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Abstract

Conceptual design isan early stage in the design process that involves the generation of solution concepts to satisfy the
functiona requirements of a design problem. Usually, there are many solutions to a design problem; therefore, there is
scope for producing improved designs if one could explore a solution space larger than is presently possible. An ap-
proach would be to use the computer to synthesize awide variety of concepts for a given problem, and alow designers
to explore these before developing the most promising ones. Adopting a research approach based on developing basic
representations, knowledge base, and reasoning procedures adequate for synthesizing concepts of existing devices and
mechanisms, a computer program for synthesis of solutions to a class of mechanical design problems has been devel-
oped. For a given design problem, the program can produce an exhaustive set of solution concepts, in terms of their
topological and spatial configurations, which can then be explored by designers. The program has been tested in two
ways: (I) by comparing the candidate solutions produced by the program with those produced by designers in two real
design case studies, and (2) by using three experienced designers to evaluate the solutions, generated by the program,
for their novelty and usefulness. This paper presents the theoretical basis, research method, the theory and implemen-
tation of the synthesis approach. Also, the results of the above case studies and evaluations, and a discussion of further
issues highlighted by the evaluations are presented.

Keywords: Conceptual Design; Functional Modelling; Functional Reasoning; Functional Synthesis;
Mechanical Design,

1. OBJECTIVE

The objective of this paper isto establish the importance of
the conceptual design stage in the design process, identify
relevant areas of research within this stage, propose one
method to do research in these areas, present an overview
of an approach developed to support concept generation,
present some results of testing this approach, and indicate
further research directions, especially for supporting explo-
ration of concepts generated using this approach.
Conceptual designisthat stage of thedesign processwhere
concepts of solutions are developed to meet the functional
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requirements of the design problem (Pahl & Beitz, 1984).
Conceptual design, being one of the early stages of design,
is characterized by information that is often imprecise, in-
adequate, and unreliable. Apart from the observation that
the recognition and generation of functional requirements
and the generation of solutions are highly coupled in this
stage, there is little understanding as to how this is done,
and consequently little support is available, Notwithstand-
ing these difficulties, it is at this early stage that substantial
costs are committed. As pointed out by Berliner and Brim-
son (1988), on average ashigh as 80% of the cost of aprod-
uct over itstota life cycle is committed by the conceptual
stage of the design process.

The challenge is, how can we support designers so as to
increase their chances of producing the best possible con-
cepts? The key to answering this question is that there is
often not one, but a multitude of possible alternative solu-

"\ 1<



314

tions to a given design problem. Therefore, if a designer
can be supported and encouraged to generate and explore a
wider range of solution aternatives using awider range of
evaluation criteria, thiswould increase their chances of pro-
ducing better designs.

Usually, however, only afew design aternatives are con-
sidered, and using only afew evaluation criteria. There can
be several reasons for this. Often designers are not aware of
the existence of potential solutions in a different domain.
This is particularly true of novice designers whose reper-
toire of designs is limited due to lack of experience. De-
signers can be biased toward using certain kinds of solutions,
perhaps because they have used them before. Evaluation cri-
teria often emerge from the observation of key positive and
negative features of the design aternatives at hand. This
means that the more and widely varied the considered so-
lution alternatives are, the wider and richer the criteria for
their evaluation should be. However, if none of these diffi-
culties existed, designers would still not be able to consider
more than afew alternatives without being supported by an
enhanced information processing capability. This is be-
cause as each design is detailed, the information generated
around it grows quickly, making it quite impossible to ex-
plore more than but afew aternatives. This is where com-
puters, with their potentia for information processing, could
make a difference.

One possible route is to devise a computational frame-
work where the designer could be presented with a wider
range of ideasthan is possible at present, and could be sup-
ported to evaluate and modify them before homing in on
the most promising ones for further development. More-
over, conceptual design, as mentioned earlier, is when in-
formation is most imprecise, and often just isnot available,
leaving the designer with little choice but to make assump-
tions to proceed. These assumptions permeate into the de-
sign, and are often accepted by subteams who are not
necessarily in aposition tojudge their accuracy or validity,
or indeed they may not realize that these are no more than
best guesses, and consequently the basis of each decision
may be lost. In complex designs, the task of keeping track
of all aspects that are influenced by each assumption is a
formidable one. When the assumptions are improved or
changed, by more detailed and improved knowledge, every
part of the design that isinfluenced should be changed in an
intelligent way. Unless we have an overall computational
framework that supports design right through all the stages
of the design process, from requirement identification
through conceptual and embodiment design to the detail-
ing, such evaluations and back-propagations cannot be sup-
ported. Hence, the need for an overall support framework,
within which conceptual design support is a part.

