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Abstract: This paper discusses design families and design individuals. Phase space is
introduced to complement state space. Phase transition as a generic method of generating design
families is proposed and then demonstrated through an example of simple designs with one
component. Based on phase transition in the biological world, a development model for
complex designs (with multi-components) is established, by which different phase transitions
for changing complex design families are analyzed and simulated. Two concepts are drawn
from the biological analogy: through gene mutation and regulation the individuals of complex
design systems can be varied and searched within their state space; and by changing the
interpretation process of genes the families of such systems can be explored within their phase
space.
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1 INTRODUCTION
1.1  Motivation and background

Both design optimization and design variation are important in design development. Design
diversity is a key factor in creating new markets of products. Like biological diversity, design
diversity has two modes: diversity of individuals and diversity of families. Without the diversity
of families, the diversity in both nature and design is incomplete. Families and individuals are
two ways to characterize objects.fémily is a group of objects or beings related by common
characteristics, which demonstrate a kind of commonality of the group. On the other hand, an
individual is a particular object or being distinguished from others in a family. One family differs
from another in ways that could be either qualitative or quantitative. Qualitatively different
families show disjoint distinctions, while the quantitatively different farsilghow continuous
differences. Thus, the individuals in quantitatively different families demonstrate less of a
difference than those in qualitatively different ones.

Earlier research on families of natural form has been conducted by Thoniget#t). (He
examined a vast spectrum of life forms, such as leaf, crab, and fish families, and families of
mammalian skulls. By comparison of correlated forms, he proposed a theory of transformation,
and then developed a method of coordinates to explain the transition of natural forms in families.
he also demonstrated the use of t parameter variation in determining the families’ deformation of
natural forms. Drawing an analogy with the mechanisms and concepts from nature for design
research and application was the initial motivation for this research.

There is a number of well-known computation methods for the generation of individuals in
design. These include such methods as optimization, genetic or evolutionary algorithms, and
standard shape grammars. However, fewer computation methods exist for the exploration of
design families. Two major computation methods for the generation of design families exist. The
first approach is the generic product structuring (GPS) method. As a modular design method it is
used to describe product families with well-defined interfaces between modules of these families
(Erens and Breuls, 1995), which implements designiliemmby applying different module
variants hierarchically. This is a feasible approach for industries that compose their product



families by selecting and assembling module variants rather than designing diverse module
variants. The second approach is based on parametric shape grammars, which are an extension of
standard shape grammars in which shape rules are defined by filling in the open terms in a
general schema (Stiny, 1980). Standard shape grammars are used to generate individuals for a
specific family, while parametric shape grammars are able to create families of shapes. The
difference is that each rule in standard grammars is defined explicitly; the rules in parametric
grammars are not fully fixed.

This paper proposes a method for the generation of design individuals and design families
from the perspective of state and phase spaces. It explicity demonstrates the dependent
mechanism between individuals and families. It also proposes an analogy from developmental
biology that enriches design by inheriting a number of concepts and mechanisms for design
exploration and design diversity, using concepts such as phase transition, bifurcation,
transformation, gene mutation, phenocopies, and the process of development and evolution.

Thompson (1942) claimed that from the standpoints of mathematics aogdybithiat besides
gene mutation, natural forces and the environment influence the families of natural forms and
their growth. Morphogenesis was proposed by Thb888). Orders of form were explained and
illustrated by Kauffman 1993) and ®odwin and Webster 1096). They established the
connection among genes, phase transition, the environment and forms that reveals the relationship
of form and its generation. Those researches form the basis of this paper.

The paper is organized in four major sections. In Section 1, the motivation and background for
this research is briefly introduced. Secondly, a simple mathematical example is given to illustrate
phase space and phase transition. Thirdly, the relationship between state and phase space is
explained and that is used to demonstrate that phase transition changes the design family. In
Section 2, a generic method for creating families is introduced followed by a simple example of
one component design families and individuals. In the third section on development model for
complex design families, the relationship between design variables and designs is modeled by an
analogy with the relationship between genotype and phenotype in developmental biology. In the
final section on design families for complex systems, complex design families and individuals are
generated by the development model.

1.2 Phase transition

Phase transition is illustrated by the following five contour families in Figure 1. The contours
are created by the equatioha X X+ Ao ><y2 =C, whereC is a constant, in which the
variables &, \}, and parameters {,,A,} (or coefficients), determine the families of contours.

