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Abstract: Considerable effort has recently been put into approaches for the optimisation of de-
sign configurations. These, however, require that a single objective function be created to define
the optimisation parameter. This both requires that the relationships (or weightings) between de-
sign parameters are determined prior to designing, and that the optimising function is continuous
across the design space. In real, complex and evolving design problems this will not be the case.
Current research into constraint resolution procedures has led to the investigation of the use of
sensitivity in the solution of designing problems. The approach proceeds, from an initial ‘seed’
position within the design domain, by investigating the influence of all variables upon all of the
design rules. From this sensitivity study those parameters having little, to no, effect can be elimi-
nated from the initial search and the key ones selected. The approach then evaluates the ‘truth’ of
the solution found against the ‘goal’. If this is not sufficiently true the study is repeated (using the
new solution point as the seed) and new design variables are found and applied in the search.
Within this research programme a number of examples, ranging from simple to complex, have

been undertaken, which are used to illustrate the theory and application of this approach.

1. BACKGROUND

Recently there has been considerable effort within
the design research community into the generation of
techniques for the optimisation of design configura-
tions [1,2]. This work is mostly centred on the for-
mation of a single objective function that can be used
to express the relationship between the design pa-
rameters. The creation of such a function presup-
poses that the problem is fully understood and that
the relationships between the various objectives are
also unchangeable throughout the problem resolu-
tion. The design problem must thus be fully under-
stood before any optimisation can be undertaken, and
that no objectives are changed, in the light of what
has been learnt during the designing process. This
requires that all the relationships (or weightings)
between design parameters and objectives are deter-
mined prior to designing, and that the optimising
function is continuous across the design space. In
real, complex and evolving design problems this will
not be the case.

1.1. Problem solving approach to design

Design is an ill-structured, incomplete and evolving
activity, which is focused upon the resolution of an

often ill-defined problem (or set of objectives). It,
therefore, contains all of the elements of a classical
problem solving structure [3]. These are (as shown in
Figure 1) a current state (where one starts), an objec-
tive state (what one is trying to achieve), a set of
constraints (which will stop one achieving that goal),
a proposed course of action (an attempted approach
to the solution) and a set of conclusions (that estab-
lish whether the objective state has been reached or
not).

Course of Action

Fig. 1. Elements of problem solving.
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2. CONSTRAINT RESOLUTION
TECHNIQUE

The constraint resolution approach is based upon the
assumption that a problem can be defined as a series
of propositions that are formed as design rules,
which are to be true when the problem is resolved.
The design variables are manipulated, by direct
search techniques, in order to seek a state when all
these rules are true [4].

The problem can be formed in many ways. A se-
ries of sub-problems can be formed, with their own
design variables, and the problem addressed as a
sequential series of elements (such as can occur in
the resolution of a mechanism train; starting with the
input crank angle and working progressively through
the sequence of linkages until the output is reached).
These sub-problems may, at a higher level, be nested
within other overall problem requirements (such as
can occur when the output performance of such a
mechanism has to be optimised) [5].

At the highest level it can be assumed that all de-
sign variables have an influence upon all of the de-
sign rules. In this case, a single complex problem
function is formed with a search being conducted
through the domain covered by all of the variables
(Figure 2). When the problem is of limited size, in
both rules and variables, this may be resolvable by
direct search techniques. If, however, it is large in
both dimensions, and the relationship matrix sparse,
then it may be difficult to resolve by such search
techniques. This may, however, be achievable by the
investigation of the problem sensitivity.

| Objective stale | " y
I Objective state |

Fig.2. Complex problem of multi-related variables
and objective states.

2.1. Sensitivity structures

In many problems some of the design variables only
have an influence on particular aspects of the local
problem. In other design investigations it may appear
that it is right to ‘assume’ that certain variables will
have a great effect on the solution and it may turn out
not to be the case. Similarly the design may com-
mence with some of the variables already true (ie.
they do not have to be manipulated). This can always
be the case when the design problem is incomplete
and evolving.