So there aretwo central objectives. (1) to support the gen-
eration of awider range of ideas than is possible at present,
and (2) to support exploration (evaluation and modifica
tion) of these ideas so asto fulfill the emerging functional
reguirements.
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The main bulk of the results presented in this paper will
deal with the first objective. The approach will be ex-
plained using a number of generic examples. The evalua
tion of the approach isdone using in-house case studiesand
hands-on experiments with the program by experienced de-
signers, the results of which are used to identify key issues

for further research. Supporting exploration is part of fur-
ther research and will be discussed in Sections 6 and 7.

2. RESEARCH APPROACH

The research approach is based on the assumption that new
concepts can be generated by combining, and/or adapting,
existing elements so as to satisfy new functionality. The rea
son is that awide variety of designs do seem to have com-
mon elements, and therefore, if these elements could be
distilled, and combined in different ways, this should gen-
erate new designs. We start our research by looking into a
range of known design problems and their known design
solutions (see steps inFig. 1)for commonalities among them.
What things are common across the given set of design prob-
lems, and what things are common across these design so-
lutions? Are there some general ways of representing them?
Can we perhaps identify the common elements across these
designs that could form a collective knowledge base? Can
we then, develop reasoning procedures that would use this
knowledge and representation to generate solutions to these
known problems? If this could be done, we could then com-
pare the outcome of the procedures with the solutions d-
ready known to us. At the very least, do they generate the
solutions that we aready know? But, more importantly, do
they generate solutions that are new? If this could be done,
we would be able to provide designers with a wider range

of ideas than is now possible, and alow them to manipulate
and evauate these.

3. RESULTS

In this section, each of the above steps, shown in Figure 1,
will be illustrated with results.

Known design problems
known design solutions

develO « known solutions?

compare )
« new solutions?
_—
solutions to
Theory:™ known problems
representation
knowedge base ~
reasoning generate

Fig. 1. Research approach.
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3.1. Develop theory from known design problems
and solutions

We start off with a set of existing devices and mechanisms,
of which three are shown in Figure 2 for illustration. Oneis
adoor latch, one apaper punch, and the other a scotch-yoke
mechanism. What iscommon among these devices? Interms
of their functions, each of them requires some input, and
produces some output. The number of inputs or outputs can
be more than one (e.g., the two outputs of the paper punch).
Each of these inputs and outputs has some characteristics
that may change with time. For instance, as the handle of
the door latch is pressed down, it moves down, causing the
output point (the wedge) to retract into the casing. If thisis
continued, at some point the handle stops moving down,
and with it the retraction motion of the wedge also stops. If
we now let the handle go, it moves in the opposite direction
to the original position, and simultaneously the wedge moves
back to its original position. Now, this is a temporal se-
guence of activities defined by changes in the characteris-
tics of the inputs and outputs of the device with time. The
characteristics of the inputs and outputs, in this case, in-
clude kinds such as force or torque, or linear and angular
motion, the directions of their action (e.g., up, down, or side-
ways), their magnitudes, and their positions. For further de-
tails, see Chakrabarti (1991) and Chakrabarti and Bligh
(1994a).

Let us, for the discussion that follows, not consider the
temporal characteristics of the inputs and outputs, and fo-
cus on them at an instant of time. What parameters are suf-
ficient to describe the functionality of each of the above

door latch
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problems? We could have an adequate representation of the
function of adesign in terms of a set of inputs and outputs,
each of which has a kind, direction (positive or negative
directions dong the i,j, k axes), magnitude, and position.
Now the question is, is there anything common between
the structures of these designs? The first thing we notice is
that each design is composed of anumber of elements, which
are connected in certain ways. We also notice that some of
these elements function in the same way, although their em-
bodiment might look quite different. For instance, the han-
die of the door latch is such that when pushed on the input
end, it rotates at the other. In other words, it has a single
input and output, one of which is a force (or trandation)
and the other isatorque (or rotation). Although visually dif-
ferent, functionaly this element is similar to the top part of
the paper punch which, when pushed down on its input edge
produces arotation at its pivot end. One could aso notice
that if rotation is taken as apseudo-vector (using the right-
hand rule for instance, where curled fingers point in the di-
rection of the rotation and the thumb points in the vector
direction), the spatial configurations of the input and output
of this element have adefinite relationship: they are orthog-
onal and nonintersecting to each other. Interestingly, the
crank of the scotch-yoke mechanism is not dissmilar ei-
ther, where the input and output kinds are just reversed. An-
other interesting feature is that the directions of the inputs
and outputs (while always being orthogonal and noninter-
secting to each other) depend on the direction in which the
element islaid out in space. We could observe similar func-
tional similarities between the wedge assembly (which can
move back and forth), the two punches, and the output ele-

paper punch

scotch yoke mechanism

Fig. 2. Devices and mechanisms for anaysis.
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ment of the scotch-yoke mechanism. Also, their inputs and
outputs are of the same kinds (trandlation) and paralel to
each other. What we aso notice is that the way these ele-
ments are connected to form the device alows them to trans-
fer their inputs and outputs. In the door latch, for instance,
the output rotation from the handle is transferred to the in-
put of the cam, which produces atrandation at its output.
This trandation is taken at the top portion of the wedge as-
sembly, which is transferred to its output to produce the de-
sired effect. In other words, if the function of each element
isknown in terms of itsinputs and outputs, and if they are
appropriately connected so that the inputs and outputs match
a the connections, then they together provide acausa ac-
count of the internal functioning of the device.!