Parameters are as important as variables in determining the families of contours. Table 1
describes the relationships between the parametric variation and contour families in Figure 1, by

which some concepts are shown.
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Figure 1. Families of contours (Potson and St&RZ#)
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Table 1. Phase transition for the contours

Firstly, two spaces may be conceived obtate spaceexpressed as all possible values for a
set of variablesX, y}, and aphase spacéhat is established by all the possible values for a set of
parameters A_,A,}. A specific set of parameters denotes a point in phase space, which defines a

family. The variation of this phase point is calleghlzase transition Secondly, each point in a
specific state space indicates an individual, while all the points in this state space demonstrate a
commonality that is determined by its phase point. Thirdly, two basic phase transitions exist. By
changing the value of ratia_/A, from 1 to larger thanl, the contour changes from a circle,

Figure 1 (a), to an ellipse, Figure 1 (b), or to an asymptote, Figure 1 (d), when the ratio changes to
be less thanl. Another change is more dramatic, for instance, when the value ofrgtig

changes from plus to minus, or from limited to unlimited, the contour changes from an ellipse,
Figure 1 (b), to an asymptote, Figure 1 (d), or from an ellipse, Figure 1 (b), to a line, Figure 1 (c).
The former phase transition is calledraooth phase transitipmvhile the latter phase transition is
called phase bifurcation Fourthly, the families between circles and ellipses, or two kinds of
asymptote arguantitative but the families between lines and ellipses, or circles and asymptotes
arequalitative In other words, phase transition changes families in quantitative terms, but phase
bifurcation shifts families qualitatively. By changing the phase space the state space is
transformed or moved correspondingly.

1.3 State space of design: search and exploration

In design, the state space is a representation of all the possible states that could exist if all the
design processes are legally operated on all the variables (Gero, 1990). Search is the process of
navigation within a fixed, predefined state space of possible designs. To locate an appropriate or
the most appropriate solution, a number of methods for design searching are employed to traverse
this state space. Exploration is the process by which state spaces are produced. Such processes
include: expanding a design state space through the addition of design variables (Gero and
Kumar, 1993) and adaptive enlargement of state space in evolutionary designing (Gero and
Kazakov,2000).

Other than these manipulations of the design state space itself, what are the means to change
the state space and what determines the state space? The phase space, as a higher-level controller
that moves and transforms the state space is explained and demonstrated in the following
sections.

1.4 Design phase space determines state spaces

A phase space in design is made up of a number of parameters that could be conceived of a
parameter space where each axis represents one parameter. A point in that space indicates a set of
parameters that relates to a specific state space by means of an interpretation mechanism. The
movement of different points in phase space, in turn, explores different state spaces as illustrated
in Figure 2. A design family represents the commonality of a group of design individuals; design
phase transition transforms or moves this group of designs rather than a single design. Design
individuals are expressed by points in the state space. Without phase transition, no matter what
kind of individual searching methods are applied and how well the procedure of optimization is
achieved, the commonality of the individuals remains the same. If the phase space as a meta-level
controller is changed, the commonality will be broken, and new design families will occur.



State Spaces

Figure 2. Phase transition exploring state spaces

2 GENERIC METHOD FOR THE CREATION OF DESIGN FAMILIES

To generate design individuals, the common way is to find and establish design variables for its
state space. Consequently, the variation of the design variables generates design individuals. As
described previously, in order to change design families, besides design variables, design
parameters that set up the phase space need to be established as well. The generic way to establish
design parameters is to find the relationship among variables of a specific design and the
relationship between variables and design. Once the relationships are found, the initial specific
parameters for a single case are replaced with generic parameters. By changing the dynamic
parameters, the variation of phase space may create design families. When exploring the phase
space, the phase bifurcation points determining the qualitative families could be found out by the
nature of the relationship of variables and parameters. At the meantime, the smooth phase
transition point could be determined or planned for applications, which may cause gquantitative
families. The key procedure is to find out the design variables and their relationships; this could
be simple or complicated depending on the design system. In the following sections an example
of simple designs (with one component) is given to demonstrate how to explore design families
and search design individuals.

