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Abstract — This research is a continuation of previous
work by the authors relating to the inclusion of asthetic
criteria within an interactive evolutionary design system.
The work described extends the design system re the
manipulation of a more complex design problem with
increased importance placed on aesthetic criterionThe
paper initially introduces the previous work before
describing more recent research and positioning tki in
terms of previously published work. Finally, initial results
from the further developed design system are presésd.

I. INTRODUCTION

The following work relates to evolutionary
interactive design systems which integrate machine-
based evaluation of engineering and rule-basethetést
criteria  with the designer's subjective aesthetic
evaluation of design solutions. Although much resiea
relating to artificial design environments is eviti¢l,

2, 3] there is little evidence of the integratioh o
evolutionary search and exploration, user evaloafid
design solutions) and machine learning within alsin
design environment [4]. Furthermore, integration of
aesthetic criteria within computer-based designitesen
limited to the development of theoretical modelshwi
little evidence of application based research 5, 6

A detailed discussion of factors which make such a
system difficult to implement within a real world
context can be found in Machwe et al [7]. Suchdext
have led to an approach commencing with a relativel
simple system before slowly increasing the compyexi
of the problem. The research has led to a generic
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Figure 1. Interactive Evolutionary Design Enviromme
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framework for an Interactive Evolutionary Design
Environment (IEDE) as shown in (Figure 1).

This design environment has been developed for the
experimental design of aesthetically pleasing, simp
supported beam bridges.

Several novel concepts were introduced in this
system. These include agent-based construction and
repair of population members, Agent-based aesthetic
evaluation, an object-based design representation
supported by a case-based machine learning sub-
system. The reader is directed to [4], [7] andff8]a
detailed description of the resulting interactive
evolutionary design environment (IEDE).

Current work is extending the capabilities of the
IEDE to handle greater complexity in terms of
representation and aesthetic evaluation. Initialrkwo
related to simple bridge design whereas we are now
considering the design of ‘urban furniture’ in tfoem
of novel and aesthetically pleasing seating arraneggs
for parks and other public areas.

Simple structural analysis of the resulting forres i
combined with both rule-based and user-led aestheti
evaluation at a more complex level than similar
evaluation relating to the previous bridge struesur

II. BACKGROUND

The research can be considered a part of the
Interactive Evolutionary Computing (IEC) field. Muc
work is evident in the IEC field e.g. Parmee [9,10]
Carnahan and Dorris [11], Gero and Rosenmann [12],
Takagi [13], Sims [14] to mention a few. Recent kvor
in this field includes applications in the field fafshion
design using a knowledge based encoding [15].

Parmee attempts to define various levels and tgpes
interaction across a spectrum of IEC activity ih §@d
[10]. Based upon this definition our current worgsl
towards the implicit end of this spectrum due te th
combination of both quantitative, machine-based
solution evaluation and user-led subjective evadnat

We have extended support for the designer by
integrating a machine learning sub-system to reduce
designer fatigue [16]. This kind of support is edizd
since the user can only evaluate a limited numifer o
solutions before fatigue takes over and consistemcly
quality of evaluation deteriorates. The machinerizgy
sub-system uses a Case-based approach to store
solutions ranked by the designer. The stored swoisti



are then used to evaluate future solutions whishltg
in a reduction of the number of user-led evaluatitm
be made per generation.

Ill. REPRESENTATION

The work uses an object based representation as
described in [7]. The representation is flexibleéenms
of the possible designs that it can represent kag a
robust enough to be used for design search, exjaora
and optimization. A single population member
(chromosome) is a collection of primitive elemetttat
represent a design. For example any structure mpde
of LEGO™ bricks can be represented as a collecifon
primitive design objects each with a specific x and
position and a pre-defined length (along X) andyhei
(along Y). We also have the flexibility of usingfdrent
elements with different design properties by just
including them in the set of possible design piiag.
When it comes to the evaluation of fithess of the
structure and checking the structural integrity wse
secondary properties of the particular primitiveneént

type.

Figure 2. Representation for Bridge Design problem.

This representation was successfully used within a
bridge design IEDE as described in [7]. As candens
from Figure 2 the representation has been usetivor
dimensional designs (see Figure 3).