Could we now develop a representation from all these
observations? Figure 3 presents such arepresentation. A de-
sign problem is represented by its functions, where a func-
tion is represented by anumber of inputs and outputs, each

having a kind, direction, and magnitude. Design solutions
are described as combinations of a set of functional ele-

ments (such as alever, of which the door latch handle is an
example embodiment). Each such element is defined as one
of five basic element types,2 or combinations thereof. These

1Even though we have chosen to illustrate these by elements having
inputs and outputs with mechanical characteristics, this approach is not
restricted only to such elements. Generally, an element could have inputs
and outputs with any characteristics.

2These element types are basic in the sense that these are the only pos
sible distinct spatial relationships that an input vector |, an output vector

Fig. 3. Representation for design problems and solu-

tions.

elements are distinguished by the spatial relationships be-
tween their inputs, outputs, and the spatia separation be-
tween them.

Using this representation, for example, we could
now present the function of the door latich as a vertica
downward force input to be transformed into a horizon-
tal leftward trandlational output, as shown in Figure 4a
The door latch solution, shown before, could be repre-
sented using the functional elements as (see Fig. 4b) a
combination of alever taking the input, transferring its out-
put, atorque, to acam that in turn produces a translational
output, to be transferred by two tie-rods to the desired out-
put point.

What about the reasoning procedures? Assuming that we
have aset of known functiona elements that were distilled
from a host of existing designs, how can we use these to
generate these existing designs, and perhaps other new ones?

As an illustration of how this could be done, asingle in-
put output (SISO) synthesis agorithm, asimpler version of
areasoning procedure for the exhaustive generation of mul-
tiple input output designs, ispresented in Figure 5. The gen-
eral idea is that having arbitrarily chosen the maximum
alowable number of elements to be used in adesign solu-

0, and the length vector L, which denotes the spatial separation between |
and 0, could have (they can be coaxial, parallel, intersecting with | being
coaxial with L, intersecting with o being coaxial with L, and skew). These
would give rise to more elements when the kind of input and output are
specified. For more details, see Chakrabarti and Bligh (1994a).
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4a: Door latch problem representation
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4b: Door latch concept and its representation

tion, the procedure generates each possible distinct un-
labelled simple directed path.3 For instance, if the maximum
alowable number of elements is 2, the two possible paths
are; with a single element connecting the input to the out-
put, or with two elements in series. Each arc in such agraph
is an element, and each node is an input output connection.
If we now label each of the nodes in each path using the
information about the functional requirements and the kinds
of 1/O that can be handled by the database of functional el-
ements, we get anumber of distinct paths with labelled nodes.
For instance, if the system input should be aforce F, and
the system output atorque T, and if the elements in the data-
base can only have forces and torques as inputs or outputs,
the only two possible paths with labelled nodes are F-F-T
and F-T-T(which means that this function could be achieved

3 A graph in Graph theory (Reinschke, 1988) is a mathematical struc-
ture that consists of two kinds of sets that may be interpreted geometri-
caly as nodes (or vertices) and as arcs (or edges) whose end points are
nodes. A path is a sequence of arcs such that the initial node of the suc-
ceeding arc is the finad node of the preceding arc. It is directed if each of
its edges can be traversed in one direction only. A path is smple if one
reaches going aong the path from its initial to its final vertex no vertex
more than once. It is unlabelled if its vertices and edges have not been
labelled. See Reinschke (1988) for further details.
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Fig. 4. Describing the door latch problem and an exist-
ing solution using the representation in Figure 3.

either by aforce to force followed by aforce to torque trans-
formation, or by a force to torque followed by a torque to
torque transformation). If we now label each arc with each
possible adternative database element capable of doing the
transformation indicated by the labelled nodes, the alterna
tive solutions are found. For instance, in the F-F- T path, if
the F-F transformation could be done in two ways, that is,
using awedge or using atierod, and the F-T transforma
tion could be done in two alternative ways, that is, by a screw
or by alever, then the overall function could be achieved by
their possible combinations (see Fig. 5). For further details,

see Chakrabarti (1991) and Chakrabarti and Bligh (1994a,
1996a, 1996b).