2.1  Quantitative shape families

Firstly, in order to generate individual cylinder designs, the state space of the cylinder design is
expressed through the variation of its variablesh}, wherer is radius, anch is height. A
feasible design normally has constraints to satisfy the given requirements, such as the
requirements of volum¥, and ratio {/h}. Cis a constant.

V=mxr?xh,
r’h= C

By changing the variables of the state space, various individual cylinder designs can be
generated for the given requirements.

Secondly, in order to generate a range of families of cylinder designs, new requirements need
to be explored. To do this, the requirements of the cylinder design could be dynamically
expressed by introducing phase parameterk,taf} as follows:

V={A x A} x mxr?xh
A IA, =r/h



Through the phase transition parametess/An =1, 0.5, 0.25}, and 4, * A, =1}, the flattened,
normal, and slim shape families of the cylinder design are created as shown in Table 2. In this
table the parametersi{/As}, and {A; * An} can take any value within their domains, the above
specific values represent three points in the phase space that generate three cylinder shape
families.

Quantitative families of cylinder

AMA=1 A 2=0.5 MN=0.25
flattened normal slim

< |u (Wi

Table 2.Families and individuals of cylinder

Cylinder shape individuals

In this cylinder design example, only three individuals of each family, and three families are
shown. Different families can be generated by defining new value ranges; i, 4 and {A; *
An} in the phase space defined by {An}. The differences between these families is quantitative
and another range of families could have been chosen.

2.2 Qualitative shape families

As we can see from the examples in Table 2 quantitative families produced by phase transitions
do not show drastic difference from one family to another. If the expressions of the cylinder
design are further generalized and abstracted as follows:

X

n . T 2
V:Exsm x {A, X A} x r° x h,

A A, =rih

wheren is the number of edges of a prism, its phase transition will cause more dramatic design
variations and this is called phase bifurcation.

When the phase space is expressedlas\{}, and {A; * An}=1, the phase bifurcatiomE3, 4,
6, ...,00} may cause distinguishable qualitative families:

3 x 43 ,
V= 2 x r° x h, n=3, TRIANGULARPRISM FAMILY
V=2 x r? x h, n=4, RECTANGULR PRISM FAMILY

3 x 43 ,
V= > x r° x h, n=6, HEXAGONALPRISM FAMILY

V=mx r?x h n=o, CYLINDERFAMILY.



This phase bifurcation extends the generation of families beyond the cylinder into triangular,
rectangular and hexagonal prism families as shown in Table 3.

Qualitative families of prism
n=3 n=4 n=6 n= o
triangle rectangle hexagon circle
TE;}
=
ks
=
;5‘ @
R=
£ = 2o (W

Table 3. Families and individuals of prism

These examples demonstrate the generation of design individuals and families by using the
concept of phase space and the mechanism of phase transition.

3 DEVELOPMENT MODEL FOR COMPLEX DESIGN SYSTEMS

In the previous section, the creation of simple design families was demonstrated. This section
focuses on families of complex systems with multiple components. The expression for complex
systems is established by analogy with developmental biology, in which variables are equivalent
to genes, the variation of a gene's interpretation process is expressed as phase transition, and
components are generalized from organs. In the following sub-sections, the concepts of phase
transition and the nonlinear interpretation between genotype and phenotype are derived from
developmental biology, and then is introduced. A development model for complex design
systems based on these analogies is used to generate the families and individuals of complex
designs.

This model established by the analogy of developmental process of biology also has another
advantage, which can bring biology specific mechanisms and concepts into design, such as gene
mutation, regulation, evolution, simulation, and crossover, etc. Because the focus of this paper is
on design families and individuals, only gene mutation and regulation are used in this paper.

3.1 Unique forms of phase transition in the biological world

In biology, the mapping between genotype and phenotype is not one-to-one. For instance, two
identical twins with the same genotype exposed to radically different environments can result in
morphological differences. On the other hand, phenocopies are environmentally produced
phenotypes that mimic genetically produced phenotypes (Goldschmidt, 1938). The interpretation
process is influenced by its environment, which also contributes to the phenotype generation. The
same conclusion is proposed by Thompson (1942). One of the consequences of phase transition
in biology illustrated by Kauffmanl©93) and by Godwin and Websterl@96) is the generation

of families of related forms such as shell patterns whereby the phase space of different
developmental mechanisms is changed.



