Original Point‘ and 

‗Stem‘ were used to control the position of the new Single-stem embroidery. For every 

Single-stem design, it can be decomposed into three parts, flower part, leaf part and root 

part, from top to end. Therefore, the stem can be divided into two parts, the up_part and 

the down_part. The parameters of ‗Proportion‘ and ‗Petal Number‘ were used to value 

these issues. The parameter of ‗Pattern Number‘ was used to control the number of new 
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Figure 4-16: The system implementation process 
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generations. The ‗Database‘ was the name of ‗Petal Database‘. All the parameters can 

be valued freely. The default value was generated based on the real value collected from 

the design sources. The interface and parts of new generation are shown in Figure 4-17.  

Table 4-4: The parameters for Single-stem category. 

 Parameters Default value 

Original Point (x, y, z) (-0.25, 0, 0) 

Stem  (width, height) (0.5, 18) 

Proportion up : down 0.45 : 0.55 

Petal Number Flower, Leaf, Root 4, 4, 3 

Pattern Number Num 1 

Database Basename ―XMLDataBasenew‖ 

 

For Double-stem category, there were eight parameters used to indicate the new 

generation, as listed in Table 4-5. The ‗Original point‘, ‗Stem‘, ‗Petal Number‘, ‗Pattern 

Number‘ and ‗Database‘ were similar to the ‗Single-stem‘ one. In Double-stem class, 

there were two different symmetry style, ‗Quarter-symmetry‘ and ‗Half-symmetry‘. And 

for the central parts, there were two different cases, ‗Normal‘ and ‗Surrounding‘. The 

style of stem also had two values, ‗Normal‘ and ‗branch‘. All the values were analyzed 

 (a) Single-stem control panel 

 
(b) New Single-stem generation 

Figure 4-17: Single-stem embroidery design 
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by shape grammar from the real design sources. The interface and parts of new 

generation are shown in Figure 4-18. 

Table 4-5: The parameters for Double-stem category. 

 Parameters Default value 

Original Point (x, y, z) (-0.25, 0, 0) 

Stem  (width, height) (0.5, 20) 

Symmetry Style Sym_style ‗Quarter-symmetry‘ 

Central Style Center ‗Normal‘ 

Stem Style Stem_style ‗Normal‘ 

Petal Number Central, Other 4, 4 

Pattern Number Num 1 

Database Basename ―XMLDataBasenew‖ 

 

For Multiple-stem category, there were seven parameters for the control of design 

generation, as listed in Table 4-6. As the Multiple-stem class was quite different with the 

former two classes, the parameters were also different. The ‗Petal Number‘ meant the 

numbers of petal for every ‗flower‘ unit. For the consideration of aesthetics, the number 

was highly recommended less than 6. Based on the analysis of shape grammars, there 

(a) Double-stem control panel 

 
(b) New Double-stem generation 

Figure 4-18: Double-stem embroidery design 
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were two different pattern types, ‗Circle Points‘ and ‗Quadruple Symmetry‘.  Some 

feature points were selected to identify the different design style in Multiple stem design, 

such as the ‗Several Points‘ and ‗Unique Points‘. Actually, the latter one can control the 

style of stems also. Normally, the basic shape of Multiple-stem design is cube. it uses 

the ‗Restrict Area‘ to limit the total scale of the new design. The interface and parts of 

new generation are shown in Figure 4-19. 

Table 4-6: The parameters for Multiple-stem category. 

 Parameters Default value 

Petal Number Num (Num<6) 3 

Pattern Type Pat_type ‗Circle Points‘ 

Several Points S-point ‗Original 

Unique Points U-point ‗Straight line‘ 

Point Number Poi_num 6 

Restrict Area Area 7 

Database Basename ―XMLDataBasenew‖ 

 

(a) Double-stem control panel 

 
(b) New Multiple-stem generation 

Figure 4-19: Multiple-stem embroidery design 
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4.5 Summary 

Through the Embroidery rule-based grammars, 2D grammars running mechanism was 

studied. In this project, the way of working of shape grammars was different from the 

major previous works. The embroidery shape grammars represented the design in a 

descriptive way, which was friendly for the shape computation and exploration in 

computer. Embroidery designs were decomposed into a hierarchical structure by shapes 

and spatial relationships. Integrating with a generative product system, a large number 

of new design solutions with similar style can be generated. The application of B-spline 

curves to represent the smooth shape can increase the aesthetic value of new generations. 

The two-level shape grammar structure is convenient for computer system structure, 

permitting different layers focus on one aspect of the design tasks. 

In the meantime, there are some limitations on the way of grammar application can be 

found. 

1. Shape representation issue. In the embroidery grammars, the design is represented by 

rectangle at the Coarse-level and the B-spline curve at the Refine-level. The final results 

are all based on the curvilinear shapes. However, there are some shapes that cannot be 

generated based on this problem, such as the helix shape. The ways to generate a shape 

for petals are predefined by the system. If users have other requirements to generate 

some other kind of shapes, then tt cannot work well. Besides, when the curvy shaping 

function is enhanced by the application of B-spline curves, the function of orthogonal 

shapes are weaken. In other words, the way of representing shape is not flexible enough, 

even for the similar embroidery design. If someone wants to generate some bird patterns 

in Zhuang Ethnic style, then it is hard to do by the current system. 

2. The design language issue. Design language is created by rule-based grammars in the 

design process. In embroidery shape grammars, the design language is highly restricted 
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by the system programmer, not the designer. After the designers confirmed the shape 

rules, the system programmer would have to hard-code the design language into the 

system. At that time, the system can only generatively create novel shapes based on the 

predefined design languages. If there are some new ideas to the generations, it is 

difficult to implement them in the system without changing the codes at the backstage. 

In the working process of the current system, the involvement of designers was not 

through the whole steps. Only at the earlier stage, designers can be involved in the 

confirmation process of design language, and at the later stage, designers can evaluate 

the design generation by the generative mechanism. 

3. The Zhuang ethnic embroidery design system can generatively create infinite novel 

patterns for user to choose. However, the generating process is unsupervised excepting 

for the analysis of rule-based grammars. When getting many inspired novel patterns, a 

large part of generations is deemed unsatisfactory. Therefore, this kind of design 

exploration can be considered low in effectiveness.  

As a result, through the experience of embroidery shape grammars, there are three 

potential aims which should be studied further, the flexible shape representation to meet 

design requirements, the designers‘ involvements in design language generation and the 

supervised generative production. 
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Chapter 5 Dynamic Shape Representation 

In this chapter, the dynamic shape representation (DSR) is introduced. The DSR is used 

in my generative design system to represent intended design actions in design process. 

The following issues are discussed: 

 What’s the problems for current 3D technologies & why is DSR shape required ? 

(5.1) 

 The general shape representation. (5.2) 

 How to represent shape by dynamic approach? (5.3) 

 How to represent design by DSR? (5.4 & 5.5) 

 How to reduce the difficulties on 3D operations for designers? (5.6) 

 

5.1 Motivation 

5.1.1 Autodesk Inventor 

There are many commercial systems of excellent performances in design modeling and 

simulation. In this study, Autodesk Inventor was chosen as the 3D modeling software to 

build 3D models in real design projects. Autodesk Inventor, developed by U.S.-based 

software company Autodesk, is 3D mechanical CAD software for creating 3D digital 

prototypes used in the design, visualization and simulation of products
3
. 

                                                      
3
 The information comes from http://en.wikipedia.org/wiki/Autodesk_Inventor 
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The working procedure of Inventor is close to engineering process. Solid entities 

generated from 2D sketches are the benchmark to generate 3D shapes. In Inventor, 

design steps can be recorded by a series of sequential shape features, such as ‗Extrusion‘, 

‗Loft‘ and ‗Fillet‘. The rapid 3D view switch and direct visual demonstration permit the 

newest 3D shape to be shown to the users immediately.  

Inventor includes an integrated motion simulation and assembly stress analysis 

environment. Users can input driving loads, friction characteristics, and dynamic 

components, and then run dynamic simulation tests to see how a product will work 

under real-world conditions.  

Inventor‘s Parametric studies and Optimization technology lets users modify design 

parameters from within the assemble stress environment and compare various design 

options, then update the 3D model with the optimized parameters. 

It uses specific file formats for parts (IPT), assembles (IAM), and drawing views (IDW 

or DWG). Files can be imported or exported from/to DWG format (Design Web Format 

is Autodesk‘s preferred 2D/3D data interchange and review format). 

Inventor can exchange data with applications such as Catia V5, UGS, Solidworks, and 

Pro/ENGINEER. Inventor supports direct import and export of Catia V5, JT 6, JT 7, 

Parasolid, Granite, UG-NX, SolidWorks, Pro/E, and SAT files. The ‗SAT‘ file is the 3D 

format of ACIS which is the 3D engine for this study. 

For shape model, Inventor supports generating solids from 2D sketches. There are many 

shape features which are used to create and modify a shape, such as ‗Extrude‘, 

‗Revolve‘, ‗Loft‘, ‗Sweep‘, ‗Hole‘, ‗Fillet‘ and so on. There are four main shape 

features widely used in shape modeling process.  

The ‗Extrude’ operation creates a feature or body by adding depth to a closed profile. 
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The ‗Revolve’ operation creates a feature or body by revolving one or more sketched 

profiles around an axis. 

The ‗Loft’ operation creates a traditional shape between two or more sketches. 

The ‗Sweep’ operation sweeps one or more sketch profiles along a selected path to 

create a feature or body. 

All the shape features are controlled by parameters. Users can adjust the parameters by 

valuing a number or mouse movement, then, the new shape demonstration will be 

shown in the working area. 

Except for the shape modeling operations, Inventor supports the programming interface 

for user to generate iterative operations in the system. There are three kinds of methods 

to connect the inventor data by the current popular programming languages: Visual 

Basic, Visual C++, Delphi, Perl, Java, etc.  

VBA, or Visual Basic for application, is a programming environment that is accessed 

from within Autodesk Inventor. VBA, delivered with Autodesk Inventor, does not 

require additional programming language, and the users are able to use the excellent 

work environment of Inventor.  

5.1.2 3D design case studies 

In order to become familiar with the 3D modeling operations in Autodesk Inventor, two 

complex design models were chosen. These are the Chinese traditional music instrument, 

i.e., the Moon Guitar, and a Loom Machine with a long history for silk embroidery. The 

working environment for modeling these two case studies was Autodesk Inventor 

Professional 2010 32-Bit Edition-2.00GB.  

 Moon Guitar 
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A wooden moon guitar made by local craftsman in Yunnan province was made of a 

dragon-shaped head, four handles, a circle main body with seven chocks named ―Pin‖, 

carved by hollow-carved skill and ornamented-carved skill to generate the complex, 

multi-leveled, high-caliber artwork. The real wooden moon guitar is shown in Figure 5-

1. 

 

The modeling process was the reverse process of the original creation, which was a top-

down workflow. So, it needed to concentrate on the different functional elements‘ 

generation, and then it had to assemble them together with the constraints among them. 

Seven separated elements were identified: the dragon head, the neck, the handler, the 

main body, the tail, the strings and seven chocks. 

In Inventor, the necessary technical operations included four operations of (Extrude, 

Revolve, Loft, Sweep), two operations of (Fillet, Chamfer), two operations of (Circular, 

Mirror) and some other Work Features Operations. The three main parts of the Moon 

Guitar which were created with these operations are shown below: 

 (1) The neck element. 

 

 

Figure 5-1: Snapshot of moon guitar model 

 

Figure 5-2: Moon guitar: The special shape of neck 
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 (2) The handler element 

 

(3) The side facet of main body 

 

The difficulties in the Moon Guitar case study were mainly solid modeling problems. 

Every part of moon guitar was originally made by craftsman in hand. The shapes were 

not regular ones as seen in engineering design, but with more natural smooth surfaces 

and curves. They were beautiful but hard to digitalize by formal approaches in Inventor. 

For example, the profile of the handler (shown in Figure 5-2) was not regular surface 

likes the cylinder. The top part was narrow and it became larger at the bottom part. The 

datum line of the handler was a concave curve and there were some decorative patterns 

on it. In order to build it, many more auxiliary work planes were necessary, which was 

really a time-consuming work. In this case study, the free-form solid modeling skills 

were practiced and studied.    

 Loom Machine 

 

Figure 5-3: Moon guitar: The handler structure 

 

Figure 5-4: Moon guitar: The framework of main body 
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The main purpose of the loom is to hold the warp threads under tension to facilitate the 

interweaving of the weft threads. The precise shape of the loom and its mechanics may 

vary, but the basic function is the same. 

 

In this case study, the 3D digital model for Kesi silk loom machine, which has 

thousands of years‘ history, was built. The original wooden model was exhibited in the 

museum in Suzhou, China, shown in Figure 5-5. 

The shape of loom machine was not complex; most shapes were based on regular shapes, 

cubes, rectangles and cylinders. However, the spatial relationship and the way to 

assemble them together were complicated.  

It was necessary to decompose the loom machine into several parts, the frame, the net, 

the decoration and others. For every part, the sub-decomposition was necessary. As a 

result, when the digital mode was completed, there were totally 1090 different 

components, shown in Figure 5-6. 

 

Figure 5-5: Model of Loom machine. 
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In this case study, the assemble function of Autodesk Inventor was well studied. Mostly, 

the way to assemble two components together was finished by a position feature, i.e., 

‗Constrain‘. There were four different constrains to assemble the components for 

different situations, based on tangent faces and direction, angles of pointing faces, 

tangent lines/points for surface, or axis and direction. 

5.1.3 Problem identifications 

Through the two case studies, 3D operating skills were practiced. One aim of the two 

design case studies was to learn and experience the design process, and to find where the 

design technologies were required during design modeling. At the same time, the 

experiences of using Autodesk Inventor were valuable for consolidating the research 

objectives of this study. 

During the modeling process which was similar to the reverse of design process, the 

conceived modeling plan was conflicted with the functions defined by Inventor. For 

many times, I observed and measured the real model and sketched the parts by pencil 

and paper. However, the plan in my mind had to be changed when the work was 

 

Figure 5-6: Different parts of Loom machine. 
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proceeded with Inventor. It was a little frustrated. This explained why designers could 

often get frustrated with the current CAD technologies when creating their designs, 

especially at the conceptual stage. Designers‘ imagination and creative 

conceptualization often had to be scaled down by the use of tools that could not match 

with their visual thinking. In their ideation process, their thinking was active. When they 

had novel ideas and tried to realize them in CAD systems, they could be blocked by the 

limited functions of the system.  

It was hard to do some changes after several days of modeling work. Although Inventor 

can record every steps of modeling procedures, it was still unsatisfactory on the model 

changing issue. When I finished the digital model in Inventor, I was willing to try some 

attempts on changing the features of the existing models, such as, ‗making the moon 

guitar slimmer‘, ‗making the pillar of loom machine stronger‘. Some of the ideas could 

be done, but some could not. If the model changing was not along the way how it was 

built before, then it would result in failure when many modifications were made. 

Sometimes, the appearances of models was destroyed, and sometimes, the assemble 

constraints were conflicted. Simply speaking, after heavy work on a digital model, it 

was not convenient to change the design entity according to users‘ imagination. This 

problem would limit the usage of the computing power on design concept generation for 

designers.  

In the two design case studies, all details had to be generated in my mind before the 

digital modeling work began in Inventor. This way was not attractive for designers. 

Design is a multi-reading and dynamic process. The changes are always necessary 

before a final design solution is confirmed. Therefore, the predefined working 

procedures and unchangeable design entities in Inventor make it difficult for designers 

to engage CAD technologies with great confidence and reliance. In design areas, many 

designers agreed that CAD technologies could assist their design work in various 

aspects. Some of them even believed CAD technologies could work as partners in 
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design process. Towards to this direction, the current CAD technologies should be more 

intelligently and friendly to design interaction. The design knowledge interaction 

between designers and CAD systems should be smooth and fluent.  

According to experiences and problems of the two design case studies, there were 

several research hypotheses that could be made with the definition of research objectives 

for further improving the current technologies. 

In real design practice, designers represent their ideas by sketches on paper instead of 

CAD systems. One problem is that the most CAD systems require some necessary 

background knowledge to use. If the operation of CAD systems can be easier for 

designers, then they may be willing to use the CAD system directly. More designer‘s 

involvement in CAD systems, more designers‘ intelligence and knowledge can be 

received by system, which can lead to better design services in design automation.  

In current CAD systems, before the digital work began, all the details have to be 

prepared well. This way is in conflict with the real design process, especially in design 

ideation process. If the CAD entities are free to change, then designers will be happier 

to use them try some of their design imagination. 

Many CAD systems support some pre-defined modeling functions. It needs designers to 

conform to the regular rules which would limit their design freedom. If the CAD systems 

permit designers to create their own design rules (design tool customization), then it 

will be better for design multi-reading and design creation. 

In this study, in order to solve the problems mentioned above, I introduced a new way to 

represent design models, not only based on geometries and topologies, but also on 

dynamic design actions. It permits to record design actions in design process, which 

would be helpful to record design intention. At the same time, the customized rule 

generation supports the freedom for designer in their design work by DSR shapes.  
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5.2 An overview on shape representation 

How to represent shape efficiently is an important issue in CAD research. There are 

several shape representations for different aims ranging from shape recognition to shape 

description. These can generally be classified into two categories: the mathematical 

form and the visual form. 

In a mathematical representation, the morphological characteristics, such as convexity, 

concavity, binary string data and gray-degree, are considered. Verri and Uras (Verri and 

Uras, 1996) presented a method based on the size function to measure two integers of 

the free-form curves. Xu (Xu, 1997) proposed a method based on the convex polygon 

using the Freeman Chain Code (Freeman, 1974) notation to represent 2D binary shapes. 

Xu (Xu, 2001) mentioned one arbitrary 2D shape representation using a union of the 

rectangular component followed by a morphological skeleton transform.  

In a visual representation, the hierarchical structure and the component technology are 

widely used to reduce the difficulties of shape description. Lu et al (Lu et al., 1983) 

introduced a decomposable derivation tree with the abilities to analyze each level of the 

abstraction independently. Rossignac et al (Rossignac and Requicha, 1991) presented a 

CNRG tree to extend the domain of CSG.  In their approach, the tree was used to 

express a 2D shape by the combination of parameterized primitives and Boolean 

operations in a symbolic way. Guo and Menen (Guo and Menon, 1996) represented the 

free-from solids by an algebraic half-plane. This method can represent any 2D zone-

formed shapes. For object recognition, Nishida (Nishida, 1997) proposed a 3D shape 

representation using the surface primitives and the local shape feature. Borgefors et al 

(Borgefors et al., 1999) used a binary pyramid method to express 2D and 3D shape 

appearances. Although the shape details were reduced, this method can be used to 

preserve the outside information in lower resolutions. In 2009, Ma et al (Ma et al., 2009) 

built a framework to represent any type of 3D shapes by the union of decomposable 
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volumes which were generated from a face shell. The Face Shape Code and the Face 

Location Code used to describe shape volumes can be conveniently manipulated by 

computers. 