3.2. Generate solutions to known problems and
compar e with existing designs

What now is the result of applying the above theory (rep-
resentation, knowledge base, and reasoning) to the prob-
lemswith which we started? Asan illustration let usgenerate
solutions to the door latch problem. What happens when we
give the single input-output door latch function described
before as an input to a program based on the above theory?
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Does it generate at least the existing designs? Does it gen-
erate other novel, exciting ones?

This is what we did for each of the problems shown in
Figure 2, and for other design problems. As an illustration
of the results, using a maximum of 5 elements per solution
and for a given database of 6 elements, the program gener-
ated 193different designs. to the door latch problem, so as
to have atie-rod at the output end of each. It generated a
number of aternative (stick-diagram like) spatial layouts for
each of these solutions as well. One layout of one such de-
sign is shown in Figure 6. The left-hand diagram is com-
puter generated, whereas the right-hand embodiment is
conceived by us. It should be noted that each such spatial
layout could, in principle, be developed into a number of
aternativeembodiments; that shownisjust one, and not nec-

4 The exhaustive set of solutions. which can be synthesized by combin-
ing these 6 elements (alever to transform a force into atorque, alever to
transform atorque into aforce, aearn to transform atorque into aforce. a
wedge to transform afor<;einto a force, atransverse tie-rod to transform a
force into aforce, and an axia tie-rod to transform aforce into aforce) so
as to use at most 5 elements in each solution so generated, would contain
687 distinct solutions. This can be calculated using Eg. (5) given in Ap-
pendix AofChakrabarti and Bligh (1996a). There would be 193 of these
solutions, which would have atie-rod as their output element.

A. Chakrabarti and TP. Bligh

Fig. 5. The SISO synthesis algorithm.

essarily the best one at that. As we see, in this embodiment

when the handle is pressed down, it presses down the wedge,
which then moves down as well as to the left, thereby push-
ing the latch assembly leftward. The constituent elements
are similar to those extracted from existing designs such as
door latches and paper punches, but the combination is a
different one, leading to a substantially different concept.

This is precisely the assumption we mentioned in Section 2,
that new designs are combinations or adaptations of exist-
ing designs.

4. IMPLEMENTATION OF THE SYNTHESIS
APPROACH AND ITSEVALUATION

The synthesis approach described in Section 3 hasbeen im-
plemented using Common-L ISP language on a LispWorksR
(Harlequin Limited, 1991)package, which isa LISP-based
environment for devel oping knowledge-basedtools. Our pro-
gram is called FuncSION, which is an acronym for Func-
tional Synthesizer for Input Ouput Networks.

FuncSION has been evaluated in two ways. One was the
use of an in-house project, called the Mobile Arm Support
(MAS) project, carried out at the Cambridge University
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I nput

Fig. 6. One of the solutions generated by the program for the door latch problem.

Engineering Design Centre, as a case study. The other test
was the evaluation of the concepts generated by FuncSION,

by three experienced designers, for their novelty and
usefulness.

4.1. MAS project case studies

The MAS project (Chakrabarti & Abel, 1994) was to de-
sign ameans for enhancing the mobility of Muscular Dys-
trophy (MD) sufferers. People having this disorder gradually
lose strength in their muscles, and soon have little or no
lifting strength in their arms, athough they do not lose any
of the finer controls. They become wheelchair-bound, and
amost totaly dependent on caretakers, even for their daily
activities. In the task clarification phase of the project, it
was found that the MD sufferers are capable of using their
bodies to move their arms in horizonta planes in the ab-
sence of significant resistance. It was decided that an arm
support with powered verticak motion would be designed as
ameans of enhancing mobility. There should be enough free-
dom in the horizontal plane for the users to use their own
limited strength to move their arms. The project ran in two
phases for over 3 years, which led to the development of
two prototypes.

4.1.1. Comparison with designs generated inphase 1
of the MAS project

The MAS in phase | was designed by two designers who
worked closely with each other. The designers were as
sisted by a brainstorming session involving eight people,
which gave them aninitial pool of ideas. They explored these

ideas, and eventually came up with three concept variants,
from which one was selected for embodiment. All these ideas

are documented in Bauert (1993). Two groups of ideas were
mentioned in the designers documents. One group of about
30 contained abstract/incomplete ideas for which no sketches
existed. The other had some sketches, sometimes incom-
plete or incomprehensible scribbles, to accompany them.
There were 43 ideas, not necessarily distinct.

As a retrospective study, an input-output requirement,
which describes the intended instantaneous function of the
arm support, was given to FuncSION, for it to generate so-
lutions and their spatial configurations. As vertical motion
was the main requirement, the input was either atranslation
or arotation, which could be in any of the three reference
directions, and the output was specified as avertical trans-
lation. For the two specifications given to it (one is atorque
to force transformation, and the other, aforce to force trans-
formation) a total of 162 solutions were generated. These
were compared with the ideas that the designers generated.

