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Abstract 

Today’s computer aided design systems enable the creation of digital product 

definitions that are widely used throughout the design process, for example in 

analysis or manufacturing.  Typically, such product definitions are created after the 

bulk of [shape] designing has been completed because their creation requires a 

detailed knowledge of the shape that is to be defined. Consequently, there is a gulf 

between the exploration processes that result in the selection of a design concept 

and the creation of its definition. In order to address this distinction, between 

design exploration and product definition, understanding of how designers create 

and manipulate shapes is necessary. The research outlined in this paper results 

from work concerned with addressing these issues, with the long term goal of 

informing a new generation of computer aided design systems which support 

design exploration as well as the production of product definitions. This research is 

based on the shape grammar formalism.  

Shape grammars have been applied in a range of domains, commonly to generate 

shapes or designs that conform to a given style.  However, a key challenge that 

resricts the implementation of shape grammar systems lies in the detection of 

embedded parts, or sub-shapes, which are manipulated according to shape rules to 

create new shapes. The automatic detection of sub-shapes is an open research 

question within the shape grammar community and has been actively explored for 

over thirty years.  The research reported in this paper explores the use of computer 

vision techniques to address this problem; the results achieved to date show real 

promise. An early prototype is presented and demonstrated on design sketches of 

martini glasses taken from a student research project. 
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1. Introduction 

Currently available computer aided design systems enable the creation of digital 

product definitions that are widely used throughout the design process, for example 

in analysis or manufacturing.  Typically, such product definitions are created after 

the bulk of [shape] designing has been completed because their creation requires a 

detailed knowledge of the shape that is to be defined. Consequently, there is a gulf 

between the exploration processes that result in the selection of a design concept 

and the creation of its definition. In order to address this distinction between design 

exploration and product definition, understanding of how designers create and 

manipulate shapes is necessary [1]. The research outlined in this paper is 

concerned with addressing these issues, with the long term goal of informing a new 

generation of computer aided design systems which support design exploration as 

well as the production of product definitions. This paper reports on developments 

towards an automated shape synthesis system intended to augment the generation 

of design shapes early in the product development process. The system is based on 

the shape grammar formalism. 

2. Background 

Shape grammars are a formal production system where languages of shapes or 

designs are generated according to shape replacement rules. Their mathematical 

formalism enables shapes to be manipluated according to their visual stucture, 

rather than according to underlying representations. As a result, designers are free 

to manipulate formal descriptions of their designs in a manner that reflects the 

interactive freedom often associated with sketching [1]. When a designer 

manipulates parts of a design, emergent patterns and associations can be 

discovered which suggest new features and relations. Shape rules provide a formal 

mechanism whereby the structure of the design can be reinterpreted according to 

these emergent patterns, which can then be recognised and manipulated [2]. Such 

reinterpretation is a vital element in the exploration of designs and is believed to be 

a decisive component of innovative design [3]. 

Since their conception, shape grammars have been applied in a variety of 

disciplines including art and design, architecture, and product design.The majority 

of these applications have used shape grammars as a formal approach to the 

analysis of styles and the generation and exploration of design families. Chau et al 

[4] provide a comprehensive timeline of research in the application of shape 

grammars. (reproduced in Figure 1).  These have demonstrated the viability of 

generative techniques to capture and reproduce styles in a range of design domains.  
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Figure 1. Shape grammar applications to designs 

The basic elements of a shape grammar include an initial shape (that seeds shape 

generation) and a set of shape replacement rules, as illustrated in Figure 2. In this 

example,  two shape replacement rules are defined and the initial shape is a square. 

The first rule replaces a square with a shape consisting of a square and an 

overlapping rectangle, whilst the second rule replaces a rectangle with a shape 

consisting of a rectangle and an abutting square. The shapes at the bottom of the 

figure show a fragment of the network of shapes that can be generated from the 

initial shape via application of the two shape rules.  
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Figure 2. A simple two rule grammar 

Application of a shape rule involves two key steps.  Firstly, the shape on the left-

hand side of a rule must be identified embedded under some Euclidean 

transformation in the shape from which a new shape is to be computed; this is 

referred to as “sub-shape detection”.   This detection is not restricted to recognising 

sub-shapes  according to the structure that initially defines the shapes, but can be 

applied to any sub-shapes, even if these sub-shapes emerge as a result of previous 

rule applications. Secondly, the rule is applied by replacing the sub-shape from the 

left-hand side of the rule with the shape on the right-hand side of the rule, under 

the defined Euclidean transformation.  