Figure 3. Some non-optimized/optimized bridge desig

The present seating work requires an extension to
three dimensions which has required some
modification.. Figures 4 and 5 describe this exsehd
representation.
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Figure 4. Representation of Benches
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Figure 5. Basic structure of a Bench Solution

Instead of separating the elements into different
collections as with the bridge work we have créate
three different kinds of element. These are thet,Sea
Back and Leg elements. All these are containedinviah
single collection.

An additional feature added within the new design
representation is the concept of element desigthikVi
the previous work all the elements were of the same
design (basic cubic). In this case we have two skiof
elements namely a solid element and a ‘grill’ elame
The basic difference between the two, other than th
aesthetic-visual difference, is that a ‘grill' elent uses
lesser materials and is lighter. Visual differences
also expected to play an important role in the glesi's
subjective evaluation of the solutions. These esitaTs,
although simple at the moment, highlight the fldiip
of a component based representation.. The two elsme
are illustrated in figures 6 and 7. It is appartt
many other element variations can be included as
required.

Figure 6. Grill Element.



Figure 7. Solid Element

A. Increased Complexity of Representation

In the bridge design problem the Span section
elements contain four basic properties namely X énd
positions plus Length and Height]. The Seat element
(analogous to the span element) contains six basic
properties (X, Y, Z positions, Length, Breadth and
Height). Similarly the Leg elements (analogous to
Support Element) contains two extra properties ifd a
Breadth). Thus a more complex design extending into
the third dimension is now possible.

In terms of element for the bridge design, a Span
element had a single degree of freedom (Heightgdlan
and the Support element had two degrees of freddfom
position and Length). In the bench design problam t
Seat element has two degrees of freedom (Height and
Length) similarly the Leg element has two degreks o
freedom (Y position and Breadth).

V. CONSTRUCTIONAND REPAIRAGENTS(C.A.R.A)

As with the previous work we again use a
Construction Agent (CA) to create the initial
population. Due to the more flexible and complex
nature of the representation the simple constractio
agent utilised in the bridge work is not viable.
Furthermore the CA has been designed keeping id min
possible extensions to its functionality. These
extensions include creation of a rule-based agamital
interface.

It is common knowledge that gathering requirements
is the first stage of any design process. Such an
interface would allow us to take the first stepwdads
creating an agent-based, user-interactive ‘requargm
gathering system’. This in turn could be extended a
generative system where the designer not only atedu
the solutions during a particular design cycle aiso
provides feedback to the CAs on the quality of ohs
being generated. In the present work the rulesttfer
CA have initially been kept simple. The rules defthe
number of Seat, Leg and Back elements to be created
Figure 8 further clarifies this idea.

Figure 8. Basic Generative System.

A. Mutation

Mutation is rule-based. A major difference between
the seating design problem and the bridge desigtesy
is that, due to the relatively less complex natir¢he
earlier work, only one element (irrespective of thies
support or span type element) per design was niitdte
one time. In the present work an element is seadecte
from Seat and Leg type and mutated.

The mutation rules for Seat elements include the
following:

1) Increasing Length (along X axis).

2) Decreasing Length (along X axis).

3) Increasing height (along Z axis).

4) Decreasing height (along Z axis).

Rules (1) and (2) result in a change in the Length
parameter whereas rules (3) and (4) result in agdh@n

the Height parameter. For the Leg elements the
mutation rules include:

1) Moving Leg element left (along +ve Y axis).

2) Moving Leg element right (along —ve Y axis).

3) Increasing thickness of leg (along Y axis).

4) Decreasing thickness of leg (along Y axis).
Here Rules 1) and 2) result in a change in the Mtjom
parameter and Rules 3) and 4) result in a changeein
Width parameter. Figure 9 further clarifies the
orientation of the axis and the various parameters.

As we are utlising EP where mutation is the only
exploratory all solutions are subject to a single
mutation.

Figure 9. Orientation of Axis.

Another important change is the use of real values
instead of integers. This allows us to obtain finer



variation within the design through mutation by imayv
real valued changes to the parameters.

Using such free form and simple rule based mutation
requires a constant check of the population foratged
solutions. These include solutions with overlapping
elements, elements floating in the air and badiynéx
elements. To facilitate this we have a Repair Agent
which checks the validity of the mutation rule kgin
used on a design. It ensures among other things tha
elements do not leave the bounding box for thegiesi
are properly connected and are not badly formed
(example: having negative dimensions). Without saich
repair agent it would be difficult to use rule-badse
mutation whilst maintaining the efficiency of the
algorithm.