The first group of designers ideas are not within the realm
of FuncSION. These are physica effect-like solutions, or
very early impressions of solutions (such as electromagne-
tism, or using bimetallic expansion). The designers 43 ideas
that have sketches could be classified into four categories:
incompl ete/incomprehensible ideas, ideas from a different
domain of knowledge, ideas that FuncSION should be able
to generate but at present is unable to generate (see Section
6), and ideas that can be reasoned about by FuncSION in its
present form. An example of each of these four categories
of ideas from the MAS project is given in Figure 7. The
statistics of how designers’ ideas with sketches relate to the
solutions generated by FuncSION is as follows. Of the 43
ideas, 18 are either incomplete, abstract, infeasible, incom-
prehensible, or based on a different domain of knowledge,
and therefore could not have been generated by FuncSION.
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B: This solution cannot be generated at present by
FuncSION as it isin adifferent domain
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C: This solution cannot be generated by
FuncSION as it contains acycle in its network
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D: This solution can be generated by FuncSION

Fig. 7. Examples of various categories of ideas found in the MAS project documents.
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Of the other 27 (not necessarily distinct) ideas, 22 were gen-
erated by FuncSION, and there were 5 ideas that it could
not have generated, as discussed later. This comparison was
done abstracting the designers  conceptsto thelevel of Func-
SlaN's solutions. See Figure 8 for alist of the database of
elements used by FuncSION for generating solutions.

Of the 162 solutions that FuncSION generated, 13 (the
number of distinct ideas of the 22) were generated by the
designers. However, given that FuncSION allows the same
element to be used more than once in a solution, it often
generates anumber of solutions that might be considered as
variants, all of which would not be recorded by a designer.
Tobefair, we need to turn the solutions generated by Func-
SIGN into a set that is more comparable to that produced by
the designers. One method might be to group solutions gen-
erated by FuncSION into a number of clusters of similar
designs, and then, if an idea exists in the designers' docu-
ments that can be abstracted as one of the solutions in a
cluster from FuncSION, to assumethat thiscluster has been
considered by the designers. There are two problems with
this method. The first isthe issue of what criteria should be
used to group solutions as similar. The second is that the
ideas generated by the designers are often at adifferent level
of abstraction than those generated by FuncSION. If these
designs are at a higher level of abstraction, they cannot be
discussed within the realm of FuncSION (e.g., those with-
out sketches). If they are at alower level of abstraction, we
would need to abstract them to the right level before they

I tie-rodl o -.lo shaft o~ 0
~0 O~ sen s
{axiaJ tgtansmission of axial transmission of rotation
ranslation
(o)
| screw
0 e-.
axia rotation to tranglation 0
transformation
n
tie-rod 2 '
<I ever 2 or lever type T
| ~ ro T 0
transverse transmission  of '
trandiation translation to rotation in a skew way
I wedge 0 0
-0 ® 0

I 0O can O~

mtersectmg trans/ TIISSIOn

intersectingrotation
of translation

y totrandation
0 I/OPoint | Input O Output ~

rotation ~ trandation

Fig. 8. The entire set of elements used by FuncSION in synthesizing
concepts.
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can be compared with solutions generated by FuncSION;
this then has two consequent difficulties.

Take the instance of the "shaft, rack, and pinion" idea
(Bauert, 1993). This should be abstracted as a"shaft, lever,
and tie-rod" solution before it is compared with FuncSION
(because apinion and arack could be abstracted asalever and
an axia tie-rod, respectively). If we assume, after having spot-
ted an instance of the "shaft, rack, and pinion" idea, that the
designers have considered the whole cluster that represents
"shaft, lever, and tie-rod" then the first difficulty iswhether
or not the designers did consider "shaft, lever, and tie-rod" so-
Iution class asawhole, and the second iswhether they did con-
sider the whole cluster of "shaft, lever, and tie-rod" -type
solutions.5

We have tried to deal with the first problem, finding cri-
teria for clustering solutions, by carrying out a set of further
experiments with experienced designers, and identifying their
common notions of similarity for use as the clustering heu-
ristic. The other problem, comparison of designers idea
instances with FuncSION's solution clusters, was dealt with
by this assumption: if the designers ideas can be abstracted
into more than one solution in acluster, then they have con-
sidered the solution types represented by that whole cluster;
however, if there isjust asingle or no idea-instance that could
be abstracted as a solution in acluster from FuncSION, then
the designers did not consider this solution cluster.

There were interesting solutions that were suggested by
FuncSION, which designers did not conceive. One exam-
ple concept of this is given in Figure 10, which is a single
link lever connecting the input rotation to atie-rod to pro-
vide the output hand motion. It was interesting to note that
some concepts, which were regarded by the designers as
distinct solutions, were regarded by FuncSION as topolog-
icdly the same solutions (e.g., the fina two solutions in
MAS |, see Fig. 11). This signifies the importance of con-
sidering spatia configurations as distinct solutions.