Most representations followed the principle of allowing easy computer implementation 

and informational management (Kim and O'Grady, 1996). However, shapes are mostly 

perceived subjectively in design practices. Different designers have different opinions 

when they see the same shape. In other words, multiple readings in design regarding 

shape, especial in visual design, play an important role for design creation (Gross, 2001). 

This means even in computers, shapes representation should not be restricted by their 

geometry and topology. A ‗designable‘ shape must be suitable for various shape 

applications. In this study, I propose a new approach to represent shapes by a series of 

shaping actions. This method supports an easy way to generatively explore a shape 

family, and also permits a more flexible shape application in design domain. 

5.3 Dynamic shape representation 

In this section, a new shape representation named Dynamic Shape Representation (DSR) 

is introduced based on the working in the literature (CUI and Tang, 2011). In design 

process, designers use consecutive revisions and transformations on initial shape(s) to 

create their favorite designs. Before design exploration is finished, shapes are constantly 

changing. In order to support this design exploration process, the DSR represents the 

design not only from the final status, but also the generating processes by a series of 

basic shape transforms, named design actions.  

5.3.1 Design features 

Design cannot be explained by logical information merely, as there are many intangible 

factors which will work even more significantly. Some of these still cannot be fully 
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understood by researches in AI and Computer Sciences. Therefore, here is an assertion: 

before designating a tool, one should learn from designers first. When developing new 

technologies supporting design activities, it is necessary to try to follow the thinking of 

designers instead of following an information process. 

In conceptual design stage, there are three essential features governing the design 

complexity, such as, dynamic feature, environment sensitive feature, and multilateral 

feature. 

Dynamic feature - From an original design conception to a final design solution, there 

are always dynamic changing until the design process terminates either by designer‘s 

decisions of satisfaction or objective requirements. In a design process, a designer‘s 

thinking is highly activating. This process may be inspired by any tiny changes in the 

information and knowledge coming to the mind of the designers. The ideas will flash in 

designers‘ minds. It is therefore difficult to list all the potential shapes which may 

appear in designer‘s minds in order to model and trace the whole evolving process, as 

those are most likely to be generated based on some intangible factors, such as feeling, 

emotion, experience, subjectivity. However, the common factor is that the changing will 

not stop until a final design solution is confirmed. There is a need for a representation 

scheme that is capable of not only describing tangible design shapes in static terms such 

as geometric features or topological features, but also describing them in a dynamic way 

by rules of a generative system. 

Environment sensitive feature – At conceptual design stage, designers change parts of 

design sometimes not because the parts are not good or beautiful, but not suitable for the 

entire work. At this point, not a single rule, but a family of rules that can describe a 

shape and its variations will have better possibilities to support design thinking. 

Multilateral feature - Designers‘ thinking has unlimited boundary and scope. Even 

designers themselves cannot speak how an idea emerged and why it was emerged. A 



121 
 

same design will require different imaginations for different designers with different 

design backgrounds. With no technical restrictions, if asking several designers to create 

a same shape, there will be much more than one ways for them to accomplish the task. 

In other words, there are diverse ways which can build the same result.  

The above three features should be noticed during CAD studies. It relates to design 

exploration, design sequential relation and multi-reading in design. For the design 

exploration, designers‘ actions should be studied because they can represent the 

procedures how final design solutions have been evolved. The design environment in 

this study focuses on the partial-whole relations with special sequence. Designers 

evaluate at every step the design alternatives based on their aesthetic viewpoints. The 

existing design idea (design shapes) influences the following design actions. The degree 

of influences to the next step design action is not linear. It is not necessary the later 

design actions will be more essential for the next design space. The design inspiration 

can be a flash from every step, even from other areas. That is the reason why all the 

procedures in design process are all important for DSR shapes. The multi-reading 

feature requires a flexible shape representation which permits different formal 

representations to describe the same design (shape). It is close to the real design 

situation. From the considerations above, the dynamic shape representation is proposed. 

5.3.2 Elemental Rule 

Component technology reduces computational difficulties for complex shape 

representation. Through decomposition, shapes can be represented by some low-level 

elements, even decreasing the dimensional property from 3D to 0D (points) (Knight, 

2003a). As early as 1980, Knight represented curves by end points of a straight line 

(Knight, 1980) in 2D chair-back design. In 2006, Parts et al (Prats et al., 2006) proposed 

the decomposition points for perceiving novel shapes and sub-shapes. This was a good 

method for designers to identify the potential design innovations. The decomposition 



122 
 

points were normally placed on the contour lines, including intersection points, end 

points and coincident points.  

For the consideration of less limitation on shape creation, it is decided to employ 

component technology in the new shape representation in this study. The proper 

component will be chosen as primitives for designers/users to work with, in a way just 

like using a pencil to draw on canvas. The primitives are the basic elements to be 

combined into a whole shape under users‘ visual imagination. Point (0D) is the simplest 

form. However, the application of points will dismiss some useful information for the 

subsequent operations, such as shape identification and shape matching. The graph-like 

data structure (Yue and Krishnamurti, 2008, Yue et al., 2009) introduced by Yue and 

Krishnamurti and the SG meta-language (Liew, 2004) proposed by Liew successfully 

increased the dimensionality of primitives from 0D to 2D, using the square shape to 

record geometric information. Therefore, inspired by them, 3D basic shapes are used as 

the primitives in my new shape representation, such as cube and sphere. 

Parameters are used to control the primitives in DSR shapes. To avoid the users getting 

stuck in the massive elemental operations, cubes and spheres were chosen as the 

primitives in this study because of their simplest variations and direct visual 

imaginations. One distinguished feature of the primitives in DSR shape is that they only 

work as the lowest level elements. The primitives did not involve any shape 

computation but only shape generation. This atomic feature ensues the convenience in 

further shape identification and sub-shape detection. 

The CSG approach builds geometric shapes using a set of primitives such as cubes, 

cylinders or prims. Complex shapes are built from the primitives through a set of 

Boolean operations (Union, Difference and Intersection). In this study, the DSR shape is 

represented within a rule-based generative system.  
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The primitives (cube and sphere) are atoms to represent a DSR shape. For better 

capturing shape changes, the DSR shape uses a series of basic shape transforms, named 

Elemental Rules (ER), to represent fundamental design actions. Therefore, in a DSR 

shape, the components are not based on the primitives, but the sequential application of 

ERs. The ERs are only used to construct a shape using permitted primitives. Therefore, 

the ERs are at a mid-level between the shape representation and solid primitives.  

Definition: Elemental Rule. An Elemental Rule is a finite set of shape rules of the form 

αβ, where α and β are the shapes with orientation being included in the permitted 

shape set S* without or within finite transforms, such as the Delete, the Slice-Corner, 

Slice-Edge and the Add, called ER. 

Trescak et al (Trescak et al., 2009b) summarized three main kinds of rules: Addition, 

Substitution, Modification. In this research, four types of ERs are introduced, which are, 

Delete Rule, Slice-Edge Rule, Slice-Corner Rule and Add Rule. Based on a 3D cube 

space, the edge features and corner features are used to represent different ERs.  There 

are 12 edges and 8 corner vertexes in a cube, as shown in Figure 5-7.  

 

Different directional features on edges and corners decide the different ER families in 

DSR shape. By increasing the sphere as another basic primitive in ER families, the four 

basic ERs can be extended to nine families, as shown in table 5-1 and table 5-2.  
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Figure 5-7: Geometric features of cube (12 edges, 8 corner vertexes) 
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Table 5-1: The Elemental Rules based on cube 

 

Table 5-2: The five extensional basic ER family 

 

In my shape representation system, there are 9 ER families, 70 different single ERs for 

shape construction. Although it is still not enough to satisfy all shape generations, the 9 

ER families can support many different shapes including free-solid forms. Parts of DSR 

shapes are shown in Figure 5-8. 
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5.3.3 DSR shapes 

Definition: DSR shape. DSR shape is a finite set of primitives, which are manipulated 

through a family of Elemental Rules in a specific order. A DSR shape can be formally 

represented by the primitive set and the family of ERs following the operational 

sequence, {S*|ER (i1), ER (i2), …, ER(in)}. 

For computational implementation, the shapes generated from primitives by any 

Boolean operations do not belong to the set S
*
. The DSR shape consists of primitives 

and basic changes (ERs) on them. The generation of DSR shape is similar to the 

building block played by children. Different primitives can be piled up together with 

specific ERs‘ application to create many various shapes. There is not too much 

geometric and mathematic knowledge explicitly involved. It will be helpful for the easy-

way of shape operations later in the design process. 

An example of DSR shape is shown in Figure 5-9 and its data record in a XML file is 

shown in Figure 5-10. 

 

Figure 5-8: DSR shapes generated by ERs. 
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Figure 5-9 (a) is a rhombus shape. The different generating process can be represented 

by DSR shapes, such as Figure 5-9 (b) and Figure 5-9 (c). In Figure 5-9(b), for example, 

the detailed DSR shape representation is shown in Figure 5-10 (a), formally {S1 | ER(3), 

ER(3), ER(3), ER(3), ER(3), ER(1), ER(1)}. The Figure 5-9 (c) is shown in Figure 5-10 

(b), formally {S2 | ER(3), ER(3), ER(3), ER(3), ER(3)}. The two DSR shapes are the 

same from their final status (a rhombus shape). However, the way of generating is 

different. For clear explanation, the shape mentioned here does not infer to the 3D 

orientation issue which will be discussed in the next chapter. 

 

 

Figure 5-9: The samples of DSR shape 

<Primitive set x_number="2" y_number="2" z_number="2"/> 

<ElementalRule xNo="0" yNo="1" zNo="0" ElementalRuleNo=3 xdirection="0" ydirection="1" zdirection="-999"/> 

<ElementalRule xNo="0" yNo="1" zNo="1" ElementalRuleNo=3 xdirection="0" ydirection="1" zdirection="-999"/> 

<ElementalRule xNo="1" yNo="1" zNo="0" ElementalRuleNo=3 xdirection="1" ydirection="0" zdirection="-999"/> 

<ElementalRule xNo="1" yNo="1" zNo="1" ElementalRuleNo=3 xdirection="1" ydirection="0" zdirection="-999"/> 

<ElementalRule xNo="0" yNo="0" zNo="0" ElementalRuleNo=3 xdirection="1" ydirection="0" zdirection="-999"/> 

<ElementalRule xNo="0" yNo="0" zNo="1" ElementalRuleNo=3 xdirection="1" ydirection="0" zdirection="-999"/> 

<ElementalRule xNo="1" yNo="0" zNo="0" ElementalRuleNo=1/> 

<ElementalRule xNo="1" yNo="0" zNo="1" ElementalRuleNo=1 /> 

(a) Fig3-b DSR shape in computer 
< Primitive set x_number="4" y_number="1" z_number="3" /> 

<ElementalRule xNo="0" yNo="0" zNo="0" ElementalRuleNo=3 xdirection="0” ydirection="1" zdirection="-999"/> 

<ElementalRule xNo="1" yNo="0" zNo="0" ElementalRuleNo=3 xdirection="0" ydirection="1" zdirection="-999"/>  

<ElementalRule xNo="2" yNo="0" zNo="0" ElementalRuleNo=3 xdirection="0" ydirection="1" zdirection="-999"/> 

<ElementalRule xNo="0" yNo="0" zNo="3" ElementalRuleNo=3 xdirection="1" ydirection="1" zdirection="-999"/> 

<ElementalRule xNo="1" yNo="0" zNo="3" ElementalRuleNo=3 xdirection="1" ydirection="1" zdirection="-999"/>  

<ElementalRule xNo="2" yNo="0" zNo="3" ElementalRuleNo=3 xdirection="1" ydirection="1" zdirection="-999"/> 

(b) Fig3-d DSR shape in computer 

Figure 5-10: DSR shape records in XML file 
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Another example of DSR shape is shown in Figure 5-11. In Figure 5-11, the shape can 

be represented as: {S1 | ER(3), ER(3), ……, ER(3), ER(1), ER(1), ER(3), ……, ER(3), 

ER(1), ……, ER(1)}. There are 22 ERs and 35 primitives in the shape. 

  

A DSR shape is represented by a group of ERs in a sequential order. In this 

representation, when getting a DSR shape, it is easy to find a way to generatively 

explore new shapes based on the existing one. For the example in Figure 5-11, when I 

changed the ERs according to the x-direction and y-direction, it generated two groups of 

new shapes as shown in Figure 5-12. 

 

There are some other approaches to generatively create new shapes based on the 

existing DSR shape, such as ER replacement and ER orientation change. As ERs are 

only used to construct a DSR shape, the Euclidean transforms (rotation, scale, reflection) 

are not considered at this level, which will be dealt with at a rule level. In this way, after 

 

Figure 5-11: Sample of DSR shape 

 (a) 

 (b) 

Figure 5-12: Generation new DSR shapes based on Fig.5-11 

(a). change the ERs along x-direction; (b) change the ERs along y-direction 
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designing a new DSR shape, it allows users to rapidly generate some new ones. Every 

new generation can be saved as a DSR shape for further applications. 

The shape representation for conceptual design creation needs to satisfy two 

requirements: shape ambiguity (Knight, 2003a) and shape emergency (Knight, 2003b). 

The former one represents the multi-reading of design. Different designers have 

different feelings when they a design. Therefore, the design representation should have 

enough flexibility to describe the same design. The example shown in Figure 5-9 can 

prove the shape ambiguity on the DSR shape. The latter one shows the changeable 

ability on shape representation. One single shape does not mean too much for design 

ideation. The changeable shape can inspire designers at conceptual design stage. When a 

DSR shape is generated, various new shape generations show the shape emergent 

features of DSR shapes.  

5.4 Rule-based application of DSR shape 

5.4.1 DSR Rule 

The primitives and ERs can be used to describe and generate a shape in terms of DSR 

shape. The introduction of DSR shapes is to describe the design intention by design 

actions. There are two issues which should be solved further: the modeling ability and 

design representation on actions. 

Although primitives chosen in this research are cubes and spheres, not only orthogonal 

but also other shapes can be represented. The most free-form solids with curvy surface 

can be represented by DSR shape. According to the volume of a cube, a primitive can be 

classified into three sub-categories, i.e. the complete primitive, incomplete primitive and 

null primitive. For a cube with parameter a, the three sub-categories are shown below, 
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Every free-form solid has its minimal enclosing rectangle. It can be decomposed into the 

collection of primitives with the granularity value of X*Y*Z (X≧1, Y≧1 and Z≧1), 

based on the size of minimal enclosing rectangle. There is an example shown in Figure 

5-13. 

 

Figure 5-13 (a) is a DSR Initial Shape consisted of 5*5*5 cubes, in which every 

primitive is complete primitive. The shape in Figure 5-13 (b) is a DSR shape transferred 

from a sphere with the granularity degree as 5*5*5. There is a decomposing sketch 

shown in Figure 5-13 (c). It shows that the inside primitives are all complete primitives, 

while the outside primitives are incomplete primitives. Besides, some primitives near to 

the eight corners belong to the empty primitives which are invisible in Figure 5-13.  

(a) (b) 

(c) 

Figure 5-13: DSR Initial Shape 

Incomplete primitive 

Complete primitive 
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Through transferring a free-form solid into the three categories of primitives, all shapes 

can be represented by DSR shape for rule based application. Most outside primitives 

will be the incomplete primitives. They are different from the complete primitives which 

can be calculated by shape computation. For the incomplete primitives, it proposes a 

new mode of rule application in order to keep the appearance during shape 

transformation, which will be introduced later (5.4.2).  

Based on the DSR shape, in order to emulate designers‘ actions in design process, the 

DSR rule is proposed here. It can be used to capture designers‘ intention by representing 

their design actions. 

Definition: DSR rule. The DSR rule is a rule of AB, where A and B are both the 

labeled shape in S
*
 (S

*  S). 

The DSR shapes record both the static information (geometry and topology) and the 

dynamic information (design changes and design actions). One DSR rule is a way how 

to change the shape from initial status to its final status. Not only the final entities 

(solids) can be represented, the process how to change is also represented by the DSR 

shape. As there are many incomplete primitives at the outside of a DSR shape, the 

traditional shape rule application based on shape replacement cannot be suitable enough 

here. A new way to use DSR rule ( ) is proposed here for capturing design actions. 

5.4.2 Action Capture Model 

The traditional rule application is based on shape replacement, which means that the 

right side shape will replace the matched left side shape. However, the DSR shape is 

used to represent the design actions not only by the shape itself. For example, there are 

many incomplete primitives at the surface of a shape. When using the rule replacement 

in the DSR shape, the incomplete primitives will be replaced by the complete primitives. 

In this case, the outside appearance will be destroyed. In Figure 5-14 (a) it shows the 
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basic ER which will be used later. The intention of this ER is to cut the left side shape 

into two parts along the diagonal line at the top plane. The right part can be reserved, 

and the left part should disappear. When using this ER (Figure 5-14 (a)) to the LHS of 

Figure 5-14 (b), based on the rule replacement, the RHS of Figure 5-14 (b) cannot keep 

the original shape appearance of its LHS. The shape‘s appearance is broken. In order to 

solve this problem, a new rule application approach, i.e., the Action Capturing Model is 

proposed. 

Definition: Action Capturing Model. The Action Capture Model is a rule applying 

method aimed at keeping the original outside appearance of the objective shape. Based 

on the minimal enclosing rectangle, the right side of the rule should be a Boolean 

Intersection between the object shape and the expected shape after a rule replacement 

(SObject_Left∩SRule_Right). 

In this way, only the parts appeared in both the LHS of the original shape and the RHS 

of the Elemental Rule will be perceived, i.e., (LHS of Figure 5-14 (c) ∩ RHS of Figure 

5-14 (a)), such as the ones shown in Figure 5-14 (c). From a computer graphics 

perspective, it uses a Boolean intersection operation to keep the original outside feature 

of the shape. 