3.2 Development model for complex systems

Genotype definition in design

The genotype is made up of regulatory and structural genes. Regulatory genes as master genes
regulate other regulatory and structural genes, and structural genes are coded for physical
composition (Jacob and Monoti961) This is different to standard evolutionary algorithms since

they do not include regulatory genes. The genotype is divided into three parts: regulatory genes,
geometrical structural genes, and attribute structural genes.

Genotyfie P, A}

L={l,,,l,,..} areregulatory genes
A={a,,..a,,.} are attribute structural genes

P={Pysys P, ...} ar€ geometrical structural genes.

The genes include multiple members related to the components of a complex system. The genes
are not linearly mapped into phenotype, but are interpreted into phenotype through a sequence of
constraints and structure regulations as described in the next two sub-sections.

Interpretation within constraint fields

The interpretation process from genotype to phenotype is restricted by its environment
constraints. The phenotype is not uniquely determined by its genotype; the changing constraints
alter the interpretation process and thus change the phenotype. This claim is supported by the
theory of constraint fields between genotype and phenotype proposed by Gob@@d) é&nd

later supported by Rocha (1995), as described below:

{fL(Acy XAsL* L), fp(Acp X Asp X P), fa(Aca X Asa X A)}

where

f , f., f, are constraints functions for the genes in the domains of topology, geometry, and
attribute

Ao A Ag, @re matrices of components-relevant constraint parameters in topology, geometry,

and attribute
AsAsmAs, are matrices of component-self-relevant parameters in topology, geometry, and

attribute.

Interpretation of complex systems

A complex system comprises a number of components. The overall relationship of the
components in topology, geometry, and attribute is expressed as the following equation that
describes the structure development, of which hierarchy is the fundamental structure
characteristic (Simon, 1996)

{L,P,A} = {FL(Asr x L), Fp(Ag x P), FA(Asr x Ay x A)}
where
F ,F.,F, are structure functions in topology, geometry, and attribute (see Gero and Shi,
1999)
An is environment parameter matrix that influences the topological hierarchy
Ay is matrix of unity attribute parameters



{L,P,A are interpretations of all regulatory, geometrical structural, and attribute structural
genes.

Synthesis into phenotype
As previously mentioned, the genotype, {P, A is interpreted as, p, A} through the pressure

of constraintsf , f,, f, and the component structure equatiens i i x{p;,A;}, Which is finally
synthesized as a phenotype comprising the components of a complex system as shown below

Phenotype{C,....,.C.....,.C.}

C, is component of a complex design system
L ,p A are interpretations of regulatory, geometrical structural, and attribute structural genes

of component.

This development model differs in two ways from other evolution computing models in that it
includes a development process in addition to the evolution process implying that the
interpretation process is not linear and regulatory genes are utilized as a means of controlling
structure.

4 PHASE TRANSITION FOR THE EXPLORATION OF DESIGN FAMILIES

In the biological world, each individual has its own uniqueness because of its gene drift (micro-

mutation) and the specific environment during its development. The commonality among

individuals which may be noticed through the observation of groups of individuals is created

more often by phase transition than gene drift, while the uniqueness of an individual is generated
by gene drift rather than by phase transition. The following section discusses the way of
manipulating complex design families with the development model.

4.1 Design families for complex systems

Design families of complex systems with multiple components are examined in this section. The
development model for complex systems is used to generate both design families and individuals.

The interpretation from genotype to phenotype by the development model passes through a
longer journey and exposes to more complicated pressure from constraints and structure than the
linear mapping of the standard evolutionary algorithms, as demonstrated by the interpretation of
the attribute gene.

ai - /\SA:{/\SANhoIe’/\S'$an} - /\CAj - /\U\ - /\H - A‘

The attribute genea, of the genotype is interpreted a?sl under the control of a set of
parameters involvingconstraints and structure X{,, ,» A ., , A, , A, } (Agls

1

divided into twoASAN , Asa ), Which could be conceived as a phase space. A phase point in

hole Part
this phase space corresponds to an interpretation that is like a canal, under which all the possible
mutations of attribute gen@, are interpreted and then synthesized. The mutation of genes

supplies the uniqueness of individuals, while the specific phase point canalizes the commonality
of individuals.