4.1.2. Comparisons with designs generated
in phase 11 of the MAS project

In the conceptual stage of phase Il of the MAS project, the
designers were given the solutions generated by FuncSION
in phase |, along with other existing ones, for consideration.
They went through these asan exercise, hardly taking note of
them as serious solutions, and got on with designing as they
otherwise would, and yet did not generate al of the feasible
designs which FuncSION generated in phase 1.Possible rea

5 Each solution generated by FuncSION represents aclass of lower level
concepts (see Fig. 9). For instance, the "shaft-lever-tierod"  solution could
represent a shaft connected to a belt-pulley combination, a shaft-pinion-
rack combination, a shaft-link-lever-connecting rod combination, etc. The
solutions generated by FuncSION can be grouped into a set of clusters,
each of which contains solutions that are similar. For instance, a "shaft-
lever-tierod"  solution is similar to a "shaft-lever"  solution in the sense
that they have similar 1-0, and that only the fina translating element is
missing inthe latter one. Again, these two solutions are similar to a "lever-
tierod" and therefore could form acluster as shown in Figure 9.
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sons might have been that: (1) right from the beginning this
was taken as aredesign exercise, with the intention of mod-
ifying the previous design to aleviate the existing problems;
(2) concepts generated by FuncSION were not easy to un-
derstand due to their user-nonfriendly abstract representa-
tion, and alack of visualization of how they worked; (3) there
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Fig. 10. One of the solutions that the designers did not conceive.
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Fig. 9. A class of concepts and a cluster of solu-
tions.

were too many solutions to browse; (4) there were a number
of infeasible or similar solutions, which discouraged the de-
signers to explore further. However, these are only guesses,
and need validating before they can be given serious consid-

eration. We thus did some further testing for an evaluation,
which is discussed below.

4.2. Hands-on experiments by experienced
designers

Three experienced designers were asked to evauate the
solutions generated by FuncSION for aspects of their orig-
inality, feasibility, variants, and redundancy. They were aso
asked to comment on the ease of using FuncSION, and to
make suggestions.
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4.2.1. Experience of designer A

Designer A used FuncSION twice, to generate solutions
to the MAS problem using a different database of elements
each time. In the first experiment he used 5 elements. 2 le-
ver types, 2 types of trandational elements, and 1 screw-
type element, as shown in Figure 8. He wanted to see if
FuncSION produced the solution he had in mind, which it
did amongst many. The second experiment used a database
of four elements consisting of a cam, 2 lever types, and a
shaft. He could not think of any sensible solutions using
these elements, and wanted to see if FuncSION could sur-
prise him.

Tohis amazement, there werethree solutionsthat he found
useful and interesting. However, there were alarge number
of solutions that he thought were redundant (with repetitive
translational elements such as three shafts in seriest), thus
browsing and analyzing them was frustrating. For instance,
of the 20 solutionsin this second experiment, 4 were redun-
dant. He found that he could not cope with more than 20
solutions, and suggested that grouping the solutions in user-
defined categories (such as all solutions with a screw, or all
solutions with levers only) would make handling a large
number of solutions easier. The solutions were difficult to
visualize or interpret, as we expected, and he thought hav-
ing iconic representations coupled with a smulation facil-
ity would make visualization easier.

4.2.2. Experience of designer B

Designer B used adatabase of 8elements, and asked for all
solutions that used up to 5 of these. FuncSION produced alarge
number of solutions (morethan 700). These wereimpossible
to explore. He then reduced this to solutions having up to 4
elements, and there were still too many to investigate (255).
Hethen eliminated the wedge element from the database, and
the number of solutions dropped to 150, which still was too
large. However, hewent through the first 32. He then added

6 This type of redundancy will be eliminated in a future version of
FuncSION.

Fig. 11. The final two solutions in MAS | are but
variaions in the spatial configuration of the "same"
topological  solution in FuncSION.

afurther constraint that the input and output should be ver-
tical, whichleft 16solutionsto explore. Amongthese, hefound
that having tie-rods or shafts werejust variations. Use of
screwsasthemaindrivewithtie-rodswasconsideredoneclus-
ter; seeing avertica tie-rod on ascrew gave him the idea of
using a sleeve to isolate the trandational component of the
screw (insight). There were 5 additional distinct clusters of
solutions asrecorded inhisnotes. Thesewere screwswithtie-
rods and levers, levers and tie-rods, two cams connected by
alever, acam driving two levers, and acam connected with
various tie-rods.

Tostart with, leverswere not seen as abstractionsof gears,
also, he did not realize that a lever, as used in FuncSION,
was hot a conventiona seesaw type but amore fundamental
element, which could be combined in various ways to pro-
duce bell-crank levers as well as seesaws. Cams, in the

present representation, were hard to visualize, and he did
not visualize tie-rods as axial links.