V. EVOLUTIONARY ALGORITHM

Evolutionary programming (EP) [17] is a purely
mutation based evolutionary algorithm which used re
number strings to represent solutions. TraditioBEI
also combines the parameters for mutation as paneo
solution [18]. In all other aspects it is similaz &
genetic algorithm (GA). The EP algorithm is shown
below:

STEP 1: Randomly generate an initial population of
POsolutions and select fittest to form next generatio
P1.

STEP 2:Create C mutated solutions through random
mutation from Pt.

STEP 3: Modify Pt by combining Pt and C
populations. Thus Pt=RLC

STEP 4: From Pt select the Pt#fest solutions to
form the next generation.

STEP 5: If termination criteria met then STOP or
else GOTO Step 2.

Thus the design representation is not restrictethby
need to support crossover. The EP has been modified
work with a component -based representation anal rul
based mutation. This is achieved by using the
Construction Agent to build solutions with the
component-based representation and the Repair Agent
to facilitate rule based mutation. Tournament galac
is used as the primary exploitation operator.

VI. FITNESSFUNCTION

The present work uses a weighted sum fitness
function. The fithess function is made up of five
objectives which are combined into a single obyecti
using weighted sum (weights can be changed byaiser

run time). The five objectives are:
1) Engineering Fitness.
2) Rule based Aesthetic Fitness
3) Cantilever Deflection Analysis.
4) Materials Usage
5) User Assigned Aesthetic Fitness.

A. Engineering Fitness

Engineering Fitness (E_Fit) consists of maximizing
the buckling load for the seat supports and anadyttie
seats for vertical deflection (treating it as aplgnbeam
deflection problem with uniform loading). The forlau
used for calculating the buckling load is giver{ip

In (1) P’ is the maximum load, H is the height bét
leg, | is the moment of inertia and E is the Young’
modulus. All values are in S.l. units. The simply
supported beam equation is given by (2).

)

Here Ymax is the maximum deflection (at the center
of the beam span), E is the Young’'s modulus, Lhés t
length of the seat, w is the weight per unit lengfttthe
uniform load and | is the moment of inertia of theam
cross section. The negative value of Y max sigsifie
that the deflection is towards the negative of ¥saall
values are in S.I. units.

The buckling load difference (between actual load
and maximum load supported) and the maximum
deflection of seats are to be minimized. This isiemed
using (3) which gives the value of E_Fit objective.

(3)

B. Rule Based Aesthetic Fitness

Rule based aesthetic fithess (A_Fit) uses the
following rules to create uniform seat elements:
1) Seat elements should have uniform height.
2) Seat elements should have uniform lengths.

The higher the uniformity between the height anmdjth

of the seat element the higher is the aesthetied#.
Uniformity is calculated through standard deviatimi

the dimensions. The higher the uniformity the lower
should be the standard deviation of the dimensions
across the different seat elements. Thus standard
deviation must be minimized. (4) describes how A _Fi



objective value is calculated.

(4)

C. Cantilever Deflection Analysis

Cantilever deflection analysis (Cant_Fit) is reqdir
since if the leg elements are towards the centeahef
seat then the two ends of the seat will form cangits
(fixed at supports) and must be analyzed for déflac

()

Equation 5 shows how cantilever deflection can be
calculated when the load is towards the two edges
(Figure 10). Within the formula Ymax is the maximum
vertical deflection (at the edge), P is the loadthst
edge, L is the length of the cantilever beam, Ehes
Young’s modulus and | the moment of inertia of the
cross section of the beam. All values are in Sltsu
The objective is to minimize the vertical deflectio
Equation 6 shows how Cant_fit value is obtained.

Figure 10. Cantilever Analysis

(6)

The authors acknowledge the simplicity of the above
structural analysis and recognise the need to sedhe
structure as a continuous form. However, during th
initial stages of the seating arrangement work e f
that a simple analysis is sufficient to provide a
comparative evaluation of differing arrangements.