Through experiments, it was found that using Action Capture Model to the DSR Rules 

can transform the shape following the desired intention and keep the outside appearance 

for any free-form solids. There is an example to compare the normal way of shape 

replacement (Figure 5-15 (a)) and the result of Action Capture Model (Figure 5-15 (b)). 
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5.4.3 Discussions on DSR shape 

The DSR shape is proposed for both static and dynamic data collected in understanding 

the process of design. It does not represent shape only from the perspective of geometry 

and topology. The intermediate processes of how a shape is transformed are recorded. 

There are some issues which should be discussed further for better understanding of this 

new shape representation. 

 

Figure 5-14: Action Capture Model of Elemental Rule 

 

Figure 5-15: Example of Action Capture Model rule application 
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5.4.3.1 DSR shape resolution 

Every DSR shape consists of several primitives with a certain granularity. Through its 

definition, all the free-form solids can be transferred into the way of union of primitives 

by shape decomposition. For the CSG-based shape modeling, the resolution is important. 

It decides on how detailed can be represented by the shape representation. Normally, the 

higher resolution, the more details can be shown in the shape. 

However, DSR shape is different from the CSG-based shape. The DSR shape includes 

the sequential ERs working on the union of primitives, not the primitive merely. The 

ERs are basic shape rules to demonstrate the fundamental design actions, such as delete 

action, add action and adjust action (subtraction). Therefore, one can say that one DSR 

shape actually is one DSR rule to represent the shape transforms, from the initial status 

to the final status. 

The resolution degree in DSR shape means how much complexity of design actions the 

user wants to work on the shape. For example, if the desired design action is to delete 

half of the objective shape. A DSR shape of (2*1*1) (Figure 5-16 (a)) to use one-time 

ER1 is equal to a DSR shape of (2*2*2) (Figure 5-16 (b)) to use 4 times ER1. When 

using the two rules to an apple shape, the results are the same, shown in Figure 5-16 (c). 

There are not rigid limitations on the resolution of DSR shapes. The resolution is 

dependent of how complex the desired design actions will be, which can be decided by 

the user.  

Therefore, the obvious difference of resolution in a DSR shape with the resolution in a 

CSG shape is that the resolution in DSR shape represents the complexity of design 

actions not the degree of shape demonstration. If one wants to create one shape by more 

design actions, the higher resolution can meet this requirement, otherwise the lower 

resolution will be suitable to reduce the size and degree of shape representation. 
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5.4.3.2 Elemental rule & DSR rule 

In this study, there are two kinds of rules, the Elemental Rule (ER) and the DSR rule. 

They are focused for different aspects of a DSR shape. 

The ERs are used to construct DSR shapes. Every ER is a basic shape action in shape 

generation process. In order to release the restrictions on shape application, the ERs are 

used to extract the shape representation from the geometry and topology of the 

primitives. Therefore, when having a DSR shape, through changing the ERs and union 

of primitives, it can generatively create a family of shapes.  

The DSR rule belongs to dynamic aspects of a DSR shape. It can represent a meaningful 

design action in the design process. As mentioned above, the DSR shape includes two 

aspects of design information, the static one and the dynamic one. From the static one, 

the DSR shape is a shape representation to depict the physical feature of a designed 

shape. From the dynamic one, the DSR shape can be recognized as a DSR Rule to 

transform the shape.  

Therefore, it can be said that an application of a DSR rule is the parallel applications of 

several ERs saved in one DSR shape. This is inspired from the real design practices. 

Even in a sketch drawing, not every single stroke has an independent and complete 

 

Figure 5-16: Resolution of DSR shape. 
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design intention. Several strokes may represent a relatively complete design intention 

for a design idea. In the DSR rule-based grammars, the DSR Rule is the cluster of 

several ERs to represent an independent design action. The application of ERs is used to 

extract the shape representation from the geometric and topologic features. There is a 

comparison of ER and DSR Rule listed in Table 6-3. 

Table 5-3: Comparison between ER and DSR Rule. 

 Dimensi

onality 
Application way Function Composition 

ER 3D Shape replacement Shape representation Primitives 

DSR 

Rule 
3D Action Capture Mode Design action representation ERs 

 

5.4.3.3 Shape replacement and shape changing 

The traditional mechanism of shape grammars is running by shape/sub-shape 

replacement, which means the matched left side shape will be replaced by the right side. 

It needs the smart strategy of shape/sub-shape recognition which becomes an important 

issue on implementation of rule-based grammars in computer. In the DSR rule, the 

shape changes, not shape replacements, can be used to keep the process information of 

designer‘s intention. 

Shape replacement is the way to replace an old shape by a new one. It is easy to do if the 

objective is recognized. However, in design process, the designers‘ thinking is on how 

to change a shape, not how to replace a shape. Sometimes designers‘ idea can be be 

inspired by some other design projects. For example, one desired design change working 

on a chair design maybe come from an idea of a building design. If we want the design 

technology to be more suggestive for design creation at conceptual design, a more 

flexible shape rule application mechanism to permit multiple usages for different status 

is helpful. 
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In this study, the DSR shape is not based on the geometric details, Instead, it uses 

Action Capture Mode to the DSR rules to support better performance on shape action 

description. There is an example shown in Figure 5-17. There is a DSR Rule in Figure 

5-17 (a). The design action is to cut the right half part by a wavy shape. When using the 

ACM rule application to a sphere (Figure 5-17 (b)) and a frustum (Figure 5-17 (c)), the 

rule can keep design actions to the left hand side of different shapes. Also, it can use the 

same rule (Figure 5-17 (a)) to design a conceptual table shown in Figure 5-17 (d). The 

table-board and four legs are all changed by the same DSR rule. The design language of 

conceptual table design is shown in Appendix 1. Although working on different shapes 

(size, appearance), the DSR rule keeps the same design actions in the rule application. 

The ‗shape change‘ approach in DSR shape supports a potential way to permit designed 

shape rules to be used to different design situations and keep the original desired design 

action. 

Therefore, the two ways of rule application are both compatible for the DSR shape. 

When the objective shape (sub-shape) is identified, the rule replacement can be used. If 

the intended design actions want to be represented, the ACM are workable.  
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5.4.3.4 Sub-shape detection 

In shape decomposition, the part of shape recognition (sub-shape detection) is the core 

problem for creative design. Shapes constructed from one set of primitives may be 

decomposed into a different set of primitives, to allow emergent shapes (Brown et al., 

1996). Liu (Liu, 1995) suggested a way for seeing shapes which were extended with the 

definition of sub-shape, from closed to unclosed, and from explicit to implicit. It was 

valuable for the verse analysis process in design computation and visual computation. 

Mccormack and Cagan (McCormack and Cagan, 2002b) proposes a parametric shape 

identification which helped to resolve shape constraints, such as the closure or 

dimensionality.  

However, it is easier to be done by human designers. The smart sub-shape identification 

relies on the flexible decomposition points, and sometimes it even needs to break the 

dimensionalities. In a computer system, it is difficult to decide which part can be 

 

Figure 5-17: Design action change by DSR Rule. 
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recognized as a meaningful sub-shape without any prior experiences. Therefore, the sub-

shape detection became a key problem for advanced application of rule-based systems. 

In this research, shapes are represented by the DSR shapes consisting of several 

primitives at a low level. It provides a reversing perspective towards the sub-shape 

detection and shape recognition. Many novel shapes are not recognized as the whole, 

but as parts (primitives), i.e., the decomposing recognition.  

Many types of shapes can be translated into DSR shapes. Then, recognizing the shapes 

and parts of the shapes from primitive level becomes possible. After decomposition, not 

all the primitives are complete ones. Most outside primitives are incomplete or even null 

forms. This makes it difficult to match based on their geometries. Therefore, in the 

proposed Primitive Match method, the volume value of a primitive is used to decide 

whether two shapes are similar or exactly the same. 

Definition: Primitive Match. If Vpi  (Voc(pi)*TS), then the primitive(i) can be found, 

named ‘Match’, else if Vpi  (Voc(pi)*TS), the primitive (i) cannot be found, named 

‘MisMatch’, where Vpi is the volume of primitive(i) and Voc(pi) is the volume of its 

minimal enclosing cube of primitive(i), TS is a threshold(0, 1]. 

As the DSR shape is constructed by a union of primitives. It supports the possibility to 

recognize shape from a micro-view. If every primitive can be ‗Matched‘, then the whole 

shape can be recognized. For every primitive, it uses the volume value to evaluate 

whether a primitive is recognizable. When the volume is larger than the standards 

(Voc(pi)*TS), then it can be recognized as a ‗Match‘. Considering the incomplete 

primitives whose volume values are less than the completed ones, it adds a threshold 

‗TS‘ to balance the differences. 

The value of TS is used to identify the degree of similarity. When TS is equal to 1, the 

result of Primitive Match indicates whether the two shapes are the same. When TS 

belongs to (0, 1], the result indicates the status of similarity between two objects. There 
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are three shapes shown in Figure 5-18, (a), (b) and (c). After transferring into the DSR 

shape, when choosing the granularity degree as 4*4*1, the matching conditions are 

shown on the right hand side. If TS is 1, then three matching conditions can be 

represented as 


















YYYY

YNNY

YNNY

YYYY

,,,

,,,

,,,

,,,

for shape 1, 


















YYYY

YNNY

YNNY

YYYY

,,,

,,,

,,,

,,,

 for shape 2 and  


















NNNN

YNNY

NNNN

NNNN

,,,

,,,

,,,

,,,

 for shape 3 

(Y means ‗Match‘ and N means ‗MisMatch‘). Therefore, in this context, one can get the 

conclusion that shape 1 and shape 2 are the same. However, shape 3 is different from the 

previous two. If choosing TS as 0.2, then the matching condition of shape 3 will be 

changed into
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. It means that, under this context, shape 3 is similar to shape 1 

and shape 2. During similarity judgment, the higher value of TS means the higher 

similarity degree between the two objects. 

It can easily find the similar shapes or sub-shapes in DSR shapes. This shape 

recognition can support isometric transform. There is another example shown in Figure 

5-18. It finds the parts of shape in Figure 5-18 (e) which are matched as the ‗same‘ with 

the shape shown in Figure 5-18 (d). Parts of the same sub-shapes are marked yellow. 

This method does not only work on orthogonal shapes, but also on free-form solids, 

since the concluding shape is generated based on the volume of the primitives which are 

not influenced by their geometric appearance. 
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5.5 Design Languages 

The DSR shape and DSR rule represent single design actions in design process. The 

consecutive design actions can describe a complete design idea of designers. By the 

initial shapes and the set of DSR rules, the design languages which capture the design 

procedures can be generated. Design languages are helpful for understanding design 

processes by designers as the visual demonstration. At the same time, the grammatical 

rule-based approach permits the possible for computer to analyze the logic of design 

proceeding. 

When the design languages are generated by DSR shapes & DSR rules, the design 

procedures can be represented and captured step by step. It supports an avenue to test 

the effects of the same language working on other initial shapes or design environment. 

The design knowledge inside the recorded information leads the design automation 

 

Figure 5-18: Examples of Primitive Match 
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towards the direction represented by design languages. There is a simple example of an 

application of design language on conceptual cup design, given below.  

At first, designers create relevant DSR rules based on the DSR shape in an interactive 

computer system. The single ER used in the DSR shape is so elemental that it can be 

captured by common computer operations, such as the keyboard and mouse events. 

Actually, after finishing the shape transformation visually, the atom operations, ERs, are 

recorded automatically by computer for generating new DSR rules. There are three DSR 

rules for a cup design: cup-frame rule, cup-handler rule, handle-refine rule, as shown in 

Figure 5-19. 

 

The cup-frame rule is used to make the shape hollow from the top surface and slice the 

inside top edge smoothly (Figure 5-19 (a)). Totally, there are 5*5*5 primitives and 79 

ERs used in the cup-frame rule. The cup-handler rule is used to generate the shape 

(Figure 5-19 (b)), only focusing on the size of the handler. 1*5*1 primitives and 22 ERs 

are saved for this rule. In the handle-refine rule, the detail of the handle is completed 

(Figure 5-19 (c)). There are 5*5*1 primitives and 12 ERs used. When I applied these 

three rules to a cube as an initial shape, the design language and final design solution are 

generated, shown in Figure 5-20. 

 

Figure 5-19: Three DSR rules for cup design 
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The design language is shown in Figure 5-20 (a). The parts marked yellow are the object 

shape or sub-shape for the next rule application. When the initial shape is a cube, the 

design solution is shown in Figure 5-20 (b) from different views. As mentioned above, 

the intended design actions are the priorities for the application of DSR rules. Therefore, 

when getting a design language by DSR shape, not only the design solution itself, but 

also the design actions are saved. If applying the design language to other different 

initial shapes, some novel solutions can be generated. Meanwhile, the desired design 

actions are kept in the new solutions. This can enhance the functions of the design 

language. When having one design language by DSR shape, the more alternatives can 

be generated within a generative system. 

 

 

Figure 5-20: Cup design example 



143 
 

 

In Figure 5-21, the same design language is used, shown in Figure 5-20 to a triangular, 

pentagonal pyramid, cylinder and sphere, respectively. Four different conceptual cup 

designs can be generated easily by applying the design actions recorded. Through using 

the Action Mode Capturing method to apply rules, the main appearance of different 

initial shapes and the desired design intentions are kept.  

There is another design example. One designer was invited to design a conceptual chair 

based on a simple idea, to curve a chair frame from a rectangle shape. When getting the 

design language generated by the DSR shape interpreter, shown in Figure 5-22, The 

design language was applied to different shapes. Some results were surprising for the 

designer. Some emergent results were out of the expectation of the original design 

language, shown in Table 5-4. 

 

 

Figure 5-21: Different results from different initial shape 

                           

Figure 5-22: Design language of a conceptual chair design. 
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Table 5-4: Application of design language to different shapes 

New shape Design generation New shape Design generation 

  

  

  

  

  

5.6 Rule-based 3D shape generation system 

In order to accomplish the objective to release operating pressures for designers, the 

rule-based 3D shape generation system is proposed in this section. Two issues should be 

concentrated here, e.g. how to record the DSR shapes and DSR rules in computer 

system and how to organize the system for design action capture and design language 

generation. Besides, the friendly user-system interaction is another problem that should 

be concerned with.  
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5.6.1 Data structure 

For CAD systems, data structure is the fundamental issue to represent design and design 

components by systematical way for convenient design computation. In this study, the 

general rule-based generative system is proposed to interpret design languages and DSR 

shapes. In this interpreter, all information (design entities, design actions, working 

sequences) can be collected form design process into the database. The data structure of 

four key components, the primitive, the ER, the DSR rule and the design languages, are 

presented in this section. In the research of literature (Hoisl and Shea, 2009) and the 

system of SGI (Trescak et al., 2012), the data information is perceived in a XML file. 

The XML data-based have the advantages of structure-node record and no additional 

system requirements. In the new interpreter, XML file is chosen as the format of DSR 

database. 

5.6.1.1 Data structure: Primitive 

In DSR shapes, primitives are the basic factors to construct design shapes. In a DSR 

shape, there are many primitives. Based on the ‗Environment sensitive feature‘ 

mentioned in section 5.3.1, the change of every primitive should not be independent, but 

bounding to each other. Stiny (Stiny, 1990) claimed that a design is an element in an n-

ray relation among drawings, the multiple relations are worthy to be noticed. One 

challenge is proposed by Hoisl and Shea (Hoisl and Shea, 2010), the flexibility of 

programming rule application should express relations between or constraints on the 

geometric objects. Therefore, in the new rule-based generative interpreter, the need to 

describe shape rules with the concerns of the internal relations of a shape is necessary. 

The Cellular Automata (CA) (Ilachinski, 2001) is a classical method which can be 

extended to the non-linguistic computation. There are cells—as the units of 

computation—that talk to each other in their own neighborhoods, and change in terms of 
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what they are told by rules. Also, for design computation, CA can bring the AI 

application through low-level elements and simple rules (Knight, 2003b). The 

combination of CA and shape grammars has already been done in the literature (Speller 

et al., 2007) on a truss design. 

Inspired by the CA theory, the relationships among primitives are considered in this 

study. Under the consideration, every primitive application can be bonded with the 

whole shape. It permits to find other connected primitives from any single one. 

Therefore, for the data structure of primitives, the concept of ‗neighbor‘ is used to build 

the connections.  

In a 3D primitive shown in Figure 5-23 (a), there are totally 26 neighbors. In Figure 5-

23 (b), the yellow-marked one is the object. The 26 primitives surrounding it are all 

neighbors. Considering the computing price, if recording all the neighbors it will need 

huge space even for saving the neighbor information for every single one and costly 

time for further computation. So, I decided to consider the direct neighbors of the object, 

as shown in Figure 5-23 (c). 

 

Definition: Direct Neighbor. The direct neighbor of an object is the ones around the 

object primitive, if and only if there is a shared surface of the minimal enclosing 

rectangle between the object and its neighbors. 

 
                  (a)          (b)           (c)  

(d) 

Figure 5-23: Primitive and its neighbors. 
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In a three-dimensional world, one primitive has six direct neighbors mostly, named 

‗full-status‘. There are six pointers used to mark the potential six neighbors: ‗xminus‘, 

‗xplus‘, ‗yminus‘, ‗yplus‘, ‗zminus‘, and ‗zplus‘. If there is not any direct neighbor in the 

corresponding direction, the pointer will be valued NULL, such as Figure 7-1 (d). For 

every neighbor, a three-tuple set, {xNo, yNo, zNo}, can be used to represent the position of 

primitives in 3D space. The value of the three parameters are the marks of the positions, 

and if there is no neighbors, the ‗-999‘ will be valued. 

In the data structure of primitive, the status of primitive is not considered. For example, 

for every primitive, the status of its neighbors is only ‗yes‘ or ‗no‘, no matter whether 

the neighbor is incomplete and complete one. This data structure is convenient for 

finding the position of targeted primitive for further application on DSR Rules and 

design languages.  

5.6.1.2 Data structure: Elemental Rule 

Elemental rules are basic shaping actions to generate a DSR rule. They release the 

reliance on geometry and topology of primitives, and support enough freedom for users 

to create new shapes. During the design action capturing process, the geometries and 

topologies of shapes are also stored in the DSR shapes by ERs.  Therefore, in the data 

structure of ERs, the geometric information should also be preserved.  

The data structure is listed as follow: 

<ElementalRule ENO, xNo, yNo, zNo, relationtype, area, unit_length> 

<LeftDown x, y, z/> 

<RightTop x, y, z/> 

<xminus xNo, yNo, zNo/> 

<xplus xNo, yNo, zNo/> 

<yminus xNo, yNo, zNo/> 

<yplus xNo, yNo, zNo/> 

<zminus xNo, yNo, zNo/> 
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<zplus xNo, yNo, zNo/> 

<ElementalRuleNo> 

<ElementalRuleDirection > 

</ElementalRule> 

The (xNo, yNo, zNo, area, unit_length) are used to represent the geometric details of the 

targeted primitive. As the ERs are used to represent DSR shapes in a sequential order, 

the application order should be recorded by the label ‗ENO‘.  