4.2  Prototype of a multiple-component system

To discuss design families, A prototype of a multiple-component system is defined in Figure 3 as
the basis for the discussion on design families. This prototype has nine compdiments.
components are able to be varied through mutations of their regulatory and structural. génes {

A}.

Figure 3. Prototype of a complex design system

The variation of the nine components are connected by a specific hierarchy strycteyrer,
and also constrained by a specific boundary and relevant reltidpsf,. All the possible

states of structurel , and constraints } Aca , A, }are conceived as a phase
ij i

SANhole ’ASAPart !
space. The initial phase point for this prototype is defined as Val(either logic value or
geometrical and attribute values). In the following sub-sections a number of means of phase
transition for the generation of complex design families is introduced and illustrated by examples,
which simulate the phase transition and genes mutation.

4.3 Whole and part related families

4.3.1 Whole-related families

A whole-related family is generated by a phase transition from a common environment that

influences all the components of a complex design system homogeneously. As shown in Table 4,
two kinds of design variations are implemented by phase transition to produce two quantitatively

different families of designs. Within these two families six gene mutations are used to produce

specific individuals.

Individuals by mutation of regulatory and structural genes {L,P,A}
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Families by phase transition

Table 4. Whole-related families

Design families by phase transitto@ompared with the prototype, Table 4 demonstrates that two
phase transitions WithSAwhc\e :{1.0’As%vholey /AS%vholg(y /\S/Mholez //\S/Mholex} = {10’05’10} and {1.0’

1.0, 2.5} produce two quantitatively different families of designs, where the ratio values of y to x,
and z to x are selected to demonstrate two noticeably different families. However this ratio could



have a wide range of values and still produce noticeably different families. These two transitions
create two different kinds of whole-related shape families, which are labeled slim Pfaiaiigl
flattened familyB in Table 4. The whole-related families are controlled by the phase transition

A%holem three dlrectlons{]__O,}\SANMIey /ASANho|eX’ Aslmez Mslmex} . If the value of}\%’hoIeZ

is larger than the standard valde then the design families are characterized by the slim
component families. If two phase transitions are close each other, the shape difference between
the whole shape families would be slight. The whole phase transitions canalize different kinds of
whole shape commonality.

Design individuals by gene mutatioRegulatory, geometrical and size genés P, A are
mutated differently from individual to individual, which is its peculiarity. Taking design faBily
for instance, compared with the prototype, the location of the left branch in individual 2 is moved
up by its geometrical gene's mutation. The smallest component in individual 3 is switched off by
the mutation of its regulatory gene. The size of component 1 in individual 6 is enlarged by the
mutation of its size gene.

The obvious characteristic of these design families is distinguished by the overall
changed shape for all the components of the complex design system.

4.3.2 Part-related families

A part-related family is generated by a phase transition from a local environment which
influences the partial components of a complex design system separately. As shown in Table 5,
there are two kinds of design variations: phase transition for groups of designs and gene mutation
for specific individuals.

Design families by phase transitioBompared with the prototype, Table 5 demonstrates that the
phase transitiom} .  ={1.01.51.5} of component 1 in three directions only influences the

shape of component 1 of all individuals in fanily

Individuals by mutation of regulatory and structural genes {L,P,A}
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Table 5. Part-related families

The phase transition for the nine components in three directiqr%i{ Y S o |

{1.0,0.75,0.5},{1.0,1.0,2.0},{1.0,0.5,0.5},{1.0,1.0,0.3},{1.0,1.0,1.0},{1.0,1.0,0.5},{1.0,1.0,1.0}/{
1.0,1.0,0.4},{1.0,2.0,0.3} } (the numbers are selected randomly) influences the shapes of the
components separately in fami#y The part-related design families are controlled by the phase

transition A in three directions {1.0,A If the value of

SAParti SAParty / A SAPartX ! A SADart z / A SADart X }

is larger than the standard value 1, the design families are characterized by the slim

A SAF’axrti z



componentl families. The partial phase transitions canalize different kinds of part-related shape
commonality.

Design individuals by gene mutatiofihe uniqueness of different individuals in Table 5 is
generated by gene mutations. Take design fakilythe location of components 9 and 6 in
individual 2 are moved close to the edge by the mutation of their geometric genes; while
components 4 and 5 in individual 4 are turned off by the mutation of their regulatory genes and
the size of component 1 in individual 5 is enlarged. This kind of design family is characterized by
the phase transition of specific components of a complex design system, which is in contrast with
the whole-related families.