Within such problems it is necessary to develop
initially an understanding of the design issues, and
the effect of the initial parameters and approach upon
the solution. This is effectively commencing by un-
derstanding the region around the ‘current state’ of
the problem solving model. A sensitivity approach
can be used to determine such effects by calculation
of the steepness of the gradient of changes in indi-
vidual parameters upon each individual requirement,
and upon the overall objective.

The sensitivity approach thus commences, not by
directly seeking a solution, but by trying to under-
stand the influence of the design variables upon the
truth of the initial ‘seed’, or initial starting configura-
tion, chosen within the design domain [6,7]. By fol-
lowing the classical problem solving approach,
knowledge is gathered around the region of the initial
starting point in the design domain by changing the
design variables, in order to determine how they aid
the achievement of the “‘objective state’.

The direct search approach of constraint model-
ling proceeds by determining the influence of each
variable upon the solution, and hence determines the
resultant vector direction that should be taken (from
that point) in search of a true solution. The sensitivity
variation (Figure 3) commences in a similar manner
by looking at the influence of all variables on all
rules, but then proceeding, not by determining the
resultant vector direction, but by selecting and apply-
ing, initially, only those variables that have a domi-
nant influence upon the solution. Once these vari-
ables have been applied to the solution, a new ‘cur-
rent state’ is determined, which may or may not
solve the problem. If the solution is not “sufficiently
true’ then the approach is repeated with perhaps a
lower value of dominance (ie. allowing a greater
number of variables to be included in the solution).

Through this approach complex problems can be
searched and resolved, some times through the appli-
cation of very few design variables. The actual num-
ber of variables ultimately employed is dependent
upon a number of factors. The initial state may, by
chance, be close to a true state. Only a limited num-
ber of variables may need to be changed to achieve
this true state. Conversely the initial state may be in a
remote part of the design domain, far away from the
true solution, and therefore require a complex and
extensive search through most of the variables. Addi-
tionally the variables influencing the changes in the
initial state may be quite different to those influenc-
ing the final true state.
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Fig.3. Sensitivity analysis approach.

2.2. Sensitivity understanding

The availability of the sensitivity values, and knowl-
edge of the boundary conditions of the variables and
rules, allows the designer to determine whether any
changes in these parameters will result in the design
exceeding a boundary condition or for a rule to fail.
Such an approach provides the designer with a range
of additional information and greater understanding
of the problem, and may lead to possible alternative
solutions being investigated. Rather than simply be-
ing presented with a single design (that may or may
not work in practice), the designer is aware of how
sensitive the design is to geometric variations and the
effect of the individual rules.

2.3. Sensitivity studies

Such an approach can be applied to a wide range of
design problems. It has been used as a technique for
handling complex and conflicting issues within
multi-disciplinary teams, in which responsibilities
and understanding of the individuals are limited to
their own aspects. Currently the approach is being
investigated within a project that is undertaking the
design of medical devices. Here the size and form of
the device has to meet conflicting requirements of
medical usage, patient acceptability, manufacture,
safety and disposability. These result in conflicts to

rule 1 |reach the handlebars

(par_k _le. att1*(par_Cb + par_Dh]))

be resolved by the team, which can be guided by the
study of the sensitivity of the parameters to the vari-
ous conflicting issues. A set of variables is sought in
which all requirements are met and no ‘untrue’ states
remain.

In a simple design study the rules were collected
for the design of a bicycle [8]. This was described
parametrically as shown in Figure 4 and the rule set
as in Figure 5.

These rules were collected by simply asking
various people what they required of a bicycle. There
was no attempt made to determine whether individ-
ual rules were in conflict or duplication of others.

Additionally there was no attempt made to ensure
that the rule set was complete (this set is known to be
incomplete as further work should be performed to
ensure both the stability and comfort for the rider).

These rules were, however, analysed to deter-
mine the sensitivity of individual rules to each vari-
able. This study shows (in Figure 6) both the result-
ing sensitivity matrix and a number of design con-
figurations that resulted through the manipulation of
the rules and reduction of the design variables.