In data structure the ‗xNo, yNo, zNo‘ in label ‗ElementalRule‘ can be used to represent the 

position of primitives. There is bi-directional information communication inside the 

DSR shape interpreter.  From the computer end, when knowing the values of ‗xNo, yNo, 

zNo‘, it is easy to find the targeted primitive. From the user end, users do not need to care 

about the detailed information in their design process, only the relative position of 

primitives. Therefore, it is necessary to record the geometric scale information of 

primitive‘s enclosing rectangle by label ‗LeftDown‘ and ‗RightTop‘. In this way, all the 

position and relationships inside the ERs are all relative values. 

The label of ‗relationship‘ is used to represent the number of neighbors for the targeted 

primitive. As the function of ER is used to translate data information into useful visual 

form for users, it can classify the relationship into 7 groups (shown in Table 5-5), which 

can be related with the geometric meaning for a DSR shape. 

Table 5-5: 3D relationship of primitive. 

Relationship Type Primitive Feather 

0 The separated primitive, no shared surface with other neighbors 

1 The end primitives of a single line 

2 The primitives in a single line excepting the end ones 

3 The primitives in eight corners 

4 The primitives positioned in twelve edges excepting case 3 

5 The primitives positioned in the surfaces except case 3 and 4 

6 The inside primitives which is the ‗full-status‘ 
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The label of ‗ElementalRuleNo‘ is used to represent the ER family working on the 

primitive. The label of ‗ElementalRuleDirection‘ is used to represent the orientation 

value of every primitive, which will be illustrated later. 

There is a simple example to use one ER9 to a 3*3*3 DSR shape and its rule 

information shown in Figure 5-24. In the Figure, when I applied the ER9 to one of the 

primitives by a mouse click the result was generated as shown in (Figure 5-24 (a)). The 

relevant information are recorded by my system into a DSR rule database (Figure 5-24 

(b)). 

 

5.6.1.3 Data structure: DSR rule 

In this study, the DSR rules are saved by sequences of ER applications. Rules are used 

to visualize the shapes designed by users and translate the visual form into data saved in 

computer. In 1996, Cagdas (Çağdaş, 1996) used a method to translate rectilinear shapes 

into a matrix in the Turkish house design. Similar to that, I translated more flexible 

shapes into a structured data including the design action information and shape 

geometric information. 

      (a) The visualization of ER9 application 

 (b) Rule information 

Figure 5-24: Rule data structure application. 
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Users can model their ideas through ERs, and all information can be collected by the 

system. For convenient computational representation, it should record the information in 

DSR Rule as follow: 

<RuleBegin> 

<SliceRule x_length, y_length, z_length, x_number, y_number, z_number> 

<LeftDownPosition> 

<RightTopPosition> 

  </SliceRule> 

</RuleBegin> 

<ElementalRule ENO=”0”> … </ElementalRulr> 

… 

<ElementalRule ENO=”n”> … </ElementalRule> 

In the data structure of DSR rule, the label ‗SliceRule‘ is used to record the information 

of initial status of primitive unions including the geometric details. Then, the applied 

ERs will be recorded in the working sequence. There are two status of a DSR shape, the 

static one is the final 3D solids; the dynamic one is the transforming process in forms of 

a DSR rule. Therefore, when generating a DSR rule, there are two kinds of files which 

are saved automatically: the ‗SAT‘ file and the ‗XML‘ file, shown in Figure 5-25. 
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5.6.1.4 Data structure: design language 

No matter how complex they might be, the shapes generated by single or several ERs 

cannot be named design. When a shape with some functional are aimed at a higher level, 

it can be considered a design solution. At the visualization stage, when some higher 

level activities are increased in the shaping process, e.g. the layout actions, the shapes 

have the potentials to be changed into a design solution. In the DSR shape interpreter, 

there is a rule system to cover the normal shape layout design and shape transformation. 

Therefore, when design languages are generated by system users, the different role of 

rules, the labels and the final design object should be all saved in data structure, shown 

as follow: 

<DesignLanguage> 

<InitialShape InitialType> 

<cube_leftdown/> 

  
                                                  (a)                                                   (b) 

Figure 5-25: DSR Rule record. 
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<cube_righttop/> 

</InitialShape> 

<Language> 

 <Application No=0> 

  <Shape Lebel> 

  <Shape Rule> 

 </Application> 

 … 

 <Application No=n/> 

</Language> 

<TerminalFlag/> 

</DesignLanguage> 

It follows the four key factors of rule-based system, i.e. Shape, Initial shape, Label, Rule, 

all of which should be recorded into the data structure of the design language. The label 

of ‗InitialShape‘ is used to represent the DSR shape. In the ‗Language‘ part, the 

applications of DSR rules are recorded in the working process. For every DSR rule 

application, the ‗Shape Label‘ and ‗Shape Rule‘ are used to represent the object sub-

shapes and the different role in the new rule system. The details will be introduced in 

DSR rule application part.  

Considering the control of exception, sometimes the design process will be terminated 

irregularly.  The label of ‗TerminalFlag‘ is used to mark whether the design process is 

finished. This label is useful when the design language tracing operation has been done. 

There is a XML file of design language example shown in Figure 5-26. 
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A design language means a complete design process. The system builds a single folder 

for every design language. The necessary information includes the initial shape (outside 

input file), the snapshot of final solution (for data retrieval), all the necessary DSR rules, 

and the ‗SAT‘ file of final solution, shown in Figure 5-27. 

 

 

Figure 5-26: Data structure of design language. 

 

Figure 5-27: Design language records. 
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5.6.2 System Implementation 

5.6.2.1 System Framework 

The DSR shape interpreter is a general three dimensional CAD system. It is 

programmed by Visual C++ in Windows XP operating system. The shape engine and 

interactive operations are supported by ACIS & HOOPS and Win API functions. The 

3D shape is stored as ‗SAT‘ format. Therefore, the proposed system can cooperate with 

some commercial 3D software to import and export complex shapes from this system. 

The DSR shape interpreter is designed as a modular structure for better functional 

extension and maintenance. There are seven main modular which concentrate on 

different functional aims: UI commander, Design actioner, Interpreter, Shape Engine, 

ER Pool, Shape Modeler and Data center shown in Figure 5-28. 
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User involvement is essential for this interpreter. The friendly user communication can 

support better design assistances for users during their work. The common interactive 

operations are compatible in the ‗UI Commander‘ module. The ‗drag and drop‘ mouse 

events, keyboard input events and freedom sub-shape selection are all supported. The 

‗SAT‘ files and ‗XML‘ files are used to demonstrate the design solutions and record all 

the user behaviors in design process. 

 

 

Figure 5-28: Modular structure. 
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The ‗Design actioner‘ module mainly focuses on user behaviors. The Win API function, 

Keyboard hook function and HOOPS function can be used to capture the actions on 

information input and output. Some convenient 3D tool functions, such as adjusting 3D 

views, changing orientation of ERs, changing the orientation of DSR rules and sub-

shape selection are used. This modular exchanges the information with ‗UI Commander‘ 

to generate and read the information from XML files. 

The ‗Interpreter‘ module is the key part of the DSR interpreter. It runs the rule-based 

mechanism to generate DSR rules and design languages. The ‗Rule Editor‘ focuses on 

the DSR rule generation based on the ERs, and the ‗SG Editor‘ takes charge of design 

language generation issue. There are many modules connected with ‗Interpreter‘ module.  

The ‗ER Pool‘ module is used to save the ERs based on the primitives. It is designed 

independently because of the convenient ER extension. Currently, there are two 

primitives (cubes and spheres) and nine ER families can be used in this interpreter. It is 

not enough to generate all kinds of shapes. Therefore, the independent ER modular is 

helpful for further adding new functions. 

The ‗Shape modeler‘ is used to generate 3D solids by ACIS technology. After receiving 

information from ‗Interpreter‘ module, the ‗Shape modeler‘ can generate the parameters 

transferred back for 3D solid demonstration. Actually, this is the parameterization 

process.  The DSR rule and design languages can analyze and generate design by visual 

forms which cannot involve in the shape computation in computer system. Therefore, 

‗Shape modeler‘ can generate parameters based on grammar language, and send them 

back for the next application. 

The ‗Shape Engine‘ is used to generate the 3D entities and demonstrate them into 

interface. There is another function is to send the parameters to the ‗Data Center‘ for 

data analysis. 



157 
 

The ‗Data Center‘ module is an additional part which aims for further study. By DSR 

shape grammars, the design solutions and design actions can be recorded into design 

language. All the information should be analyzed for guiding the generative application. 

Therefore, all the necessary files including ‗SAT‘ format, ‗XML‘ format, ‗XSL‘ format 

and ‗BMP‘ format, should be saved in the database.  

5.6.2.2 System Interface 

There are three control panels in the DSR shape interpreter, the DSR rule creation panel, 

the design generation panel and the design language panel. The system works in 3D 

environment. All generations are 3D entities, which support the directly visual response 

to designers. The interface is shown in Figure 5-29. There is a three-dimensional 

orientation arrow to indicate the current working 3D view at the lower left hand side of 

the screen. In the working environment, there is a tool bar at the top of the window. 

These tool functions may help users to adjust the 3D views and drag, move the entities 

and zoom in/zoom out the objects. At the lower right hand side corner, there is a ‗switch 

tab‘ which is used to switch the three control panels. 

 

The DSR rule creation panel takes charge of the DSR rule generation by the ERs, shown 

in Figure 5-30 (a). Through mouse movements, the 9 ER families can be used to model 

 

Figure 5-29: Snapshot of Interface. 

Working 

place 

Tool bar 

Switch 

tab 
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the initial union of primitives to the desired form. The ‗Un-do‘ operation is supported. 

During DSR rule creation process, when the final shape is finished, the ‗Confirm‘ button 

will be used to add the finish mark in the DSR shape, and the ‗Save‘ button will be used 

to call a new window to save the object to specified place in hard-disk. 

The Design generation panel is used to create design solutions by the rule based system, 

shown in Figure 5-30 (b). There are three kinds of rules working in this panel, the 

Layout rule, Functional rule and Auxiliary rule, which will be illustrated in next chapter. 

There is a DSR rule database. Users can choose any their designed DSR rules to work in 

their design process. Through ‗update‘ button, user can see the newest DSR rules in the 

rule database. After design language generation, the ‗save‘ button is used to save the 

design information into a ―_DL.XML‖ file and save the ‗SAT‘ file to the same folder 

with design language file. 

For the panel of design language, there are two parts of functions, shown in Figure 5-30 

(c). The first one is the language reading function, which is used to read the existed 

design language and re-generate the whole process. The manually step-by-step way and 

automatically one-time way are supported for design demonstration. Another is the 

generative application function of design language, which is used to read the selected 

design language, and re-create more novel solutions for design exploration. 
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5.6.2.3 Working flow 

Parameter modeling technology becomes prevailing in current academic areas because 

of its computing compatibilities. In design, designers, even the new generation, still 

cannot control the number-driven methods easily. Their preferences on sketching and 

hand drawing are due to the vision-driven working habits. Therefore, as mentioned 

before, if a system permits users to design their shapes in a visual environment and 

generate the parameters unconsciously, then it will be a more suitable approach to the 

visual parameter modeling. My rule-based generative system supports the validation of 

this thinking. In DSR-SGI, users can generate their designs by mouse and keyboard 

events under the vision involvement, simultaneously; DSR shape interpreter translates 

the visual operations into the data information in terms of parameters (Figure 5-31). By 

the recursion of rules, these parameters can guide the automate generation for better 

design effectiveness. 

        
        (a)                (b)                        (c) 

Figure 5-30: Snapshot of control panel. 
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The visual parametric modeling technology is not conflicted with the current parametric 

design. The difference is how to generate parameters. For traditional parametric design, 

the parametric representation is the formal representation on a design system. Different 

values demonstrate different results. However, users/designers can only change the 

values but not the parameters, which means that if a new design object needs to be 

generated, then the re-parameterized process is necessary. For the visual parametric 

modeling, the parameters are generated based on the visual operations which are 

captured from users/designers. Different design actions will generate different 

parameters. The designers understand the parameterized process as the visual 

procedures. In this way, more designers can get involved in the design formalization 

process. As a result, the parameters can load more design information than in the 

traditional way. 

Another restriction of 3D modeling system for designers is the predefined functions. 

There are some improvements which have been done in this research. DSR rules are 

generated by the sequential applications of ERs which are predefined as the elemental 

 

Figure 5-31: Working flow. 
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components. The main body of the running mechanism—the DSR rules are generated 

by users themselves (Figure 5-31). System users can generate the DSR rules by the ERs 

and ‗UI Commander‘, and then save them into the ‗Data Center‘. There is no limitation 

on the DSR rule creation which means users can design their desired rules as tools 

applied in their design process. In a conceptual design process, users can make use of 

the rules in the database to shape their designs. The real-time rule creation in design 

process is supported. 

For clearly explanation of the working procedures in the DSR shape interpreter, there 

are two algorithms for the generation of DSR rule and design languages.  

For the DSR Rule generation process, the pseudo-code of algorithm is listed as follow: 

BEGIN 

1. Generate the union of primitives by specified geometric parameters (x_length, y_length, z_length, 

x_slice_number); 

2. Select the desired ER operation from 9 ER families; 

3. User ‘Mouse Operation’ and functions in tool bar to shape design; 

4.  If the system is terminated exceptionally 

5.            Use ‘Clear’ button to clear the memory stack and screen space; 

6.  If the result of operation is not satisfactory 

7.            Use ‘Undo’ button to trace back to the last step; 

8. Else 

9.            Evaluate the new shape; 

10.            If the result is satisfactory 

11.                      Use ‘Confirm’ button to add the terminal mark in DSR Rule file; 

12.                      Call a new window to save the whole procedures 

13.            Else 

14.                      Go back to step 2, continue the working process 

END 

For the design language generation, the pseudo-code of algorithm is shown as follow: 

BEGIN 
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1. generate the regular initial shape or load new free-form shape; 

2. standardize the initial shape; 

3. evaluate the shape by users, while (unsatisfactory) 

4.      use ‘Slice’ and ‘Combine’ rules to find the targeted shapes/sub-shapes; 

5.      Select the customized DSR rule; 

6.      Run the DSR rules on selected shapes/sub-shapes; 

7.      Call the graphic engine to generate the visual alternatives based on different  orientation 

transformations; 

8.      Wait for the confirming commanding from interface; 

9.      Record all the information on modeling actions; 

10.      Go to step 3. 

11. Save the design language and design solution. 

END 

5.7 Summary 

In this chapter, the DSR shape is introduced to represent design from both geometries 

and design actions. From two design case studies, three assumptions are proposed for 

improving the design creation by a rule based generative system developed in this study. 

From the easy-operating consideration, the working way of DSR shape interpreter is not 

based on parameters and pre-defined functions. Instead, the shape is generated by the 

union of primitives (cubes and spheres). There is no extra requirement on shape 

modeling background knowledge. From the shape changeable abilities, the DSR shape 

consists of several sequential ERs to represent design actions following the time line. In 

this way, the DSR shapes and DSR rules support shape ambiguity and shape emergency 

during the design process. From the shaping functions, the rule customization permits 

designers/users to create their own modeling tools in the DSR shape interpreter. When 

using the system, there is no special working requirement on designers‘ actions. During 

designers‘ modeling their designs, all the data and information can be collected by the 

system to generate rule-based knowledge automatically. 
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Therefore, the benefits of the DSR shape is: First, the 3D shape manipulation matches 

the 3D direct visual response from designers; Second, the primitives (cubes and spheres) 

operations are used as the basic building blocks for complex shape design, and it is easy 

to accept for users; Third, the rule-based generative automation permits to collect more 

detailed data about design process and represent them by the DSR shapes. 
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Chapter 6 Generative Framework and 

Design Evaluation 

6.1 Introduction 

Generative design approach has emerged from the searching strategies to facilitate the 

design exploration, using computers as variance-producing engines to navigate large 

solution spaces and to achieve unexpected but viable solutions (吴健梅, 2013). Work in 

generative design systems is motivated by the sophisticated analysis, simulation and 

creation through calculating the descriptive design information to overcome tedious and 

time-consuming working procedures. Therefore, generative design systems are aimed at 

both sparking new design ideas and solving difficult tasks for providing design 

assistance and extending designers‘ current capabilities. Now, many works are studied 

on developing generative design systems as an inter-medium between designers and 

new generations through Rapid Prototyping (RP) technology (Corridoni et al., 1996, 

Johnson, 1998). 

In generative design, algorithmic procedures and computational approaches are often 

used to produce groups of alternatives based on predefined goals and constraints.  

Designers evaluation are then used to select the most appropriate and attractive 

candidates for the next generation. Design decisions that require more holistic, stylistic, 

context-based understanding and judgment are typically left to be decided upon by 

human designers (Collingwood, 1938). The issue of design evaluation becomes a 

bottleneck for automatic and semi-automatic design system for a long time, no matter by 
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AI technologies (GA, CA, Expert system) or logical reasoning approaches (Toma et al., 

2012). 

In this study, the role of designers‘ involvement is emphasized and integrated with the 

application of generative design method. There are two strategies which are introduced 

in this chapter, a subjective evaluation model and user-inferred generative process. 

Because of the multiple-reading and environment sensitive features of design, it is 

difficult to find a general fitness function to evaluate design objects for generative 

design. Therefore, inspired by the real design practices, a subjective evaluation model is 

introduced. This approach is not based on a specific fitness function like the way of 

traditional AI-based CAD system did. Instead a heuristic exploring process is adopted to 

find a properly small (comparatively) solution space where the designer will be 

interested. The generative mechanism is used to deeply explore in this small space for 

novel solution generation. Combined with the shape rule application, the issues of 

‗emergence‘ and ‗ambiguity‘ are addressed during the generative process, which can 

assure that the new generation has enough flexibility on design innovation. The 2D 

embroidery design is the case study to demonstrate this process. 

Based on the DSR shape, a new semi-automate generative process is proposed. 

Normally, user involvements happen at the later stage of generative design process to 

evaluate the generated designs. In the user-inferred generative process, users‘ 

involvement can be moved to the earlier stage, i.e., at the stage of design information 

input, by the DSR rules. In the proposed design environment, users create their designs, 

and at the same time, design languages are recorded and generated by the system 

automatically. Therefore, the ‗design information‘ can be stored into the design 

language of DSR shape. As a result, the design languages are used to guide the further 

generative process to create some new solutions. Several 3D conceptual case studies are 

shown in this Chapter. 
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In section 6.2, the subjective evaluation model will be discussed with a case study on 2D 

embroidery design. 