D. Materials Usage

Materials usage (Mat_Fit) calculates the amount of
material used in the bench. This value is to be
minimized. Equation 7 is used to obtain the valfie o
Mat_Fit. The two different designs of seat elentemte
different materials usage and thus have a deegmdm
on the overall design than just at the subjectagteetic
level. The material currently envisaged for the dhen
design is steel with Young’s modulus of around 190
GPa. Since a uniform material is evident the vaitie
Young’s modulus does not currently play a role iith
the system. However, future work will include maér
type as a variable across the elements resultingxad
material structures where, for instance, the supmppr

elements are of a stiffer material and the seahetgs
are of a lighter material.

(7)

E. User Assigned Fitness (U_fit)

At the end of a sequence which may comprise a
single generation or any number of generations
specified by the user the designer is presentetl wit
graphics of the top ten solutions with respecht®rnion-
subjective criteria (A. to D.) and can grade thiitsons
from a scale of +1 to -1 (U_fit). The solutions winiare
better preferred by the user will tend to a scdrel
Thus the user can steer the evolution towards those
designs which are found to be aesthetically pleasin

F. Weighted Sum Fitness

Equation 8 shows how the objectives A thru E are
combined to give a single fitness value for theigtes
In (8) W1 thru W5 are weights set by the user at ru
time. These weights are:

W1 = Weight for Rule based Aesthetic Fitness.

W2 = Weight for Engineering Fitness.

W3 = Weight for Materials Usage.

W4= Weight for User Assigned Fitness.

W5= Weight for Cantilever Deflection Analysis.

The weights can take a value between 0 and 3.

Fitness=wld_Fit+w2E Fit+wiMat Fit+wdl Bt +wiCani Fit ®)

VIl. RESULTS

It is only possible at this stage to show prelimjna
results but these do indicate that the variousictiral
and aesthetic criteria are influencing the seating
arrangement design.

The evolutionary programming algorithm being used
for this study has a population size of eitheryfiétr
twenty depending upon whether user-assigned fithess
has been included. Tournament selection with a
tournament size of two individuals is performecdath
generation to generate the next population of esjaal

A. Effects of the structural criteria.

Initial experimentation investigated the effecttbé
various structural criteria to assess there validib test
the Cantilever deflection objective (CANT_FIT) the
weights for all other objectives were set to zem a
multiple runs were performed using a populatior sif
fifty over twenty generations. The resulting stures



showed supports situated at exteme ends of the seat
(beam) i.e. a minimization of cantilever length was
achieved. Best performance solutions contained both
grillage and solid seat elements.

Investigation of the beam deflection of the seat
elements as well as buckling in the leg elements
(E_FIT) via multiple runs with the same populat&ne
and number of generations followed. When weights fo
all objectives excepting beam deflection and bungkli
are set to zero thick beam (seat) elements totresis
deflection become evident in addition to large ufp
which almost cover the entire bench length i.e.agom
reduction in deflection and buckling is achievedsB
performance solutions contained both grillage avid s
seat elements.

Weights for all objectives excepting minimizatioh o
materials (MAT_FIT) were then set to zero and rplati
runs with the same population size and number of
generations followed. Emerging characteristics were
grilage seat elements rapidly became dominant;
preferences for designs with one or two supportsan
significant decrease in support cross-sectiona amere
evident.

All of the above indicated that the independent
criteria were contributing in an appropriate manner

B. |Initial population characteristics

Eight members of an initial randomly generated
population are shown in Figure 11 In this casettadl
five objective have been equally weighted. Thigegi
an indication of the diversity present within tharlg
generations. The seat elements are a mixture bagyi
and solid forms.

Figure 11. A sample of initial population members.

C. All Objectives at Equal Weights- No U_fit
included

To provide a comparison between the effects of the
more deterministic criteria and user-led subjective
evaluation all objectives have equal weighting bsgr
interaction has been excluded in this experiment. A
population size of fifty individuals has again been
utilised. After twenty generations well-supported
structures are formed as shown in figure 12 whiee t
best performance solution from four separate rns i
shown. Some common trends are evident. For instanc
well-distributed supports for the seat elementsfoum
lengths of seat elements and supports of similasser
sectional dimensions. In all the seat elements the
grillage structure has become the dominant form.

Figure 12. Solutions with all objectives at equaigtt.