Fig. 4. Parametric description of a bicycle

rule 2 |handlebars in front of forks

(par_k .gt. par_e)

rule 3 |knees not into forks

(par_Bb _le. par_&)

rule 4 [front wheel close to handlebars  |(par_f .It. att2"(par_k - par_g))

rule 5 |legs reach bottom of stroke

((par_Ab + par_Bb) .gt. (par_o + par_I}}

rule 6 |legs reach top of stroke

(par_o - par_I) .gt. ((par_Ab + par_Bb)F2))

rule 7 |feet clear of the ground ((xa"xb)xc) .gt. (xd + att="par_Eb))

rule 8 [front wheel under stern (par_a .le. par_g)

rule 9 |front wheel = 0.5 stern height (par_a gt 0.5%par_g)

rule 10|rear wheel under seat (par_b .le. par_j)

rule 11 Jrear wheel = 0.5 saddle height (par_b gt 0.5%par j)

rule 12|sprocket < rear wheel (par_m .le. par_h)

rule 13 |sprocket = 0.5 rear wheel (par_m .gt. 0.05"par_b)

rule 14 |sprocket < chain wheel (att5*par_m _le. par_n)

rule 15|chain wheel < pedals (par_n le. par I

rule 16 |chain wheel = 0.5 pedals (par_n gt 0.5%par )

rule 17 lwheels do not clash ((par_a + par_b) .It. xc)

rule 18 |pedal spindle infront of rear wheel|((par_c + 1. 1%par_d) .gt. par_b)

rule 19|front wheel < 2 rear wheel (par_a .It. Z*par_b)

rule 20|rear wheel < 1.25 front whesel (par_b It. 1.25%par_a)

rule 21|feet can reach the ground (par_Ab-+par_Bh) .gt. (par_j+par_b)*1000
rule 22 |stem < 1.25 saddle (par_g lt. 1.25%par_j)

rule 23|saddle < 1.25 stermn (par_j .It_1.25%par_g)

rule 24 |foot not into front wheel ((par_d+par_l+par_Ed) .It. (par_e+par_fpar_a)™1000

rule 25

chain wheel infront of saddle

(par_d gt 0)*1000

rule 26

dist ta front wheel = thigh length

(par_e gt Par_Bh)*1000

rule 27

limit how far wheel out the back

(par_c _It. Attd™par_b)

rule 28

set attitude to pedals

(par_d - (par_o™tan(tilt)))

Fig. 5. Rule g

roup collected for a bicycle
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Fig. 6. Sensitivity relationship matrix and alternative design solutions

This approach allowed the problem to be reduced
to a number of sub-problems in which different vari-
ables dominated to allow a solution, whilst being
overall ‘true’ according to the rules, approached the
solution in different “directions’ by considering dif-
ferent aspects of the bicycle to be more dominant
than others. The solutions show an adult trying to
ride what is a child’s bicycle and showing the com-
promises the adult has to make in order to achieve a
riding position. The other two images show solu-
tions, for the same adult, when either ‘standard’ or
‘small” wheels are required.

Whilst this problem is seen to be manipulating
only twelve parametric variables it can allow the
designer to create a wide variety of solutions tailored
to different requirements. However, in another study
the sensitivity approach was applied in the determi-
nation of human postures when operating a packag-
ing machine (figure 7).
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Fig. 7. Models of man and packaging machine

In this study both the manikin and machine were
built within the constraint modelling environment.
The machine can thus be made to work and the man
respond to human actions and mobility. This human
representation is comprised of 144 degrees of free-
dom that can be individually manipulated in order to
find a suitable posture. There are 172 bounded con-
straints that either limit or restrict the range of possi-
ble movements within the joints. Additionally there
are 22 rules that can be applied to general human
conditions, such as standing, sitting, balance etc.
These can then be configured to allow individual
tasks and intermediate actions to be determined.

Figure 8 shows the man sitting on a chair, whilst
pointing and looking at a point high upon the front of
the machine. This task is seen to be one that can be
readily solved through the sensitivity approach with
a restricted set of variables. If, however, a more dif-
ficult task is set in which no simply true solution
exists, then the sensitivity approach will select vari-
ables (degrees of freedom of the manikin) and rules
that will lead to a solution in which not all rule sets
are true.