Regarding the procedures, Designer B felt that when he
found an interesting cam-based design, he wanted to ex-
plore al the cam-based designs. So again, a user-defined
clustering facility would be useful. He suggestedthat it would
be useful to do the synthesis with only output specified.

He eliminated shafts and cams for the second experi-
ment. The number of solutions now was about 50. He went
through the first 10 systematically before realizing that tie-
rods, aswell as shafts, are spacers, and could be left out as
long as they were the last elements in a solution. Of the 10
that were evaluated, those which had atie-rod at theend or
beginning, aswell asthose with tie-rods in series, were con-
sidered variants.

A solution having three levers in series followed by atie-
rod was interpreted as a feasible but not an exciting solu-
tionwhentheleverswere interpretedas link-levers. But when
they were interpreted asgears, the designer found the same
solution aclever new idea as this became arack and pinion
solution. This means that being able to see the solution at
levels of greater detail often reveals more insight as to how
useful it might be.

In his third experiment, he used a database of just three
elements:. levers of the two types, and screws (as contained
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in Fig. 8). This gave himjust 5 solutions; al appeared to
be distinct solutions. This set of solutions included both
MAS | and MAS I final solutions.

4.2.3. Experience of designer C

Designer C initially chose 3 elements from the database
(cam and the two lever types), and asked for solutions hav-
ing at most 3 elements. There were two solutions: one with
two levers and the other with two levers and a cam in be-
tween. He expected them both and there were no surprises.
He then asked for solutionswith 4 elements; there were 20,
several redundant (i.e., there was one or many trandatorsin
series). Again, there were no surprises. This is not surpris-
ing because the database chosen was limited and there was
not much scope for innovation.

He felt that visualization would be improved if the sym-
bols were more self-explanatory, and if two solutions could
be seen alongside one another.

5. OBSERVATIONS

The designers in the above experiments found that Func-
SIGN, ingeneral, generates arange of interesting solutions,
and often comes up with surprisingly clever ideas and pro-
vides insight. However, it also generates alarge number of
redundant solutions, and this makes it difficult or frustrat-
ing to evaluate and explore the ideas in any depth. They had
some difficulty in visualizing possible embodiments of the
solutions with the present representation, and could visual-
ize only when these solutions were shown at alower level
of abstraction.

On the whole, the above experiments suggested that the
designers saw acommon pattern to solutions that were con-
sidered similar and these could be clustered (see Fig. 9):
they felt that if two solutions are different only by atrans-

lational element (e.g., atierod or a shaft), then they are
similar.

If the above criterion, of what similar solutions mean, were
applied to cluster the solutions that FuncSION suggested in
the MAS | and Il cases described before, these would fall
into 17 different clusters of solutions of an average size of
about 10 (see Fig. 12). Of these, only 4 clusters were con-
sidered at any length at all by the designers in MAS | and
MAS I, while just a single low-level instance was found
for 2 of the 13 other clusters. This indicated the potential of
FuncSION for suggesting different ideas and idea types. It
is important to note that the above clusters were the result
of solving the MAS problem using a database of only 5 el-
ements. If this database were increased to 7 for instance,
the number of distinct clusters would be as high as 29, of
which only 6 would then have been considered at al by the
designers, and only 4 of these in any depth.

Figure 12 shows ho~ the number of solutions per cluster
varies for each cluster (i.e, for each distinct solution how
many variants or redundant solutions are produced), and how
many solutions in a cluster were generated in the MAS
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projects. As seen in Case | of Figure 12, FuncSION, in the
case of arotation to trandation requirement using a data-
base of 5 elements with a maximum of 5 elements per so-
lution, produced 14 clusters with atotal of 138 solutions
with solutions per cluster ranging from | to 31. Of these 14
clusters, only 3 were considered by the MAS designersin
somedepth (i.e., more than one variant was produced). Only
gjrlle of the other 11 clusters was touched by any designer at

In Case Il (with trandlation to trandation as requirement
and using a database of 5 elements and a maximum of 3
elements per solution), FUncSION generated 3 clusterswith
24 solutions in total, where the solutions per cluster varied
from 5to 14.MAS designersindependently produced4 vari-
ant solutions in one cluster, barely touched another, and did
not touch the remaining one.

Figure 13 showsthe solution clusters produced by Func-
SIGN for the above two cases with an expanded database,
and how these relate to the ideas generated in the MAS
project. In Case |1l (rotation to trandation as requirement,
and using 7 database elements and amaximum of 3 elements
per solution), FUNcSION generated 18clusters, of which 4
were independently generated by the MAS designers.

In CaselV,the number of clusters produced by FuncSION
is 13 (for trandation to translation asrequirement, and using
7 database elements and amaximum of 3 elements per solu-
tion), of which 2 were considered by the designers.