D. Including User-Assigned Fitness (U-fit)

Here all objectives except User-Assigned Fitness
have a minimum weight of 0.5 (see (8)) whereastU_fi
is assigned a weight of 3.0. The population size ha
been reduced from fifty to twenty individuals totho
facilitate user-interaction and to better illustrathe
manner in which the user can steer the evolutionary
process during these initial experiments. Of thentty
solutions per generation the user evaluates theeiop
performing solutions in terms of personal aesthetic
preference.

Figure 13a shows the best performing solutions
from the second generation. As would be expecteckth
is a high degree of diversity in terms of the ollera
structures with varying numbers of supports atediffg
positions and differing seat element dimensions.

User aesthetic evaluation is introduced at each
generation commencing at generation two and regulti
in the structures illustrated in figure 13b. Comearce

is achieved upon two distinct design options have
emerged in the form of a single supported and twin
supported arrangement.



Figure 13a. Second Generation

Figure 13b. Final Generation

It is apparent from figure 12 that these two
arrangements would not have survived without the
interaction of the user as the structures of fidiztdave
very differing characteristics that have been Iprge
defined by the structural criteria. Again, all seat
elements in both cases are of the grillage type.

VIIl.  FUTURE DIRECTION

There is obviously major scope for significant lfnt
extension and improvement of the system. The imdent
is to enable the user-interactive evolution of hove
aesthetically pleasing seating arrangements folligoub
places rather than the bench-like structures showime

previous sections. However, it has been necedsary
start from a relatively simple representation ttaleksh
initial proof of concept re the representation, hiae-
based criteria and the user-interactive considenati

Figure 14 shows some examples of interactively
evolved, highly free-form seating arrangements.s€he
have been achieved through the introduction of-less
restrictive CARA. rules and machine-based criteria
relating to minimisation of the structures ‘fooftgtii.e.
surface area covered by the structure. All thengry
elements are the same as for the structures defined
the previous sections.

Figure 14. Free-form interactively evolved seating
arrangements.

The principle problem with such free form desigss i
the difficulty relating to their structural analgsi
although these initial forms can be generated fuser
or rule based aesthetic judgement and other simfde
based criteria. There is an argument, however, that
during conceptual design the development of such
forms under such criteria is entirely acceptablé dmat
structural problems can be solved through the
introduction of appropriate materials or via the
introduction of skeletal frameworks at a later stag

The intention is to develop the system so that
concurrent evolution of the CARA rules is possible
again through a user-interactive process. Theesyst
may commence with open ended rules for the CARA
but with designer interaction these rules gradually
become fixed.

The further development of the machine-based
aesthetic assessment is essential. The more s&dctu
bridge design work included four aesthetic agehg t
managed rule-based criteria relating to symmetric
positioning of supports; similarity in cross-seatd
area of the supports; slenderness of the suppads a
slenderness ratio of the span elements. We haee al
developed an on-line case-based learning process fo
the bridge system which stores user-preferences
enabling them to be utilised as machine-basedrierite
[16]. It is envisaged that this approach will be an
essential aspect of the far-less structured seating
arrangement system and work is progressing in this
area.

Work has already progressed on the development of a



more appropriate multi-objective representation to
improve upon the initial weighted sum approach
introduced here. An interesting utilisation of MAG
type approaches relates to the possible measureshent
the relative influence of user criteria [8]. This &n
important aspect relating to the project as a whsléor
such a complex system, cross validation of comparat
effects of the various forms of evaluation is efisén
We envisage something along the lines of the stzls
analysis carried out by Carnahan and Dorris [11] in
addition to the MOGA approach currently under
development.

IX. CONCLUSIONS

Clearly, the extended system has greater complexity
both in terms of possible designs being represeased
well as the included criteria than the initial work
involving the simple bridge structures. The extensf
the structural criteria has been introduced andaini
comparative  experimentation has shown that such
criteria are contributing in an appropriate manner.

Comparative experimentation has provided an
indication of the contribution of user aesthetic
evaluation over and above the machine-based stalctu
criteria.

It is always difficult with interactive evolutionar
computing research to rigorously investigate the
dynamics of the machine-based / user-led components
due to the time and fatigue elements associated wit
multiple runs and associated user involvement. The
objective of the above work, however, was to merely
establish a proof-of-concept relating to the feitigjof
the approach as opposed to a rigorous analysis.tHe
opinion of the team that such a proof-of-concepd ha
been achieved via the work described.

Hence, the work described can now provide a
platform for the development of a more realistiadan
meaningful system.
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