A key benefit that results from defining a shape grammar is that it becomes 

possible to generate large networks of shapes, or design families, where multiple 

avenues of shape synthesis can be explored by designers.  The size of the potential 

shape networks is vast and sometimes indefinite.  An example using the initial 

shape and rules from Figure 2 is given in Figure 3.  At each step, a selection of 

designs is generated and presented, from which one design is chosen (highlighted 

in red) which is used to seed further shape generation.  
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 Figure 3. A network of shapes computed from the two rule grammar in Figure 2 

Significant efforts have been directed towards creating systems for automating the 

application of shape grammars, in order to realise what Smyth and Wallace [5] 

refer to as a “form synthesis engine” within their  model for the synthesis of 

aesthetic product form. Some progress has been made towards this goal. However 

a key challenge that restricts such shape grammar implementations lies in the 

detection of embedded sub-shapes. For example, Chau et al. [4] describe a 3D 

shape grammar implementation for curvilinear shapes. Once a sub-shape has been 

detected, this system can automatically apply a rule.  However,  sub-shapes have to 

be identified manually (unless they conform to a particular class of shapes 

consisting of straight lines and circular arcs).  Other significant developments have 

been presented by Tapia [6] who demonstrated a robust implementation for shapes 

composed of straight lines in 2D and Jowers [7] who reports success with shapes 

composed of 2D Bezier curves.  In these works analytical solutions to the sub-

shape detection problem are presented and shape grammar implementations are 

described. However, these analytical solutions have a number of limitations, some 

of which will be discussed in the next section. Instead, this paper reports an 

alternative approach to sub-shape detection based on the application of approaches 

that have been established in the computer vision community.  

Computer vision is concerned with building systems that obtain information from 

images, and research in this field has resulted in a range of techniques that enable 

the identification of shapes in real-world situations. For example, statistical 

learning algorithms have been used for modelling and recognizing new object 

categories [8, 9]. In contrast to analytic approaches, which search for sub-shapes in 
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the mathematical representation of a shape, the method used in this research looks 

for sub-shapes in visual objects derived from a shape’s mathematical 

representation. This paper reports early results of an exploration of the application 

of the techniques used for the recognition of visual objects to sub-shape detection 

in shape grammar-based design systems. 

3. A computer vision based approach to sub-shape detection  

Previous approaches that have been used to address the sub-shape detection 

problem have relied on analytical methods to automatically match sub-shapes 

under transformation. As a result, a number of difficulties have arisen that severely 

limit the capabilities of the computational systems built upon these approaches.   

A key premise in the application of shape grammars lies in the fact that the shape 

to which a rule might be applied, and so in which sub-shapes are to be detected, is 

a visual entity that is the result of a shape definition process rather than the shape 

definition itself.  When humans search for a sub-shape, visual similarity implies 

equality whereas when  analytical techniques carry out the same process visual 

similarity does not necessarily imply equality.  For example, the two curve 

segments highlighted in Figure 4 are visually similar but analytically they are 

distinct because they are segments of infinite curves which are mathematically 

distinct (as illustrated by the extended curves).  