In section 6.3, the proposed user-inferred generative process will be illustrated. 

In section 6.4, the applications of user-inferred generative methods in the DSR shape 

grammar interpreters are presented. The technical points and case studies are described. 

6.2 Subjective design evaluation model 

Through a generative system, huge amount of solutions can be created. It is rather 

difficult for designers to find their favorite ones from them, because it will be a time- 

and labor-consuming task. Besides, design has an ill-defined structure with uncertainties, 

imprecise descriptions and subjective assessment criteria (Antonsson and Sebastian, 

2005). When inviting a designer to work on a huge solution space for interesting 

selections, the evaluation task will be debased by viewing lots of ‗less-interested‘ 

solutions. In this section, a subjective evaluation model is introduced for design 

evaluation in a generative system, which can explore users‘ interested design group 

rapidly according to their subjective intention.  

6.2.1 Aesthetic evaluation model 

Many researchers in the field of CAD tried to solve design evaluation issue by 

evolutionary algorithms. However, in design, especially in the visual art design, it is still 

difficult to define search space perfectly. Besides, the powerful searching capabilities of 

evolutionary algorithms require a definite direction or a clearly formal explanation. 

However, there is no clear description of the model in a designer‘s mind before the final 

design emerged. In practice, designers have to search more materials or information, 

mostly images and patterns, in order to stimulate their inspiration. This process can be 
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described as one in which the designers browse massive information many times, trying 

to find the matching requirements. Furthermore, during this process, the requirements in 

a designer‘s mind may not be stable, but will fluctuate in a range based on the receiving 

information. Sometimes, a designer may change his/her search direction to more 

information or alternatives following this fluctuating and subjective assessment. The 

weaker the fluctuation becomes, the more explicit objectives may appear in a designer‘s 

mind. At the end of this process, the most relevant information will be presented in front 

of designers, to stimulate their intuition and inspiration further. 

Comparing with the search process, exploration is a more proper process to model a real 

design situation. The main difference between search and exploration is whether the 

problem is well-defined (Maher et al., 1996). If a problem is well-defined, then the 

problem can be evaluated by definite criteria. In this case, the process can be regarded as 

a search. However, if the problem is ill-defined, the assessment standard may be 

ambiguous. In this case, the process can only be considered as an exploration. 

Many argued that design is an ill-defined problem. In this research, I take this view and 

introduce an aesthetic evaluation model for design exploration, based on the traditional 

aesthetic viewpoints (Parker, 1946). 

There are four dimensions for the aesthetic evaluation: Structure, Element, Complexity 

and Subjectivity. Structure and Element are the traditional aesthetic standards. 

Complexity mainly focuses on the element number of a pattern. The fourth dimension is 

subjectivity, which is different from the former three. One feature of the subjective 

dimension is data sensitive. For example, any tiny change in the former three 

dimensions may lead a big fluctuation in the subjective dimension. Another feature is 

non-linear. It looks like a surface with many protrusions. There is no global maximum 

or minimum, but many extremes in local regions. It can be considered that there is no 

absolute value, but lots of relative values in the subjective dimension. With the sensitive 
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and non-linear characters, a many-to-many mapping between the Structure, Element, 

Complexity and Subjective evaluation can be built, shown in Figure 6-1. 

 

6.2.2 Design exploration 

For better explanation, the Yunan Zhuang ethnic embroidery design is studied as the 

design object (as mentioned in Chapter 4).  

Based on the viewpoint of romanticist of aesthetics (Reich, 1993), three aspects are 

chosen to define the values of subjective dimension, i.e., ‗balance‘, ‗redundancy‘ and 

‗harmony‘. It is not the objectives to define the notions of the three ones, since different 

users with different design backgrounds may have different perceptions on them. The 

aim is, however, to support the designers or users to explore their own favorite patterns 

in the large design space.  

For the structure dimension, ‗category‘, ‗part proportion‘, ‗symmetry‘, ‗relationship‘ are 

extracted from the characters of embroidery examples to express the structure value. 

For the element dimension, ‗petal style‘ ‗petal color‘, ‗stem style‘, ‗stem color‘ are 

extracted from the characters of embroidery examples to express the element value. 

 

Figure 6-1: Aesthetic evaluation model 
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For the complexity dimension, ‗petal number‘ ‗pattern size (height & width)‘, ‗part 

number‘ is extracted from the characters of embroidery examples to express the 

complexity value. 

Even though 12 characters are extracted from the three physical dimensions, this does 

not mean that each character only works in its source dimension. For example, the 

character of ‗petal number‘ will have a strong relation with its source dimension, i.e., the 

complexity dimension, but at the same time with a weak relation with other dimensions, 

such as the structure dimension and element dimension. Therefore, a many-to-many 

mapping among subjective dimensions and three physical dimensions can be built by 

Equation 6-1,  
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 (6-1) 

The subjective evaluation matrix is equal to the product of parameter evaluation matrix 

and the characteristic matrix. From Equation 6-1 it can be known that when the Ebalance, 

Eredundancy and Eharmony are specified by a user, there are more than one group {a1, a2, …, 

a12}, {b1, b2,…, b12}, {c1, c2,…, c12} that can match them, such as with the feature of 

subjective dimension, the instability, and multi potential values.   
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For convenient calculation by computer, I translate Equation 6-1 into Equation 6-2 

through 6-13. 

harmonyredundancybalancecategory EcEbEaE  111 ;     (6-2) 

harmonyredundancybalancetionpartpropor EcEbEaE  222 ;     (6-3) 

harmonyredundancybalancesymmetry EcEbEaE  333 ;     (6-4) 

harmonyredundancybalanceiprelationsh EcEbEaE  444 ;     (6-5) 

harmonyredundancybalancepetalstyle EcEbEaE  555 ;     (6-6) 

harmonyredundancybalancepetalcolor EcEbEaE  666 ;     (6-7) 

harmonyredundancybalancestemstyle EcEbEaE  777 ;     (6-8) 

harmonyredundancybalancestemcolor EcEbEaE  888 ;     (6-9) 

harmonyredundancybalanceumpeta EcEbEaE  999ln ;     (6-10) 

harmonyredundancybalanceghtpatternhei EcEbEaE  101010 ;     (6-11) 

harmonyredundancybalancethpatternwid EcEbEaE  111111 ;     (6-12) 

harmonyredundancybalancepartnumber EcEbEaE  121212 ;     (6-13) 

 

6.2.3 Case study 

Based on Equation 6-2 to 6-13, the evaluation value of every parameter from Structure, 

Element and Complexity dimensions can be calculated. Using a heuristic method to 

change the pace of every generation following the users‘ evaluation, the exploration of 

design can be developed towards a users‘ desirable direction.  

Exploration Algorithm 

Begin 

1. to generate the pattern based on random possibility model 

2. to evaluation the pattern by user and specify the value of Ebalance , Eredundancy and Eharmony 

3. to calculate every evaluation based on the group {Estructure, Eelement, Ecomplexity} followed the 

equation (5) –(16) 

4. if last-value > current-value 

5.   change the developmental direction on the parameter 

6. if last-value < current-value 

7.   keep the same developmental direction; 
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8. to calculate the change pace by the evaluations; 

9. to get the new parameters based on calculation; 

10. to generate new patterns based on the new parameters; 

11. if the pattern is satisfactory judged by user 

12.   end the circle 

13.  else 

14.   go to step 2. 

END 

However, Equation 6-7 and Equation 6-9, which deal with the colors of petal and stem, 

did not work in this experiment. This was because the current system implementation 

only determined the colors by a random model. Equation 6-6 was also not used, which 

focused on the petal shape. The petals generated by the algorithm or chosen by the users 

were saved in a petal database. Users chose the petal to form an embroidery design. 

After the design solutions were confirmed, the system could not change the shapes of 

the chosen ones. Rather re-selection process can start. Therefore, Epetalstyle was not 

calculated in our exploration. Here, the characteristic matrix is valued as follows, based 

on the real design sources calculated by the system designer.  

30202020060007050200

50707060030001001010

201010200100020507090

........

........

.........

 

To avoid disturbance of mass parameters for designers, I reduced the difficulties of 

operability by building a real time visual working environment. Designers only needed 

to drag the mouse to decide on their subjective values. The current parameter generated 

from users‘ response is shown in the control panel. And the corresponding visual 

generation is shown on the computer screen. The work environment is shown in Figure 

6-2. Three designers with different design backgrounds were invited to use the system, 

with the purpose of testing the evaluating this evaluation method in exploration process.  
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Designer A is an interior designer, pursuing on the shape of powerful and free style. 

After exploration process, his favorite parameters were: ‗double‘, ‗none‘, ‗1‘, ‗strictly‘, 

‗2‘, ‗none‘, (sequenced by category, symmetry, partnum, relationship, petalnum, and 

stemstyle). The data and pattern are shown in Figure 6-3. He said that the selected 

patterns can let him feel fluent. The whole layout of the irregular patterns let him feel 

free without any limitation by some predefined structures. When he found this kind of 

pattern in the system, the final decision was made immediately. So the process was short 

with 13 generations only. 

 

 

Figure 6-2: Working environment of design exploration 
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Designer B was a city landscape designer, whose favorite was balanced and symmetric 

beauty. His choices of parameters were: ‗double‘, ‗rotation‘, ‗2‘, ‗loosely‘, ‗4‘, 

‗moderate curve‘. The data and patterns are shown in Figure 6-4. Most cities are built 

followed some regular rules. In my system, the attributions of ‗Symmetry‘ and 

‗Relationship‘ had strong link to designer B‘s preferences. Actually, there were big 

amounts of patterns followed the balanced and symmetric standard. Designer B selected 

Figure 20 (b) because the curvy stems gave him a feeling of out of expectation. 

  (a) 

  (b) 

Figure 6-3: Exploration result 1 

(a) Data analysis (b) Generative result of exploration 
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Designer C was a conceptual designer on product. There were several patterns produced 

by the system that let her choose the favorite ones. She liked the patterns with some 

special styles of Chinese culture (Figure 6-5). 

 

There were also some responses from other designers after using the system. Generally, 

they all considered that it was an interesting and novel experience in this form of design 

exploration, and confirmed that it was useful to help designers in their design processes. 

  (a) 

  (b) 

Figure 6-4: Exploration result 2 

(a) Data analysis (b) Generative result of exploration 

 

   

Figure 6-5: Exploration result 3 
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After analyzing their data, I found that the conclusion was useful to help them to 

understand clearly about what their potential desirable design inclinations were.  

Although they all agreed that the system can help them to find their favorite styles, the 

generations from the system cannot be the final design without further modifications. 

There were some advices from them. First, the color control was important for the visual 

design to present stronger impact directly, which was the current deficiency of our 

system. Second, in most situations, they could find only part of satisfactory patterns in 

one generation. As such, it was necessary to enhance the degree of control in order to 

represent designers‘ feelings more accurately. Third, they suggested adding a call back 

operation, since sometimes they noticed that the patterns in previous generations were 

their truly favorite ones. But they could not call those solutions back because they were 

already been replaced by the new ones generated. 

CAD technology can help designers to show the solution visually. However, in design, 

the effect is not as high as the expectation of CAD researchers. Towards this direction, 

the four-dimensional evaluation model translates the intangible design thinking into the 

tangible way (some data). In the design exploration process, it can record the data of 

every generation, i.e. Figure 6-3 (a) and Figure 6-4 (a). From one hand, the data can be 

used to guide the next generation of design exploration. Based on user‘s subjective value, 

the new data can be calculated for another circle. This process is the communication 

between designers (users) and computer. Furthermore, when collecting enough data set, 

the data analysis methods and AI approaches can be used to analyze the data to improve 

the system. It is expected that the analyzing result can help designers to find their design 

fixation and to inspire their creative thinking.  
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6.3 User-interfered generative process 

Generative design is helpful for creating more alternative to stimulate designers‘ 

inspiration and save time during design process. There are two kinds of generative 

design mechanisms in computers: the automatic process and semi-automatic one. No 

matter which one is used, the basic computation always involves the use of parameters. 

For the automatic form, some AI technologies and pre-defined constraints can be used to 

limit the design generations towards to a preferred direction. The evaluating criteria are 

generated from the parameterization process of design knowledge by both designers and 

design researchers. For the semi-automatic form, user interactions are necessary to 

select the interested ones from solution space. Therefore, it can be concluded that the 

designers‘ involvement is necessary for both kinds of generative design process. 

Users‘ interaction is a kind of user involvement in a generative process to assess the 

qualities of every generation. Generally speaking, this action happens at later stage of 

the whole process, at least after every generating step, as shown in Figure 6-6. 

 

In Figure 6-6, after the parameterization process to translate the design knowledge into 

parameters, generative system creates groups of design solutions for designers to 

evaluate. After the evaluation for one generation, the selected ones can be used in the 

 
 
 
 
 
 
 
 
 
 
 

Figure 6-6: General generative process. 
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next generation production as the new population. During this circle, when designers 

find their desired solution(s), they can terminate the process. There are two stages where 

user involvement is required. That is, at the parameterization process and the design 

evaluation process. 

In the generative cycle, there are two common strategies to generate the design solutions: 

stochastic possibility model and AI technologies including expert system and logic 

reasoning approaches. For the stochastic possibility model, it is fair enough to find the 

potential solutions among the full solution space. However, there are more ‗less-

interested‘ alternatives generated compared with the desired ones. It is time consuming 

for users‘ evaluation. Long time evaluating the low-quality solutions might decrease the 

users‘ aesthetic judgments.  For the AI technologies, there is a knowledge 

parameterization process for coding the design knowledge into the computable data 

form. In this procedure, some design information will be ignored consciously or 

unconsciously for some reasons such as specific design aims, limitations of computer 

implementation, consideration of design representation and so on, shown in Figure 6-7. 

 

In Figure 6-7, the little dots mean the visible design status, mostly are the design sources 

which will be imported into a generative system. They are translated into the parameters 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 6-7: AI strategy in generative process. 
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at the first stage. In the parameterization process, one important task is the design coding 

process which means coding the design knowledge by the permitted form in AI 

strategies, such as the generic algorithm codes or the symbolic rules in L-systems. The 

design researchers are the people who deal with this task. They have to assure that the 

coding will follow their expected way at later stages. More or less, some design 

knowledge, especially the irrelevant ones will be ignored here. After one generation, the 

AI strategies will be invoked to evaluate the populations to find the better ones as the 

parents for the next generation. In this case, one of the mostly used strategies is the 

fitness function.   

For the fitness functions in AI strategies of generative design, there are always 

competition mechanisms working on the population. The survival or the ones which 

have higher scores will become the parents in the next generation. This process is 

inspired from the natural selection. As a result, the huge design space will be reduced 

into a small ‗interested‘ area (the hexagon points in Figure 6-7).   

Automatic AI strategies may limit design outputs into a predefined/expected small area 

for ‗high‘ quality design solutions. It can save time compared with the interactive 

evaluation by users. However, sometimes, the generation from this mechanism is not 

easily accepted by designers. The more constraints there are in the AI coding process, 

the more similarities will be shown in the generations. The more accurate AI fitness 

function are, the smaller solution space one will get for design exploration. Therefore, 

most design solutions with high evaluating scores will look like the same. 

There is a discussion on the issue of ‗over-exploitation vs. design innovation‘ in the 

international conference ‗DCC‘12. Simply speaking, will the generations with high 

evaluation scores be more creative than the ones with lower scores? If the answer is yes, 

then all the creative forms might look the same. In this strategy, the design space is 

affined into a linear form from low value to high value based on the evaluation result. 

Actually, the design is not easy to be grouped by a one-dimensional form. 



179 
 

In this study, one of the aims is to find a way for increasing design innovation, 

especially at the conceptual design stage. It needs a solution space to be flexible enough 

to explore potential novelties.  In real design process, designers‘ thinking is not a 

consecutive process, but a discrete way. There are lots of thinking and re-thinking, one 

of which will lead to the result of design innovation, i.e, the final design solution. 

Therefore, ignoring any tiny aspects at the earlier stage may lose the chance of finding a 

good design solution.  

In this study, I propose a new way for design evaluation in a generative process. Two 

approaches can be used to improve this process. The first one permits designers to be 

more closely involved in the generative system.  Normally, there are three layers in a 

generative design process, the design layer, the programmer layer, and the system layer, 

as shown in Figure 6-8. The first improvement in the proposed process is to invite 

designers to come into contract with generative system directly. There is no explicit 

coding process between design layer and system layer. In this way, the system can 

receive more information from the design end directly.  

 

The second way is to move user involvements to the earlier stage in a generative design 

process. By using the DSR rule, design languages which include design details from 

geometries to design actions can be used to guide the generative design in the 

exploration. The salient difference from the traditional generative process is there is no 

competition mechanism in the new process. The design information in one design 

 
 
 
 
 
 
 
 
 

Figure 6-8: Three layers in generation process. 
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language is not huge, which can be used to generate a temporary design space for design 

exploration. It is just like the real design process by designers. When designers are 

inspired by some triggers, the design changes with innovative thinking can be 

demonstrated by the design solutions. Through analyzing DSR design languages, several 

kinds of design knowledge can be classified, such as the ‗Layout information‘, 

‗Functional information‘ and ‗Auxiliary information‘. The ACM model of DSR rule 

application permits the possibility of using DSR rules from different design 

environments to the current design project. Therefore, it can generate a flexible enough 

design space by using the DSR rule-based approach. When the triggers of design happen, 

the new design languages (the new temporary design space) will be generated. As a 

result, the design space is not fixed or predefined. It will be changed with the design 

knowledge changes. The new generative process, user-interfered generative process, is 

shown in Figure 6-9. 

 

In Figure 6-9, designers are invited to create their favorite design solutions by DSR rules. 

The design knowledge can be stored in DSR design languages. The newly generated 

design languages can be used to guide the design exploration in the generative system. 

New generations can be saved as design languages to continue the generative design 

exploration process. Of course, the user-interfered generative system can also work 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 6-9: User-interfered generative design process. 
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based on the parameters provided in the form of DSR rules. However, the 

parameterization process is invisible, which is finished by DSR rules automatically. 

There is no need for the programmer to explicitly code design knowledge into 

parameters. Therefore, because the DSR rule-based system coveys design knowledge 

into design languages, the loss of design knowledge will be less than the traditional 

generative process.  