4.4 Structure-related families

There are two basic kinds of phase transitions. The first is the phase transition in which
parameters change smoothly, and results in the slight variation of state space such as the phase
transition of size and shape. The second is phase bifurcation, in which small phase transitions
may result in dramatic changes in the state space. For a complex design system, a parameter
change, which influences the whole structure of the system is considered as the most dramatic
design bifurcation. This parameter is associated with the regulatory gene. It has a Boolean value
of either 1 or 0, but its influence is dramatic and may destroy the whole component or a group of
relevant components. Table 6 demonstrates two groups of structure-related families that are
gualitative families (groug andB and groupC andD) caused by phase bifurcation.

Individuals by mutation of regulatory genes {L}

1 2 3 4 5 6
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Table 6. Structure-related families

4.4.1 Structure elimination families

Design families by phase bifurcatioBy changing the value of the element of parameter matrix
associated with component 6 frdirto O, the structure of the complex design system is changed
from family D to family C. There is no smooth variation for this kind of value.



Design individuals by gene mutatioNo matter how the regulatory genes and other genes may
change individually, the whole structure is forced or canalized as an eliminated branch family by
phase bifurcation. Take familg, components 3, 4 and 5 in individual 5 are destroyed by turning
off their regulatory genes, but they are still the individuals within fa@ilyi he interesting point

is that individual 3 in familyD is exactly the same as individulin family C. This phenomenon

is called phenocopies in biology, which are environmentally produced phenotypes that mimic the
genetically produced phenotypes (Goldschmidt, 1938).

4.4.2  Structure swapping families

Design families by phase bifurcatto@ompared with familyD, family B is a structure swapping

family, which is generated by swapping two elements of the parameter matrix associated with
both components 3 and 6. As a result, the left branch of individual 1 in fBnslyswapped with

three components of the right branch. Farilis another structure swapping family, in which the
relevant elements (associated with both components 4 and 6) of the parameter matrix are changed
to 1 and the elements (associated with component 4 or component 6) are chafgesll to
individuals are generated into two distinguishable canals in fangilydB.

Design individuals by gene mutatioRegulatory genes mutate and create diverse individuals as
shown in familiesA andB. For example, individual 6 in famili is caused by the mutation of
regulatory gene 6, which results in the disappearance of its left branch components.

Structure elimination and swapping by phase bifurcation and mutation of regulatory genes are
based on a hierarchy. This means that the upper components determine their downstream
components, which are guaranteed by the second interpretation of the genotype (Gero and Shi,
1999).

4.5 Branch and cross-branch related families

The architecture of complex systems is readily made hierarchical (Simon, 1996). The relationship
of those relevant components could be either branch-related or cross-branch-related, for instance,
disassembling one storey of a building — the walls constituting the storey will be destroyed, and
the windows and doors connected to the walls will be dismantled as well. The relationship of
those components is called branch-related. If replacing a kind of window in a building, means
that all the same kind of windows in the building will be replaced, then the relationship of those
components is cross-branch-related.

4.5.1 Cross-branch-related families

Design families by phase transitioAs shown in Table 7, by connecting and changing the
elements of the parameter matrix associated with a constraint, relevant attributes of both
components 3 and 6 in tkalirection from1 to 2, then familyB is characterized by components 3

and 6 being extruded twice the length of its prototype. Fafi$ycharacterized by components 5

and 8 being slimmed and flattened, where the elements of parameter matrix associated with the
constraint relevant attributes of both component 5 and 8 in three directions are changed from
{1.0,1.0,1.0} to {1.0,2.0,0.4}.

Design individuals by gene mutatioDiverse design variations are also generated by gene
mutations, such as the mutation of regulatory genes for individuals 2 and 5 in Banaityd
individuals 2 and 4 in familA. The varied size of component 1 of individual 5 and component 2
of individual 6 in family A and the great diversity of geometrical variations are caused by the
mutation of geometrical genes.