In Figure 9 the man has been set the task of look-
ing at a point underneath the main body of the ma-
chine.

In this solution the sensitivity approach has
elected to allow the manikin to remain in contact
with the chair and floor, whilst being able to both
point and look at the designated point on the ma-
chine. It has, however, abandoned the normal re-
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quirements of sitting and leaning back in the chair
and the normal attitude in which both feet are flat on
the floor. Whilst this may not be an expected, or
normal, posture for a human to take when working at
a machine, it is nevertheless a possible configuration
for a human to take if required.

Fig. 8. Man pointing whilst sitting whilst pointing
and looking toward a point high on the front of the
machine

Fig. 9. Man trying to view a point under the ma-
chine

The sensitivity approach can thus be used to de-
termine both a range of possible solutions and those
that may be possible if certain sets of rules are aban-
doned or modified. It thus has the potential to aid the
designer in the search for creative and innovative
solutions to problems.

3. MULTI-INSTANCE MODELLING

The sensitivity approach, like that of constraint reso-
lution techniques, takes advantage of the direct
searching of the individual variables to learn more
about the design domain within which it is operating.
The constraint modeller learns about the curvature of
the domain, in order to seek a point at which a true
solution exists (this may not, however, be the only
true point). The sensitivity technique obtains infor-
mation on the relationship between all rules and vari-
ables, in order to build up a more complete under-
standing of the design domain as the solution ad-
vances.

This approach is now being extended even fur-
ther through research into multi-instance modelling
(MIM). Here not only is the design domain searched
around the region of a true solution, but multiple
regions are sought. The MIM approach thus seeks
the possibility of finding a range of possible solu-
tions to a problem. In addition the direct search tech-
nique, used in the sensitivity studies, will allow the
extent of the ‘true region’ around each point to be
determined. This allows investigations to be con-
ducted into the allowable variation in design parame-
ter whilst the solution still remains true.

A study is now commencing into the application
of this approach within processing and assembly
plant industries, with particular applications in the
food sector. This builds on, and extends research
currently being undertaken, into the redesign of
packaging machinery [9]. The sensitivity and influ-
ence of parameter changes on both the product and
processes will be studied. This will allow plant of the
greatest flexibility to be created, changes made to
product with minimal change to plant or, conversely,
will allow the limitation of the existing plant to be
determined and the range of usage determined. The
range of possible product size and type can be estab-
lished for an existing machine, or the changes neces-
sary to allow machines to cope with a desired in-
crease in product capability and form. This will ex-
tend the research into both plant capability and the
effects of product changes.

3.1. Research issues

The extension of the constraint modelling capabili-
ties to be able to handle the research into sensitivity
analysis has resulted in major changes in the ap-
proach. This has not only resulted in the inclusion of
routines to calculate the sensitivity parameters and
the sensitivity matrix for the complete rule/variable
set, but has required research to be commenced into
strategies for handling and interpreting the design
approach that has to be taken. It is insufficient to rely
simply upon the automatic selection of the design
parameters. An understanding of the functionality of
the problem needs also to be included, as well as the
desired direction and preferences of the designer,
business and customers. This will then result in the
development of techniques to handle and incorporate
rules that are neither mathematical nor geometric, as
currently handled by the constraint modeller. A more
holistic approach is thus sought to the generation and
resolution of design rules.

4. CONCLUSIONS

A fundamental approach based upon problem solv-
ing structures has shown that design issues can be
addressed by, initially, constraint resolution tech-
niques. It has then, through the addition of sensitivity
analysis, been extended into the handling of complex
and ill-structured problems. These have allowed
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large and uncertain problems to be attempted and
solutions obtained. These have provided a broader
base of understanding for the designer and allowed
new and creative solutions to be found.

It has also created an understanding of design and
approaches, that have allowed further research to be
undertaken into these design issues, where both
variations in product and processes need to be ad-
dressed.

Research in these areas is thus continuing
through the constraint modelling approach, together
with the application of these techniques to real indus-
trial problems.
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