6.4 DSR grammars generative application 

In this section, I will discuss the DSR rules and a new DSR shape interpreter on the 

generative design application. The user-interfered generative process is used. As 

mentioned before, the DSR shape records the final geometric design solution and the 

design behaviors in the whole process. All the design information in forms of XML files 

can be used to guide the new generative design production. There are two issues which 

should be solved first: the design knowledge classification by rule-based approach and 

the automatic orientation changes in 3D space. 

6.4.1 DSR rule system 

The union of primitives is used to generate DSR shapes through ERs. A DSR shape has 

two meanings. From a static perspective, it is a new shape. From a dynamic perspective, 

it is viewed as a design transformation represented by a series of sequential design 

actions. A DSR rule can be used to generate design language in the design process. The 

intention of creating a DSR rule is to transform a shape from its initial status to the 

desired final status. There are three different roles of DSR rules, the ‗Layout rule‘, 

‗Functional rule‘ and ‗Auxiliary rule‘. 

In rule-based generative system, the label set takes charge of the control of proceeding 

function. There are two kinds of labels, the state label indicating the targeted 
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shapes/sub-shapes to be transformed, and the spatial label indicating the orders of shape 

rules‘ working. The application of labels is helpful to mark the next working object, 

especially for computer automatic implementation.  

In the DSR shape interpreter, users are invited to generate design languages by 

themselves. The records of procedures indicate the order just like the spatial label. The 

‗Layout rule‘ is used to operate on the targeted shapes/sub-shapes in design process as 

the role of state label. 

There are two rules in the type of Layout rule: the ‗slice rule‘ and ‗combine rule‘. The 

function of slice rule is to divide a selected object into segments specified by variable (x, 

y, z), in which x, y, z indicate the slice number along x-direction, y-direction and z-

direction respectively. The formal representation is Slice (x, y, z), shown in Figure 6-10. 

 

Figure 6-10 (a) is a cucurbit shape; (b) is the result after using Slice (1, 3, 1) on (a); (c) 

is the result after using Slice (3, 1, 1); and (d) is the result after using Slice (3, 3, 1). The 

snapshot of control panel is shown in Figure 6-10 (e). From this Figure, it is easy to see 

how the Slice rule works. Through Slice rule, it is possible to decompose a free-form 

solid into many different segments. The function of ‗Combine rule‘ is the reverse. 

Through mouse selection, any selected segment can be combined together into one part. 

 

Figure 6-10: Layout rule of DSR rule system 
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For convenient display, the ‗Disperse‘ button is used to disperse the segments and the 

‗Resume‘ button is used to resume the dispersed segments to their original positions. 

During the practical design process, there will be iterative application of ‗Slice rule‘. As 

the consideration of user operation, the ‗Cur-Design‘ button is used to show the current 

parts of objects, shown in Figure 6-11 (a), and the ‗Whole-Design‘ button is used to 

show the whole parts of objects, shown in Figure 6-11 (b). 

 

The ‗Functional rule‘ is the common DSR rules mentioned before, used to represent one 

independent design behavior on shape changing. The application of ‗Functional rules‘ is 

related to 3D orientation transformation.  

From the perspective of rule-based design generation, the design process can be 

represented in the way of ―Initial shape 
transforms

 Result shape‖. Therefore, it can be said 

that a final shape can be formally represented in Formula (1) and (2). In formula (1), f 

means one-time modeling action, Initial shape is the targeted shape, feature position 

means the design intention which can be further decomposed into the physical 

transformation (form) and spatial relationships (orientation). In this study, the spatial 

relationship does not cover the structure transform which can be used to change the 

design layout. Therefore, the ‗functional rules‘ (DSR rule) can only care about the 

physical transformation in design process. 

Shape Model = fn{ fn-1{ …, f1{ f0{ Initial shape, feature position },…} }   Formula 1 

Feature position = ∏                    
       

          Formula 2 

 

Figure 6-11: The ‘Cur-Design’ and ‘Whole-Design’ function. 
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The ‗Auxiliary rule‘ includes the Euclidean transformation, such as translation, scale, 

rotation and twist. They can help users to finish the common shape changes supported 

by the current mainstream CAD software. 

In all, the DSR rule systems can support major shape transformations for design 

generation, shown in Figure 6-12. 

 

 

6.4.2 Cuboid Orientation Coordinate system 

The way of applying DSR rules (Functional rules) has been discussed before. The 

working environment is in a 3D space. The shape and rules both have their directional 

features. For example, when users design a rule, normally, they will work in their 

favorite 3D view (based on (x
+
, y

+
, z

+
) in Cartesian coordinate system). During the 3D 

application, if the applying view is different from the original design view, sometimes, 

users have to regenerate the rule for matching the new view. It needs a lot of time, and is 

tedious. At the same time, as the DSR rule-based system is working in 3D forms. How 

to record the orientation for every rule is essential for the next step procedure, i.e., the 

semi-automatic generation.  Therefore, a proper orientation representation is required, 

which is presented in this section. 

 

Figure 6-12: DSR rule system. 
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6.4.2.1 Rotation or Orientation 

Rotation operations change the object into different directions, which is common in 

current CAD systems. However, the way of ‗rotation‘ operation is only working by 

changing the orientation of the target object. For the DSR shape, a design has two kinds 

of features: the form transformation and the orientation transformation. In the form 

transformation (the DSR rule), the physical appearance of 3D solids will be changed. 

For the orientation transformation, the design‘s spatial feature should be changed. For 

example, there is a shape with a feature (a hole) at its left side surface (Figure 6-13 (a)). 

During the orientation transformation, the intended result will be keeping the target 

object static, but its spatial feature should be changed (Figure 6-13 (b)). The advantage 

of this kind of transform permits users to put more concentrations on the form 

transformation (physical one). Whatever views they design the DSR rule, it should be 

suitable for the practical 3D view through the orientation transformation. 

 

Obviously, only by rotation operation, it is hard to do the orientation transformation 

shown in Figure 6-13. In design process, designers have to figure out the whole details 

including every physical change and their orientations before the design digitalization 

by the CAD system. It is possible to do it after the ideation process. However, during the 

early stage of design process, especially at the conceptual design phase, the design 

solution is still not fixed. There is no clear figure before the final solution is confirmed. 

In this case, only by rotation operation, the orientation problem will distract designers 

 

Figure 6-13: Orientation transformation. 
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from their design thinking.  Therefore, to introduce the orientation transformation to 

release designers from the consideration on orientation is necessary. 

There is an example to explain the differences between ‗rotation‘ operation and the new 

‗orientation‘ operation, shown in Figure 6-14. 

 

Figure 6-14 (a) shows the common rotation operation on a cylinder around y-axis with 

90 degree, counter-clockwise. The shape feature is the hole at the left side of the 

cylinder. When doing the rotation, the orientation of cylinder is changed, but the hole is 

still at the same side of the object (Figure 6-14 (a)). This is not the desired spatial 

transformation, which should be accompanied with the change in the orientation of the 

shape feature. The Figure 6-14 (b) shows the effect of orientation change around y-axis 

with 90 degree, counter-clockwise. The body keeps same, but the feature rotates.  

In the Figure 6-14 (c), there are all the four possibilities of orientation transformation 

around y axis. The cylinder keep static, but the shape feature (hole) is changed into four 

different orientations. In practical application, the transparent effect shown in Figure 6-

14 (c) will happen before the final decision is made. After users find their favorite result, 

the transparent one will disappears and the result will look like Figure 6-14 (b), by 

interactive commands. 

 

a. Rotation Operation b. Orientation Change 

c. The Possibilities of Orientation 

Change 
Figure 6-14: Rotation Vs. Orientation 
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6.4.2.2 Cuboid Orientation Coordinate 

Normally, the three-tuple (x, y, z) indicates the position in a 3D space. However, in the 

real world, when people are in 3D space, they never use the (x, y, z) to express their 

orientation. The words of ‗front‘, ‗back‘, ‗left‘, ‗right‘, ‗top‘ and ‗bottom‘ will be used, 

which is accordant with the human perceptual consciousness. In this study, I introduce a 

new orientation coordinate system to represent the spatial feature of shape modeling. It 

permits users to change the spatial features in their familiar ways. 

Every 3D object has a closed and self-contained enclosing rectangle. From different 

dimensionality, it indicates the different directional features by corners, edges, planer 

surfaces, shown in Figure 6-15. 

 

There are 12 edges ((1) – (12)), 8 corners (a-h) and six planer surfaces in one 

rectangular space, shown in Figure 6-15(a). The indicator of Figure 6-15 (b) is the 

default Cartesian coordinate system.  

The constitution of the Cuboid Orientation Coordinate system is based on the cube 

space: 

a. 3D Orientation         

               b. default Orientation 

Figure 6-15: Orientation Coordinate 
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1. For computational consideration, it follows the common directional indicators, 

using a three-tuple to represent every orientation in 3D world, accordingly, (x-bit, 

y-bit, z-bit). 

2. There are two kinds of indicators in the Cuboid Coordinate system, the 

dimensional bit (‗#‘) and the directional bit (‗1‘ and ‗0‘). The dimensional bit 

represents the dimensionality of the features; the number of ‗#‘ means the 

dimensionality of the object. For the directional bit, ‗1‘ means the positive, ‗0‘ 

means negative. For example, the corner ‗e‘ can be represented as ‗001‘. The ‗0‘ 

of x-bit means ‗e‘ is in the negative side of x-direction. The ‗1‘ of z-bit means ‗e‘ 

is in the positive side of z-direction. There is no ‗#‘ appearing and this means 

this feature is a 0-dimensional feature or it is a corner feature. Accordingly, the 

edge (12) can be represented as ‗00#‘, so it is a 1-dimensional feature. 

3. Every bit has both direction meaning and value meaning. The ‗0‘ means the 

minimum value, the ‗1‘ means the maximum value, and ‗#‘ means all the 

mediate values between ‗0‘ and ‗1‘. 

4. The view in Figure 6-15 (b) is the default view for the Cuboid Coordinate system. 

Therefore, all the directional representation and its features are mapped in Table 6-1. 

Table 6-1: Basic orientation indicator form 

Corner a 011 Corner b 010 Corner c 110 Corner d 111 

Corner e 001 Corner f 000 Corner g 100 Corner h 101 

Edge 1 #11 Edge 2 11# Edge 3 #10 Edge 4 01# 

Edge 5 0#1 Edge 6 1#1 Edge 7 1#0 Edge 8 0#0 

Edge 9 #01 Edge 10 10# Edge 11 #00 Edge 12 00# 

Plane ‗adfe‘ 0## Plane ‗baeh‘ ##1 Plane ‗cbhg‘ 1## Plane ‗dcgf‘ ##0 

Plane ‗bcda‘ #1# Plane ‗hgfe‘ #0#     

So in the Cuboid Orientation Coordinate (COC) system, all the directional indicators are 

relative values in the self-contained cube space. It looks like a people in the real world 

environment. Users express their intention in their familiar ways such as ‗change the 
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view to the front view or to the left view‘ and ‗rotate the features left hand side or right 

hand side‘. The rules of COC system transfer the intention into graphic commands for 

the orientation computation. The full image of COC system is shown in Figure 6-16. 

 

6.4.2.3 Computational rules in COC 

In COC System, for automatic computation, there are some rules which should be 

followed. It uses the x-axis, y-axis and z-axis to do the axial rotation, and clockwise and 

counter-clockwise to represent the directional actions.  

Rule 1. For every rotation, the bit in rotating axis should hold, other two bits should 

exchange their values. For example, when doing rotation along x-axis, an indicator ‗xyz‘ 

will become ‗xzy‘. 

Rule 2. For clockwise rotation, the value of lower bit does exclusive OR operation with 

value ‗1‘.  

Rule 3. For counter-clockwise rotation, the value of higher bit does exclusive OR 

operation with value ‗1‘. 

 

Figure 6-16: Full 3D views in COC system. 
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Rule of exclusive OR operation. ‗0‘ OR ‗1‘ = 1; ‗1‘ OR ‗1‘ = 0, ‗#‘ OR ‗1‘ = ‗#‘. 

The three rules and the rule of exclusive OR operation should be followed at the same 

time during orientation computation. For example, there is a feature on corner ‗e‘ (001), 

when doing clockwise rotation along x-axis. Step 1, following the Rule 1, x-bit should 

hold, y-bit and z-bit exchange the value, 001010. Step 2, following the Rule 2, lower 

bit ‗0‘ do OR operation with ‗1‘. Step 3, following Rule of exclusive OR operation, 

010011. Therefore, it can be seen that, the feature of corner ‗e‘ is changed into the 

feature of corner ‗a‘. 

The four computational rules allow algorithm to run the orientation switch automatically. 

One benefit is that the switches can be dealt with by computer and only outputting the 

visual results to users through the interface. The ‗black box‘ effect can happen, which 

avoid users to be bothered by the computing details. 

6.4.3 The Functional rule application within COC 

Under the COC system, users only care about their intended physical transformation. 

There is no need to worry about the orientation problem. One DSR rule can be designed 

in any single 3D view, and be mapped into the whole 3D views during design process. 

Here is an example to show how to apply a DSR rule and how to map the single view 

DSR rule to the whole 3D views. 

In Figure 6-17, there is a DSR rule 1. The original view indicator is shown in Figure 6-

17 (a). The rule is designed based on a union of primitives as (5*5*5) and four times of 

application of ER6 in four orientations, shown in Figure 6-17 (b). The spatial feature can 

be concluded to generate a small cylinder shape at the right-top corner in the current 

working view. 
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The view indicator can be represented into the form of (x+, y+, z+) by Cartesian 

coordinate system, (1, #, #) by COC system. During the application of DSR Rule, the 

pseudo-code of algorithm is shown as follows 

BEGIN 

1. To select the object shape; 

2. To get the entity_box value (the parameters of right-top point and left-down point); 

3. To read the XML file of DSR Rule 1 for the recording information; 

4. Based on the entity_box; decompose the targeted shape according with the initial parameters of 

primitives (x_number, y_number, z_number); 

5. Sequentially apply the ER application based on the DSR Rule 1 file to generate the new shape; 

6. Check the new shape with geometric exception; 

7. If(exception_existed) 

a. Regularize and smooth the new shape; 

b. Re_check the new shape; 

c. If(exception existed) 

i. Drop the exceptional primitives; 

ii. Break the process; 

8. Run Boolean UNION operation to combine all the elements together 

9. Update the 3D view 

END 

 

Figure 6-17: 3D view indicator and DSR rule1 
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Through running the algorithm, based on the ‗entity_box‘, any shapes can be 

transformed according the DSR rule records. The complete DSR rule record is shown in 

Appendix 2. 

Within the COC system, the DSR rule 1 in indicator (x+, y+, z+) can be mapped to the 

whole 3D views. Totally, there are 24 new rules that can be automatically generated 

through the orientation transformation, shown in Figure 6-18. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6-18: Orientation transform of DSR Rule within COC 
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In Figure 6-18, it is clear that through the orientation transformation one DSR rule can 

be used as 24 rules in different 3D views. From one side, it permits users to focus on 

their desired shape changes without worrying about the issue of orientation in 3D space. 

From another side, by the rules introduced in section 6.4.2, the generative system can 

make use of the COC system to transform the shape in different orientations for better 

design exploration. 

Therefore, by the DSR rule and COC system, it records the application of DSR rules in a 

structured XML files as the design languages, shown as follow: 

<ShapeLabel /> 

<ShapeRule> 

<Rule Role="functional"><functional/> 

</Rule> 

<RuleApplyWay ApplyWay"/> 

<rule_direction /> 

<rule_file /> 

</ShapeRule> 

In the record, the label of ‗rule-direction‘ means the direction of rule application in COC 

system. For the convenience of user application, following the four computational rules 

mentioned in section 6.4.2, the indicator of ‗X‘ ‗Y‘ ‗Z‘ are used to represent the rule 

direction, the default transform orientation, which is clockwise with 90 degree.  

6.4.4 Generative design application 

The different role of DSR rules represents different design knowledge which is useful 

for the DSR rule to analyze the design procedures. For example, when the design 

language is received, through identifying the label of ‗Rule Role‘, it is easy to know the 

functions of current working rule. The ‗Layout rule‘ is the preliminary structure 
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knowledge for a design. The ‗Functional rule‘ is kind of local design knowledge which 

is used to change the local shape for the final design result. The ‗Auxiliary rule‘ is the 

additional design knowledge which is not necessary for the whole design process. 

However, it is aimed at creating more dramatic effects to the final design. 

Here, the design knowledge classification is based on the experiences from practical 

experiments. It can be regarded a preliminary result and a theoretical result, which can 

be demonstrated by the design examples presented later. 

Using the DSR rule system, it supports a potential way to generative design exploration. 

The common way to generative design is to keep some key properties but set free some 

other ones. In the user-interfered generative process, ‗Layout‘ information is assumed as 

the key properties for a design. Through changing the ‗Functional‘ information, many 

variations can be created, and the similarities of design style will be kept. 

Orientation issue is essential for 3D design. The COC system builds a connection 

between the users‘ perception and the computational indicator. Therefore, based on the 

orientation information saved in design language, the system can make a decision to 

change the orientations in COC system for design exploration. This way is different 

from the random generative design model. The potential orientation changes are 

generated by the analysis of DSR design languages and the COC indicators. It will 

increase the possibilities of finding successful design alternatives. 

In this section, a complete design sample is shown to introduce the working of user-

interfered generative design process. 

A chair is created in the DSR shape grammar interpreter, shown in Figure 6-19. There 

are four DSR Rules used to create this chair: two ‗Chair handrail Rule‘, ‗Chair Frame 

Rule‘ and ‗Chair Leg Rule‘.  
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After creating the design in the interpreter, the design language can be saved. The XML 

file is listed in Appendix 3, and the design language is shown in Figure 6-20. 

 

As the design information is stored in the XML files in term of design language, the 

designers‘ involvement can help the generative system to create more alternatives at the 

following stage. There are two ways to generative design exploration:  changing the 

initial shape and changing the ‗Functional rules‘ (DSR rules). 

Through changing the initial shape from the cube to other different forms, including 

cylinder, sphere, prism, torus, frustum, pyramid and so on. The generative design 

solutions are shown in Figure 6-21. 

 

Figure 6-19: Example of Chair design. 

 

Figure 6-20: Design language of Chair design. 
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If the ‗Functional rules‘ are changed by some other DSR rules, then some different chair 

designs also will be generated, shown in Figure 6-22.  