Individuals by mutation of regulatory and structural genes {L,P,A}

| 3

4

O <o
i} .:’li% a‘i;.}’ %

ﬁ :

A
fé:‘,
o
O

Families by phase transition

AN
<
i—\"\

Table 7. Cross-branch-related families

45.2 Branch-related families

Design families by phase transitiom Table 8, by changing two parameters separately, two
branch-related families are canalized, while the individuals are enriched by the mutation of their
genes. FamilyB demonstrates that all the components in the left branch are extruded to an
increased length compared to the prototype. This is done by varying the parameter associated
with the unity attribute of component 6 in theirection froml to 2.5. Similarly, family A shows

that three components of the right branch are extruded to two and half times their length by the
transition of the parameter associated with the unity attribute of component 3zrlitieetion

from 1 to 2.5. The phase transition could be chosen betv@eand a limited value. If the value is
selected as0, then a distinguishable change occurs and the whole branch will disappear.

Therefore this case is also called bifurcation.

Individuals by mutation of regulatory and structural genes {L,P,A}
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Design individuals by gene mutatiomhe diversity of individuals could be generated by the
mutation of regulatory, geometrical and size genes. A typical case of gene mutation is individual
3 in family B, which includes the mutation of all the regulatory, geometrical and size genes.

Table 8. Branch-related families




5 DISCUSSION

The introduction of the concept of phase space in design shows that a state space is determined
not only by its variables but also by its parameters. The mechanism of phase transition in design
demonstrates that a state space is able to be moved and transformed. This is akin to the notion of
exploration (Gero, 1994). The phase space is a meta-level controller of the state space. The
variation of parameters provides a mechanism for the creation of design state spaces.

The development model for design derived from an analogy with developmental biology
inherits many useful ideas and mechanisms from biology. These include gene mutation,
phenocopies, and gene regulation and with these the capacity for the generation of diverse design
variation could be enhanced.

The concepts and methods of phase transition are applicable to the variation of design
families. The development model for complex design systems enables individuals of a complex
design to be varied and searched by gene mutation and evolution within the state space, while the
families of the complex design can be explored through phase transition within the phase space.

ACKNOWLEDGEMENT

This research is supported by an OPRS scholarship from Australia, a UPRA scholarship from the
University of Sydney and by an Australian Research Council grant.

REFERENCES

Erens, F. J. and Breuls, P. (1995). Structuring produdli¢arim the development process,
Proceedings oASI '95 Lisbon, Portugal, pp.1-10.

Gero, J. S. (1994). Computational models of creative design prodesgefartnall (ed.)Al
and Creativity Kluwer, Dordrecht, pp. 269-281.

Gero, J. S. and Kumar, B. (1993). Expanding design spaces through new design vBealges,
Studiesl4(2): 210-221.

Gero, J. S. and Kazakov, \2(000). Adaptive Enlargement of State Spaces in Evolutionary
Designing, AIEDAM 14(2): 31-38.

Gero, J. S. (1990). Design prototypegnawledge representation schema for degign,
Magazinell(4): 26-36.

Gero, J. S. and Shi, X-G. (1999) Design development based on agyawih developmental
biology, in J. Gu and Z. Wei (edsEAADRIA’99 Shanghai Scientific and Technological
Literature Publishing House, Shanghai, China, pp. Z58-

Goldschmidt, R. B. (1938)Physiological GeneticdMcGraw-Hill, New York.

Goodwin, B. and Webster, GL996).Form and Transformation, Generative and Relational
Principles in Biology Cambridge University Press, Cambridge.

Jacob, F. and Monod, 1961). Genetic regulatory mechanism in the synthesis of prateimgl.
Biol. 3:318-356.

Kauffman, S.A. (1993)The Origins of Order, Self-organization and Selection in Evolution
Oxford University Press, Oxford.

Potson, T. and Stewart, I. (1978atastrophe Theory and its Applicatigistman, Melbourne.

Rocha, L. M. (1995). Contextual genetic algorithms: evolving developmentalirules;.
Moran, A. Moreno and P. Chacon (edSJlvances in Atrtificial LifeSpringer-Verlag, Berlin,
pp. 368-382.

Simon, H. A. (1996).The Sciences of the Artificja@8rd Edn, MIT Press, Cambridge.

Stiny, G. (1980). Introduction to shape and shape gramiavgonment and Planning B
343-351.

Thom, R. (1983).Mathematical Models of Morphogenedislis Horwood Limited, New York.

Thompson, D. (19420n Growth and FormCambridge University Press, Cambridge.