 

Figure 4. Visually similar curves that are mathematically distinct 

Further difficulties result from the dependency of analytical approaches on the 

formal structures used to represent shapes. These formal structures restrict the 

general applicability of sub-shape detection algorithms which are suitable only for 

particular classes of shapes. For example, Tapia’s system addressed the sub-shape 

detection problem for shapes composed of 2D lines, but the analytical solution 

employed cannot be readily extended to the freeform curves that typify consumer 

product designs. Also, in analytical approaches, matching of sub-shapes is 

achieved by embedding the sub-shape into the shape that is the subject of the 

search.  For this reason, shapes that can be matched are restricted according to the 

formal structures that were used to define them, for example lines or Bezier curves, 

and the embedding properties of shapes are dependent on the formal structures 

used to represent the shapes. 
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To overcome these problems, the research in this paper has adopted a computer 

vision approach that involves comparing images in the form of bitmaps according 

to a distance metric.  Existing applications of this approach include word spotting 

in Chinese document images, visual navigation of robots, merging of partially 

overlapping images into a single image, and computer-assisted surgery.  For image 

matching, the algorithm used checks whether a template image (representing the 

sub-shape to be detected) is present in a test image; the lower the separation 

distance value, the better the match. If the template image is a sub-shape of the first 

then the distance metric has a value of zero. This metric can therefore be used to 

determine whether one shape can be embedded in a second. The algorithm has 

been implemented in an experimental software prototype, where sub-shapes are 

detected arbitrarily embedded in the target image by considering the distance 

metric under transformation: currently translation and reflection. The prototype 

was applied to design sketches produced by undergraduate final year Masters 

students in Product Design.  The application of the prototype is described in the 

next section. 

4. An application of sub-shape detection to design sketches 

The software prototype was evaluated on martini glass designs prepared by 

undergraduate Masters students in Product Design in preparation for a workshop 

on shape computation.  An example of students’ designs is given in Figure 5. 

 

 Figure 5. Example martini glass designs 



8 Alison McKay, Iestyn Jowers,  Hau Hing Chau,  Alan de Pennington,  David C Hogg 

Designers’ sketches are fed into the system in the form of bitmaps.  The software 

prototype then allows the designer to define a sub-shape to be detected by selecting 

it as a collection of pixels from the bitmap or by importing an alternative bitmap 

image.  For example, in the screen images in Figure 6, sketches of martini glasses 

have been imported and are displayed on the left-hand side of each screen. In the 

top right-hand corner of the screen a stylised image of a martini glass has been 

imported. In this example, the system searches the image of martini sketches for 

sub-shapes that match the stylised martini glass image. The sub-shapes identified 

by the system are highlighted in red in the left-hand sides of the screen.   

 

Figure 6. Screen images of subshape detector in operation 

In the software prototype, sub-shapes can be detected under both translation and 

reflection transformations. Effort is currently being directed towards the 

implementation of more general kinds of transformation operation and on the 

definition and application of shape replacement rules. Early developments allow 

rules to be defined by creating either a new shape to act as the right-hand side or by 

editing or transforming the shape from the left-hand side.  Rules are then applied 

by  removing the pixels that form the left-hand side of the rule and replacing them 

with the pixels that form the right-hand side of the rule. 
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5. Concluding remarks  

The research reported in this paper indicates that there is potential in exploring 

further the use of computer vision techniques for sub-shape detection.  Automated 

sub-shape detection is a key prerequisite to achieving the goal of a shape grammar-

based shape synthesis system to support design synthesis activities. Our vision for 

how such a system might augment design activity is illustrated in Figure 7. 

It can be seen that there are three intertwined cycles.  

The Shape 

Synthesis 

System (S3) 
generating 
shapes

The designer 

designing 
shapes

Communication 
between

the

two

 

Figure 7. Three interwined cycles 

The designer designing shapes and the shape synthesis system computing shapes 

are independent of each other and joined by a third cycle of communication 

between the two.  Information flowing from the designer to the shape synthesis 

system is envisioned to be in the form of commonly used design descriptions, such 

as sketches or, as the designing and computation of shapes proceeds, in the form of 

shape rules.  Information flowing back to the designer will be in the form of 

lattices of computed shapes (as illustrated in Figure 2) that prompt and inspire the 

designer. We anticipate that such a system will expand the space within which 

design exploration occurs and so enhance design activity.   

A key challenge in the next stage of this research lies in the design of the user 

interface for communication between designers and the shape synthesis system.  

This interface is critical in order to ensure a fluid interaction between the designer 

and the designs that are currently being explored, and in order to avoid disruption 

to the design process. 
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