 

In Figure 6-22, some generations are based on the new DSR rules designed for other 

chairs. Therefore, as it is mentioned above, the different rules for different designs can 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 8-21: Generative exploration-1 of Chair design. 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6-22: Generative exploration-2 of Chair design. 
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be reused for the current working design project. It can enhance the functionalities of 

user designed rules by DSR shapes, and it is helpful to explore new design knowledge 

beginning from the existing ones. 

6.4.5 Case study of rule-based generative system 

After the prototype of the DSR rule-based generative system is finished, there was one 

case study proposed here to test the expected effects on design idea generation and users 

operation. 

 

One conceptual chair is chosen here. In the DSR rule-based generative system, the 

design language of chair shown in Figure 6-23 (a) is imported into the system. There are 

four alternatives that can be generated by changing the initial shapes. Four new 

conceptual chairs can be created shown in Figure 6-23 (b). The five conceptual chairs 

are the study objects for the first case study to prove the design idea generation. 

There are nearly 200 candidates which were invited to do a short questionnaire on the 

effects of new shapes. There were 170 students aging from 20s to 30s and more than 20 

designers with 1 to 3 years of professional experiences. Four questions are shown as 

follow: 

 
(a)                                                                         (b) 

Figure 6-23: Contents of case study on application of generative system 
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1. Do you feel these chairs are similar (as shown in Figure 1 and chairs in Figure 

6-23?) 

2. Can you reason about the shape in Figure 1 to the Figure 6-23? 

3. If one asks you to design the shapes in Figure 6-23 (a), how will you do that 

(please provide sketches)? 

4. How do you evaluate the four new shapes in Figure 6-23 on aesthetics, novelties 

and comfortable sense? 

In the questionnaire, I only showed the images on the right hand side of Figure 6-23 to 

candidates in disordered way. For the similarity issue, there were 136 ones who agreed 

with while 52 disagreed. Others had no idea. For the relations, more than half of the 

candidates thought that they can reason about the designs from one to another, 38 ones 

thought that only several shapes had relations and 18 ones thought that there was no 

relation among the five shapes. For the question three, even for the shape in Figure 6-23 

(a), there were various answers about how to model it. Different candidates had quite 

different opinions. However, the top-down working flow was selected by the majority. 

For the evaluation issue, the ‗Apple‘ one was considered the most beautiful and creative 

one. The chair in Figure 6-23 (a) was considered to be the most comfortable one. 

When the candidates knew that all four new shapes were created at the basis of DSR 

shape, shown in Figure 6-23 (a), all of them expressed surprises to different extents. 

They said it was hard to reason about the four new shapes from the same chair shape by 

themselves, which showed the emergency of design by DSR shape. Although all the 

four shapes were generated by ACM application of the same DSR shape, it didn‘t limit 

the audiences/designers‘ thinking in any predefined way. People can have different 

understanding on the new DSR shape, which means that the ambiguity can be resolved 

by the DSR shape. From this case study, the positive responses support the workable 

potentials of the generative system developed in this study. In particular, the questions 

three and four are concerned mainly with how to support the flexible ways of 

conceptualizing shapes and forms with multiple spatial meanings. 
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There was a second case study, i.e., the design case in Figure 6-23 (a), which was 

chosen as an example to show the performance of DSR rules. Some professional 

designers and students in computer sciences (totally, 30 candidates) were invited to re-

design the chair in the proposed system. No surprise, there were quite different design 

languages derived based on the same 3D chair model. Three languages among them 

were selected here to show how the DSR rules worked. 

 In Figure 6-24, there were 6 steps in Design Language A. Base on the rule structure 

mentioned in 6.4.1. The step 2 and 4 used Layout rules. The former one divided the 

whole cube into three parts in the order of (handler, body, handler), and the latter one 

divided the two handlers into two parts (upside and downside). The step 3, 5 and 6 

involved DSR rules which were used to change the shape of the chair. 

In Design language B, there were 7 steps, in which step 2 and step 4 involved layout 

rules, whilst the others were DSR rules. In Design language C, there were 4 steps and 

only step 2 used the layout rules, which divided the cube into three parts. For the three 

parts, three times of using DSR rules generated the final 3D chair model.  

 

Figure 6-24: Three Design Languages by DSR rule-based generative system 
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After receiving the three design languages, I used them in the generative design system. 

In a short time, three design families were created, shown in Figure 6-25. 

All the three new design families are generated based on the same design language. In In 

Figure 6-25 (a), the new chairs were created from design language A to show the whole 

effects of chair-body and half char-handlers. In Figure 6-25 (b), the new chairs were 

created from design language B which presented different design ideas dividing the 

chair into upside and downside. In Figure 6-25 (c), the new chairs were created from 

design language C which showed the three effects of left-handler, chair-body and right-

handler. 

Every new chair derived was saved in the DSR rule-based system. It meant they all 

could do similar generative transformation shown in Figure 6-23 by changing the initial 

shapes from cube to others. In the 30 candidates I asked in the evaluation, more than 

 

Figure 6-25: The new generations from different design languages 
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half of them were the students in computer science. Others were designers or art 

students. One aim of the re-design case study here was to test the user operations in this 

system. After 30 minutes training, there were 28 candidates who managed to finish the 

re-design work within 1.5 to 2 hours. Two candidates (age over 30) gave up this task. 

More than 90% of the candidates showed that the proposed user interactive way, i.e., by 

piling up the primitives like toy bricks for children was easy to use and useful. 

When I showed the new generations to these students as design languages (shown in 

Figure 6-24), they all felt excited. The original design language were generated by them 

in our system using DSR rule-based generative system. They spent 1-2 hours only for 

the shape modeling. However, all the new generations (shown in Figure 6-25) were 

created within one minute by the algorithm automatically. Several novel design 

alternatives were created. From the aesthetic and novel values, they all felt highly 

satisfactory. From this case study, it can be concluded that the approach used in this 

study was suitable for the requirements at conceptual design stage in terms of both the 

function and the operation. 

6.4.6 Discussions on user-interfered generative process 

In the user-interfered generative process, the design knowledge is stored by the DSR 

rule-based generative system, and then used in generative design creation. Under the 

existing design languages, new generations have some similarities with the existing 

styles. Therefore, the users‘ intention is saved in the design language that can guide the 

generative product system for more novel design exploration. 

In the study, the knowledge and involvement of users/designers is at the core of the 

investigation scope. The major difference with other generative process is through the 

use of rule based mechanisms, and the new generative process permits users/designers 

to maintain close contact with the system directly. In the DSR shape interpreter, users 
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have the freedom to create their preferred design tools (DSR rules) and generate their 

favorite design languages by rule-based generative system. There is no need for a 

programmer to translate the design knowledge into the computable form or code the 

design for the generative system. In this way, when designers evaluate the new design 

generations, they have the abilities to change the design languages by themselves. In 

other words, the design knowledge represented by the DSR rule-based generative 

system is soft-coded.  As a result, when a user/designer finishes one design project in 

the interpreter, the generative process assists them to explore more new alternatives with 

minimum repeated work.  

In the user-interfered generative process, there is not an explicit design evaluation 

function. The reason is all the generated alternatives are based on the design knowledge 

saved in rules, which means that the users/designers already specify their favorite design 

properties by the design languages. In the generative circle mentioned in Figure 6-9, 

users/designers can supervise the whole process. When they find that they want to insert 

some new design knowledge, they can stop the current generative process and revise the 

design languages. The new design knowledge will be inserted into the new generative 

process by changing the DSR design language. Therefore, in this process, the users‘ 

involvement happens at the early stage and keeps enough flexibility for design revision. 

The interface of generative process is shown in Figure 6-26. At the left hand side, user 

can choose their favorite design languages. After reading the XML file, all the involved 

DSR Rules will be listed at the edit box in the control panel. Users can choose three new 

DSR Rules and then generate some new design alternatives. 
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At present there are already more than 500 DSR rules in the rule database. Many 

different conceptual designs can be generated and be used in the generative design 

process.  

6.5 Summary 

In this chapter, two ways of using generative product design system to assist design 

work are presented. 

For the subjective evaluation model, it assists users to find their interested area rapidly 

than the general generative design exploration. Of course, based on the unstable status 

of human being‘s subjective feelings, the potential interested design space is small and 

dynamic. However, when finding the potential small design space, it will be useful for 

deep exploration by generative system. Through the 2D case study, the experiments 

showed the feasibilities of this method.  

Users‘ involvement in generative product design system is necessary to assure the 

qualities of system production. The subjective evaluation model can reduce the 

exploring time by heuristic algorithms and the four-dimensional aesthetic model. In 

 

Figure 6-26: Interface of generative design exploration. 
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order to enhance the effectiveness and productiveness, I proposed a new generative 

process by using the DSR shape rules in the user-interfered generative process.  

The major barrier of users‘ involvement in a generative system is the huge amounts of 

generations and large amounts of ‗less-interested‘ solutions. As human beings‘ 

subjective evaluation is sensitive, facing the ‗bad‘ solutions for a long time will reduce 

their patience. The user-interfered generative process moves the users‘ involvement to 

the early stage of the design process. By the DSR rule-based generative system, users‘ 

design knowledge can be stored in the design languages during the design process. Then, 

the design languages can be re-used in generative process to guide the new generations. 

After generative production, if users dislike the new solutions generated by the system, 

then they can examine the design language by making changes. Therefore, many better 

design solutions will be generated under the supervision of system users. 
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Chapter 7 Discussions and Conclusions 

7.1 Research summary 

In this study, I focused on the conceptualization stage of the product design technology. 

The motivation is to establish a closer bond between designers and CAD technologies, 

and to simplify computational design techniques, making them more acceptable by 

designers. By the application of the DSR shape, the generative mechanism developed in 

this study can be used to explore novel design alternatives under supervision of the 

designers. Some positive results arising from the application of this approach to product 

design have been explored and evaluated. 

7.1.1 Embroidery design 

In order to develop a rule-based generative system, a 2D embroidery example was 

studied. A total of 16 real embroidery patterns were selected from Zhuang ethnic village 

in Yunan province, south of China, as the original design resources. After feature 

analysis and rule-based approach representation, the proposed system was implemented 

and it extended the generative abilities of Zhuang ethnic style embroidery designs under 

a specific design topic (the flower theme). In this work, the key elements (‗Stems‘) were 

used to classify the embroidery design into three sub-groups (‗Single-stem‘, ‗Double-

stem‘ and ‗Quadruple-stem‘). Using the design decomposition approach, the detailed 

embroidery features were represented by shape rules for the generative system. The 

generating abilities of the rule-based system were proven effective. Several design 

solutions can therefore be created in a short time. 
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7.1.2 Dynamic Shape Representation 

The issue of product design at the conceptual stage was explored by performing two 

case studies on 3D shape modeling. For a better design representation, both the 

geometries and design actions were integrated into the design computation. It was 

proposed that the DSR shape represents a shape by undergoing several design changes 

and an initial shape status. The primitives (cube and sphere) and elemental rules were 

used as the basis of the DSR shape. In this way, when a shape is generated, its static data 

(geometries and topologies) and dynamic data (primitives and ERs) can be received. 

During the design process, the DSR shape deals with issues related to both the shape 

ambiguity and shape emergency. One DSR shape can be used in different design 

environments by changing its initial shape or re-organizing the sequence of the 

primitives. In this way, interesting and novel shapes can be created. 

Based on the DSR shapes, the DSR rules and ACM rule application were proposed and 

used in the conceptual design process. When design languages are recorded in terms of 

their DSR shapes, there are two ways of exploring new design concepts by changing the 

initial shapes and changing the DSR rules. DSR rules can be generated by users based 

on ERs and primitives. The customized design tools give users much more freedom to 

model their ideas in ways that are familiar. At present, more than 500 DSR rules are 

already saved in this rule database, and many different types of shapes can also be 

created in this way. 

7.1.3 Generative applications on DSR shapes 

Two issues were noted in generative design applications, namely, the designers‘ 

subjective evaluation and user involvement during the design exploration stage. 
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Design knowledge is created by designers, and it evolves in an ongoing process of 

design thinking. The criteria employed for evaluating a design involves determining the 

experiences and circumstances around the designers‘ subjective feelings. Therefore, a 

subjective aesthetic evaluation model was proposed and used during the generative 

design process. This is different from the traditional AI attempts regarding design 

support. The subjective aesthetic evaluation model is not used as a fitness function. 

Instead, with this subjective evaluation approach, the design exploration is guided 

towards specific areas based on the subjective evaluation values. When the generative 

systems stop in one area, the designers can make selections and advance the process in a 

direction that is consistent with their aesthetic tastes. Then, additional and more 

extensive design generation can be achieved using a computer. For example, in the 

embroidery design example, using generative algorithm, the proposed system can 

generate many more kinds of embroidery patterns than the original design sources. 

Working with the subjective aesthetic evaluation model, designers can rapidly and 

accurately find their own design styles of interest.  

The design evaluation problem is a barrier to machines being able to automate the 

design generation process, and determining how to find the proper fitness function 

becomes a critical point for generative product systems. At the basis of DSR shapes, 

early user involvement replaces the evaluation at the later stage. Design languages that 

are generated in terms of the DSR shapes and DSR rules are used as the generative 

mechanism for design knowledge representation. Designers use a DSR shape interpreter 

to create their conceptual design solutions. At the same time, the actions and data stored 

in the DSR rules can be translated into design criteria, leading to a generative direction. 

For further design automation, the OCC system and rule structures were proposed. 

Several design cases, including the chair conceptual designs, were demonstrated to test 

and verify the feasibility of this system. 
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7.2 Contributions 

The relationship between CAD technologies and design works by making rule-based 

representations and generative product system was studied. The contributions of this 

study can be stated in the following sub-sections. 

7.2.1 DSR shape for dynamic design representation 

Based on experience with real design projects, the shape representations based on 

geometric details are not easily understood or operated by designers. In order to improve 

this, I introduced a new way to represent shapes using the DSR shape, which represents 

the shape based on its initial status and a series of basic design actions (ERs). There are 

two functions of the DSR shape. From a static perspective, the final 3D solids, including 

all of the details related to the geometry and topology, are stored in the form of ‗SAT‘ 

file. From a dynamic perspective, the recorded ERs illustrate how to generate the shape 

from the initial status, which can be used as the DSR rules in the generative system. 

Based on DSR rules, one explicit feature of the dynamic information is that the same 

DSR rule can be used to obtain different initial shapes for novel design generation. In 

this way, the functionalities of the DSR rules are advanced. In the case studies, some of 

the DSR rules that were created for the table design can be used in the conceptual chair 

design in order to realize unknown effects. 

7.2.2 Generative application for design exploration 

Human factors are important to enhancing generative systems during the design process, 

and the designers‘ artistic feelings and experiences play a key role in the design process 

to influence a design evolution. In this study, a subjective aesthetic evaluation model 

was introduced to effectively and accurately explore potentially interesting design 
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spaces. Instead of assessing the design generations entirely using the generative product 

system, designers/users can also evaluate design solutions according to their subjective 

factors, namely, harmony, balance, and redundancy. Different persons will employ 

different judging systems for these three subjective standards. The design aesthetic 

evaluation model maps the subjective values into the physical features of design objects. 

Using the heuristic algorithm, the generative system explores the potential design space 

and finds an interesting areas for designers/users. Then, the generating ability of the 

automated system can extensively search the object space for further creation.  

By using DSR shapes, user involvement can be enabled earlier in the design process. 

The DSR shape interpreter was proposed here as a platform for product conceptual 

design generation. In this way, from one perspective, users can customize their desired 

design tools without the need to consider the operating requirements. The free function 

control reduces the requirements on the operating system. From the case study 

mentioned previously, many users, even inexperienced ones, can learn to use the system 

within a short time. From another perspective, design languages represented by the DSR 

shape can be kept as design intentions and design actions. The multi-reading features 

can be supported by the ―users interfering generative mechanism.‖ In addition to 

geometries and topologies, DSR design languages are generally used to define formal 

design representations. This enables users to communicate with the generative design 

system.   

7.2.3 Bi-directional design communication 

Parametric design focuses on function-driven design formalization. Design information 

is coded using variables, and is then applied to design generation. In this study, the rule-

based approach and customized DSR rules permit better communication between 

designers and the system. Design languages are the input from the design end. The DSR 

shape interpreter translates the languages into structured rules and DSR shapes, which 
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can be used in CAD systems for 3D shape generation. If a new generation is not 

satisfactory based on the designers‘ visual evaluation, they can then modify the design 

representation by adjusting the design languages. Therefore, the design communication 

in this process is not linear, but circular. In this way, the generative system can capture 

more design knowledge from the designers to realize better design generation. 

A structure of the DSR shape interpreter is shown in Figure 7-1. In the figure, the 

designs are generated by the application of DSR rules saved in the rule base. The DSR 

rules play the role of design tools, which are designed by the system users. Users can 

create their favorite DSR rules by the ER families working on the primitives. Although 

system users are not entirely free to create DSR rules, they still have enough freedom to 

make their desired shapes. 

 

7.2.4 Design interactions 

One major problem that undermines the effectiveness of the work of designers in CAD 

systems is the high number of requirements on functionality. In this study, traditional 

parameter-based and pre-defined functional requirements are replaced by the use of 

primitives and basic shape rules, i.e., the ERs required to build a customized system. 

Basic shapes such as cubes and spheres are used as the primitives to model complex 3D 

shapes. However, there is little extra knowledge and information regarding the use of 

 
 
 
 
 
 
 
 

Figure 7-1: Structure of DSR shape interpreter 
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these primitives. When designers/users work with a DSR shape interpreter, all of the 

design actions can be translated into design data that are saved as design languages by 

interpreters. The parameters can be extracted from the design languages during the 

automated design process. In this way, difficulties in the operation are acceptable for 

common users without the need for specialized background knowledge. Therefore, the 

ability to simplify the use of the system is very important for improving the design 

capability of CAD systems. 

7.3 Limitations 

 For the DSR shape representation, it reduces the reliance on shape geometry. 

However, current ER families cannot satisfy all of the modeling requirements. 

The nine ER families were proposed based on the general rule classification in 

literature (Lim et al., 2008b). The working primitives are based on cubes and 

spheres, and some general design requirements can be supported. To generate 

more complex shapes, the current system is not sufficient. Therefore, there is a 

need for the future development of additional modeling approaches under the 

definition of DSR shape.  

 The DSR shape interpreter uses ACIS as the 3D graphical engine to generate and 

demonstrate the design. During the process, the initial shape should be 

decomposed into smaller pieces using the ―Slice‖ rule, and after the application 

of this rule, the ‗unify’  rule can be used to combine the pieces together. 

However, there are some exceptions in the complex-shaping process, such as the 

repetitive use of ‗slice‘ and ‗unify‘ rules. The reason for this is that during the 

decomposition of a free-form solid into several pieces, the surface geometry will 

be broken. The ACIS engine will perform some automatic repairs to ensure the 

smoothness of the boundary. After that, when using ‗unify‘ rule to put them 

together, some lost geometries will report errors to the system. Based on the 
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basic rules of computer graphics, most situations will be recognized as ‗ERROR‘, 

and should be addressed. Therefore, the geometric conflicts should be resolved 

in the future. 

 For a complete design process, it is not adequate to consider only the shape 

generation. After this study, many product designs were generated by assembling 

together several individual elements. Therefore, the current study can support the 

generation of only some design ideas in order to assist in the conceptual design 

process. 

7.4 Future research plan 

This study introduced a novel way of treating 3D shape, and the use of rule-based 

generative mechanisms to assist in the design process. Additional research should be 

carried out in this area.  

7.4.1 Technology development 

From a technological perspective, the current functionalities of the system should be 

updated. There are two aspects that should be studied further. 

 Shape modeling technology; 

 Manipulation of the information process; 

By performing preliminary experiments, we proved that the DSR shape interpreter can 

contribute to the shape modeling by enabling interaction between the users and the 

system. However, the modeling function is not ideal because of the limitations with 

regards to the generation of complex shapes with curved surfaces. The NURBS 

technology is widely used in this area.  
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The shaping abilities are limited by the primitive technologies used in the interpreter. 

Therefore, in future, I aim to convert the current cube-based and sphere-based primitives 

using NURBS to represent 3D shapes. There is actually a method of potentially 

extending the current interpreter to systems that can realize 3D curved shapes. The DSR 

shape is generated by the merging of primitives. For every primitive, it is possible to 

obtain an ‗entity_box‘ in 3D space. All of the ER families in the current stage are based 

on the minimum closing rectangle of the primitive, which can be recorded by the value 

of the ‗entity_box‘. For the manipulation, if only the external boundary information (the 

positions of the vertices) is used without calculating the primitives as a 3D form, as 

shown in Figure 7-2, it may be easy to translate a 3D shape into a 3D grid, which can be 

used to generate a free surface shape in the same manner as NURBS. 

 

If the current primitive-based modeling approach can be changed into a 3D grid 

approach, then many 3D shapes with free-from surfaces can be created, and the shaping 

abilities of the DSR shape interpreter can be improved. However, there are many 

geometric difficulties that should be overcome.  

The DSR shape records the basic design actions (ERs) in a particular order. As a result, 

the DSR design language can record the design procedures using the DSR rules. When 

using a design language, in addition to geometric data, additional information can be 

received. There have already been some preliminary experiments on the data of DSR 

rules. This information should be studies further using data-mining technologies. 

 

Figure 7-2: Primitives and the corresponding 3D grid map 
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Figure 7-3 shows the DSR shape that forms the basis on which two sets of data analysis 

results were obtained. One is shown in Figure 7-4(a), and shows the information 

analysis for the ER application. The other is shown in Figure 7-4(b), and shows the 

shape-similarity analysis. 

 

 

Based on the data analysis shown in Figure 7-4, the DSR shape interpreter can classify a 

DSR shape based on six levels of similarity. One shape can be identified using similar 

 

Figure 7-3: DSR shape for data analysis 

 
(a) ER information data analysis. 

 
(b) Similarity data analysis. 

Figure 7-4: The data analysis on DSR Rule 
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shape elements that are connected by the neighbor relationship. Two groups of similarly 

shaped elements are shown in Figure 7-5. The goal of this study is to determine the 

relationships between the DSR shapes according to similarities in the elements. 

 

In this study, there is a need for AI and DM technologies to be employed in order to 

extract meaningful information about the DSR shape generation in future. The current 

study focuses only on the level of DSR rules, and additional future study should focus 

on the level of DSR design languages. Obviously, the DSR shape can record more data 

from the design process as opposed to only geometries and topologies. It is expected to 

directly analyze all of the information from designers in order to determine design habits 

or useful data from unintelligible design information. These may be useful for the 

development of intelligent designs using computer systems in a user-interfered 

generative process. 

7.4.2 Design services development 

One common complaint from designers regarding design technologies is the difficulty 

with which they can operate using applications having limited functionalities. Therefore, 

if one wants to attract the attention of designers, it is important to realize a good user 

interface and the ability to explore other alternatives.  

For better user involvement, some researchers have already noted the need to improve 

user input devices. FreeDrawer (Shea, 2002) is a sketching system that works with 

Responsive Workbench for spline-based free-form surfaces. Users can draw curves in a 

 

Figure 7-5: Groups of similarly shaped element 
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visual environment using a tracked stylus as the input device. Surface Drawing (Shea, 

2004) is a system that can create organic 3D shapes based on the path of hand 

movements, and the magnet tool can be used to generate geometries. Scan Modeling 

(Stiny, 2006) uses an input device named ―Wakucon‖ to scan real objects for 3D 

generation. With the aid of advanced tools, users are enabled to perform drawing and 

modeling in a virtual setting in a manner that is similar to actual hand movements. These 

works focus on advanced HCI technologies that enable users to create designs in a 

visual 3D working environment. 
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Appendix 1. The design language of table 

conceptual design 
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Appendix 2. The XML record of DSR Rule 1 

(section 8.4.3) 

<RuleBegin> 

<SliceRule x_length="10" y_length="10" z_length="10" x_number="5" y_number="5" z_number="5"> 

<LeftDownPosition x="0" y="0" z="0"/> 

<RightTopPosition x="10" y="10" z="10"/> 

</SliceRule> 

<ElementalRule ENO="1" xNo="4" yNo="4" zNo="4" relationtype="3" area="80000" unit_length="20000"> 

<LeftDown x="80000" y="80000" z="80000"/> 

<RightTop x="100000" y="100000" z="100000"/> 

<xminus xNo="3" yNo="4" zNo="4"/> 

<xplus xNo="-999" yNo="-999" zNo="-999"/> 

<yminus xNo="4" yNo="3" zNo="4"/> 

<yplus xNo="-999" yNo="-999" zNo="-999"/> 

<zminus xNo="4" yNo="4" zNo="3"/> 

<zplus xNo="-999" yNo="-999" zNo="-999"/> 

<ElementalRuleNo>6</ElementalRuleNo> 

<ElementalRuleDirection xdirection="-999" ydirection="1" zdirection="1"/> 

</ElementalRule> 

<ElementalRule ENO="2" xNo="4" yNo="4" zNo="3" relationtype="4" area="80000" unit_length="20000"> 

<LeftDown x="80000" y="80000" z="60000"/> 

<RightTop x="100000" y="100000" z="80000"/> 

<xminus xNo="3" yNo="4" zNo="3"/> 

<xplus xNo="-999" yNo="-999" zNo="-999"/> 

<yminus xNo="4" yNo="3" zNo="3"/> 

<yplus xNo="-999" yNo="-999" zNo="-999"/> 

<zminus xNo="4" yNo="4" zNo="2"/> 

<zplus xNo="4" yNo="4" zNo="4"/> 

<ElementalRuleNo>6</ElementalRuleNo> 

<ElementalRuleDirection xdirection="-999" ydirection="1" zdirection="0"/> 

</ElementalRule> 

<ElementalRule ENO="3" xNo="4" yNo="3" zNo="4" relationtype="4" area="80000" unit_length="20000"> 

<LeftDown x="80000" y="60000" z="80000"/> 

<RightTop x="100000" y="80000" z="100000"/> 

<xminus xNo="3" yNo="3" zNo="4"/> 

<xplus xNo="-999" yNo="-999" zNo="-999"/> 
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<yminus xNo="4" yNo="2" zNo="4"/> 

<yplus xNo="4" yNo="4" zNo="4"/> 

<zminus xNo="4" yNo="3" zNo="3"/> 

<zplus xNo="-999" yNo="-999" zNo="-999"/> 

<ElementalRuleNo>6</ElementalRuleNo> 

<ElementalRuleDirection xdirection="-999" ydirection="0" zdirection="1"/> 

</ElementalRule> 

<ElementalRule ENO="4" xNo="4" yNo="3" zNo="3" relationtype="5" area="80000" unit_length="20000"> 

<LeftDown x="80000" y="60000" z="60000"/> 

<RightTop x="100000" y="80000" z="80000"/> 

<xminus xNo="3" yNo="3" zNo="3"/> 

<xplus xNo="-999" yNo="-999" zNo="-999"/> 

<yminus xNo="4" yNo="2" zNo="3"/> 

<yplus xNo="4" yNo="4" zNo="3"/> 

<zminus xNo="4" yNo="3" zNo="2"/> 

<zplus xNo="4" yNo="3" zNo="4"/> 

<ElementalRuleNo>6</ElementalRuleNo> 

<ElementalRuleDirection xdirection="-999" ydirection="0" zdirection="0"/> 

</ElementalRule> 

<RuleEnd/> 

</RuleBegin> 
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Appendix 3. The Design language record of 

Chair design 

<DesignLanguage> 

<InitialShape InitialType="1"> 

<cube_leftdown x="0" y="0" z="0"/> 

<cube_righttop x="60000" y="50000" z="60000"/> 

</InitialShape> 

<Language> 

<Application No="1"> 

<ShapeLabel structure="null" xNo="0" yNo="0" zNo="0"/> 

<ShapeRule> 

<Rule Role="Slice"> 

<Slice x="1" y="1" z="1"/> 

</Rule> 

<RuleApplyWay ApplyWay="#"/> 

<rule_direction direction="-999"/> 

<rule_file file="#"/> 

</ShapeRule> 

</Application> 

<Application No="2"> 

<ShapeLabel structure="top" xNo="0" yNo="0" zNo="0"/> 

<ShapeRule> 

<Rule Role="Slice"> 

<Slice x="1" y="1" z="9"/> 

</Rule> 

<RuleApplyWay ApplyWay="#"/> 

<rule_direction direction="-999"/> 

<rule_file file="#"/> 

</ShapeRule> 

</Application> 

<Application No="3"> 

<ShapeLabel structure="multi"> 

<Sub_Label structure="0-0-0|" xNo="0" yNo="0" zNo="1"/> 

<Sub_Label structure="0-0-0|" xNo="0" yNo="0" zNo="2"/> 

<Sub_Label structure="0-0-0|" xNo="0" yNo="0" zNo="3"/> 

<Sub_Label structure="0-0-0|" xNo="0" yNo="0" zNo="4"/> 
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<Sub_Label structure="0-0-0|" xNo="0" yNo="0" zNo="5"/> 

<Sub_Label structure="0-0-0|" xNo="0" yNo="0" zNo="6"/> 

<Sub_Label structure="0-0-0|" xNo="0" yNo="0" zNo="7"/> 

</ShapeLabel> 

<ShapeRule> 

<Rule Role="Combine"/> 

<RuleApplyWay ApplyWay="#"/> 

<rule_direction direction="-999"/> 

<rule_file file="#"/> 

</ShapeRule> 

</Application> 

<Application No="4"> 

<ShapeLabel structure="0-0-0|" xNo="0" yNo="0" zNo="1"/> 

<ShapeRule> 

<Rule Role="functional"> 

<functional/> 

</Rule> 

<RuleApplyWay ApplyWay="action_capture"/> 

<rule_direction direction="Y"/> 

<rule_file file="Chair_frame.xml"/> 

</ShapeRule> 

</Application> 

<Application No="5"> 

<ShapeLabel structure="0-0-0|" xNo="0" yNo="0" zNo="8"/> 

<ShapeRule> 

<Rule Role="functional"> 

<functional/> 

</Rule> 

<RuleApplyWay ApplyWay="action_capture"/> 

<rule_direction direction="Z"/> 

<rule_file file="slice_half.xml"/> 

</ShapeRule> 

</Application> 

<Application No="6"> 

<ShapeLabel structure="0-0-0|" xNo="0" yNo="0" zNo="0"/> 

<ShapeRule> 

<Rule Role="functional"> 

<functional/> 

</Rule> 

<RuleApplyWay ApplyWay="action_capture"/> 

<rule_direction direction="Z"/> 

<rule_file file="slice_half.xml"/> 

</ShapeRule> 
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</Application> 

<Application No="7"> 

<ShapeLabel structure="0-0-0|" xNo="0" yNo="0" zNo="0"/> 

<ShapeRule> 

<Rule Role="functional"> 

<functional/> 

</Rule> 

<RuleApplyWay ApplyWay="action_capture"/> 

<rule_direction direction="YY"/> 

<rule_file file="SIG-11.xml"/> 

</ShapeRule> 

</Application> 

<Application No="8"> 

<ShapeLabel structure="0-0-0|" xNo="0" yNo="0" zNo="8"/> 

<ShapeRule> 

<Rule Role="functional"> 

<functional/> 

</Rule> 

<RuleApplyWay ApplyWay="action_capture"/> 

<rule_direction direction="YY"/> 

<rule_file file="SIG-11.xml"/> 

</ShapeRule> 

</Application> 

<Application No="9"> 

<ShapeLabel structure="0-0-0|" xNo="0" yNo="0" zNo="1"/> 

<ShapeRule> 

<Rule Role="Slice"> 

<Slice x="1" y="2" z="1"/> 

</Rule> 

<RuleApplyWay ApplyWay="#"/> 

<rule_direction direction="-999"/> 

<rule_file file="#"/> 

</ShapeRule> 

</Application> 

<Application No="10"> 

<ShapeLabel structure="0-0-0|0-0-1|" xNo="0" yNo="1" zNo="0"/> 

<ShapeRule> 

<Rule Role="functional"> 

<functional/> 

</Rule> 

<RuleApplyWay ApplyWay="action_capture"/> 

<rule_direction direction=""/> 

<rule_file file="sphere_cube.xml"/> 
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</ShapeRule> 

</Application> 

<Application No="11"> 

<ShapeLabel structure="0-0-0|0-0-1|" xNo="0" yNo="0" zNo="0"/> 

<ShapeRule> 

<Rule Role="Slice"> 

<Slice x="5" y="4" z="1"/> 

</Rule> 

<RuleApplyWay ApplyWay="#"/> 

<rule_direction direction="-999"/> 

<rule_file file="#"/> 

</ShapeRule> 

</Application> 

<Application No="12"> 

<ShapeLabel structure="multi"> 

<Sub_Label structure="0-0-0|0-0-1|0-0-0|" xNo="4" yNo="1" zNo="0"/> 

<Sub_Label structure="0-0-0|0-0-1|0-0-0|" xNo="4" yNo="2" zNo="0"/> 

</ShapeLabel> 

<ShapeRule> 

<Rule Role="Combine"/> 

<RuleApplyWay ApplyWay="#"/> 

<rule_direction direction="-999"/> 

<rule_file file="#"/> 

</ShapeRule> 

</Application> 

<Application No="13"> 

<ShapeLabel structure="0-0-0|0-0-1|0-0-0|" xNo="4" yNo="3" zNo="0"/> 

<ShapeRule> 

<Rule Role="functional"> 

<functional/> 

</Rule> 

<RuleApplyWay ApplyWay="action_capture"/> 

<rule_direction direction=""/> 

<rule_file file="sphere_cube.xml"/> 

</ShapeRule> 

</Application> 

<Application No="14"> 

<ShapeLabel structure="0-0-0|0-0-1|0-0-0|" xNo="4" yNo="0" zNo="0"/> 

<ShapeRule> 

<Rule Role="functional"> 

<functional/> 

</Rule> 

<RuleApplyWay ApplyWay="action_capture"/> 
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<rule_direction direction="XX"/> 

<rule_file file="sphere_cube.xml"/> 

</ShapeRule> 

</Application> 

<Application No="15"> 

<ShapeLabel structure="0-0-0|" xNo="0" yNo="0" zNo="8"/> 

<ShapeRule> 

<Rule Role="functional"> 

<functional/> 

</Rule> 

<RuleApplyWay ApplyWay="action_capture"/> 

<rule_direction direction="YYYXXX"/> 

<rule_file file="sphere_cube.xml"/> 

</ShapeRule> 

</Application> 

<Application No="16"> 

<ShapeLabel structure="0-0-0|" xNo="0" yNo="0" zNo="0"/> 

<ShapeRule> 

<Rule Role="functional"> 

<functional/> 

</Rule> 

<RuleApplyWay ApplyWay="action_capture"/> 

<rule_direction direction="YX"/> 

<rule_file file="sphere_cube.xml"/> 

</ShapeRule> 

</Application> 

<Application No="17"> 

<ShapeLabel structure="0-0-0|0-0-1|0-0-0|" xNo="0" yNo="3" zNo="0"/> 

<ShapeRule> 

<Rule Role="functional"> 

<functional/> 

</Rule> 

<RuleApplyWay ApplyWay="action_capture"/> 

<rule_direction direction="ZZ"/> 

<rule_file file="sphere_cube.xml"/> 

</ShapeRule> 

</Application> 

<Application No="18"> 

<ShapeLabel structure="multi"> 

<Sub_Label structure="0-0-0|0-0-1|0-0-0|" xNo="0" yNo="0" zNo="0"/> 

<Sub_Label structure="0-0-0|0-0-1|0-0-0|" xNo="1" yNo="0" zNo="0"/> 

<Sub_Label structure="0-0-0|0-0-1|0-0-0|" xNo="2" yNo="0" zNo="0"/> 

<Sub_Label structure="0-0-0|0-0-1|0-0-0|" xNo="3" yNo="0" zNo="0"/> 
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</ShapeLabel> 

<ShapeRule> 

<Rule Role="Combine"/> 

<RuleApplyWay ApplyWay="#"/> 

<rule_direction direction="-999"/> 

<rule_file file="#"/> 

</ShapeRule> 

</Application> 

<Application No="19"> 

<ShapeLabel structure="0-0-0|0-0-1|0-0-0|" xNo="0" yNo="0" zNo="0"/> 

<ShapeRule> 

<Rule Role="functional"> 

<functional/> 

</Rule> 

<RuleApplyWay ApplyWay="action_capture"/> 

<rule_direction direction="ZZXXX"/> 

<rule_file file="Chair_leg.xml"/> 

</ShapeRule> 

</Application> 

<Application No="20"> 

<ShapeLabel structure="top" xNo="0" yNo="0" zNo="0"/> 

<ShapeRule> 

<Rule Role="Unify"> 

<Unify/> 

</Rule> 

<RuleApplyWay ApplyWay="#"/> 

<rule_direction direction=""/> 

<rule_file file="#"/> 

</ShapeRule> 

</Application> 

</Language> 

<TerminalFlag/> 

</DesignLanguage> 
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