Note that the only parameter different between Casell in
Figure 12 and Case 1V in Figure 13 is the number of ele-
ments in the database. This makes a large difference to the
number of clusters produced by them (3to 13), which illus-
trates how a wider range of elements in the database will
lead to the generation of awider range of solutions.

6. DISCUSSION

Based on the experience gained from the above case studies
and experiments, it was felt that FuncSION needed further
attention in four areas:

6.1. Too many solutions

One of the problems associated with the synthesis approach
adopted by FuncSION is that it may generate so many so-
lutionsthat itis difficult for the user to even browse through
them. Some of these solutions were redundant. However,

the exploration of "redundant” solutions often might be use-

ful if the nonredundant ones cannot provide some addi-
tional functions.

Take the design of the gearbox in Figure 14a, as an ex-
ample solutionto the problem of transmittingthe sametorque
and speed across a distance. Its representation in terms of

elements generated by FuncSION is also shown in Fig-
ure l4a. Here lever-l and lever-2 are used more than once

(note that thisis the first of an infinite number of solutions,
each of which contains an odd number of gears), which
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Type of solution cluster MASR
Case |
screw 3/31
lever-typeR 0/31
screw"™  lever-typeT ~  screw 0/17
screw ~  lever-typeT ~  lever-typeR 2117
lever-typeR lever-typeT ~  lever-typeR 2/16
lever-type R lever-typeT ~  screw 1/18
screw""" lever-type T screw ~ lever-typeT ~ screw 01
screw ~ lever-type T screw"™ lever-type T ~ lever-typeR 0/1
lever-type R lever-type T ~ screw ~ lever-type T screw 0
lever-type R lever-type T screw ~ lever-typeT ~  lever-typeR 011
screw ~ lever-type T ~  lever-typeR ~ lever-type T ~ screw 011
screw"™ lever-type T ~  lever-typeR lever-typeT ~  lever-typeR 011
lever-type R lever-type T lever-typeR ~ lever-type T screw 0/1
lever-type R lever-type T lever-typeR lever-typeT ~  lever-typeR 0/1
Case Il
tie-rods 4/14
lever-type T~ screw 0/5
lever-type T~  lever-typeR 15

MASIR: the ratio of no. of ideas generated in MAS to that by FuncSION in agiven cluster
Fig. 12. For two test cases, the variation of the number of solutions in clusters, and how these solutions relate to those in the MAS

project.

should not be considered "redundant” asthis solution is not

possible without at least this set. If we considered the next
solution containing 5 gears, this may well contain redun-
dancy, unless, for example, there was a space constraint re-
stricting the size of the gears.

Asasecond example, take another solution that was gen-
erated by FuncSION for phase Il of the MAS project (see
Fig. 14b). There are two consecutive tie-rods, which might
appear to be redundant, unless one were trying to provide
an extra degree of freedom for the movement of the output
point in the horizontal plane.

Takethe MAS | project as athird example, in which the
final two solutions are considered by FuncSION to be to-

pologically the same (Fig. I1). They are only different in
terms of the sense configuration. However, for the design-
ers, onewas considered to be asubstantial improvement over
the other, as it made the design more compact. So, whether
adesign isto be considered redundant or not, dependslargely
upon the other requirementsthat the design might have. Also,
the exploration of redundant solutions might be useful if
these can provide some additional functions that were not
initially thought of.

However, it is clear that far too many solutions are typ-
icaly produced by FuncSION to be explored by the de-
signer meaningfully. For example, take a typical case of
synthesis where only 32 topologically distinct solutions are
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F
. carn ~ wedge
| lever-typeR ~  wedge
Ilever-typeR
8 MAS | C~ lever-type T~ screw
i lever-type R~ lever-typeT ~ screw., . can~  lever-type T~ lever-typeR . !
 lever-typeR~  lever-typeT~  lever-typeR.  |lever-typeR~lever-typeT~ carnl
screw~lever-type T~ lever-typeR
I screw~ lever-type T~ carn .
. screw ~ wedge ~ wedge |
. lever-type R~ wedge~  wedge!
1 carn~lever-type T~ canl ,
rcarn~  wedge~  wedge .
Case Il | screw~ lever-type T~ screw
F
llever-type T~  lever-typeR~ wedgel | wedg~ lever-typeT screw,
. wedge ~ lever-typeT~ carn.
. wedge .
lever-type T carn wedge | ' lever-type T~ screw~  wedge:
i lever-type R carn, . wedge"'lever-type  T"'lever-type R,
MAS  lever-typd screw
wedge~  wedg~ wedge |
. wedge~  wedge

F: solution clusters generated by FuncSION

MAS: solution clusters generated by the designers in MAS projects

Fig. 13. How the solution clusters generated by FuncSION

generated from a database of 5 elements and a single 1-0.
Each of these can have at least 4 spatial configurations,
each of which can have at least another 3 physical con-
cepts, giving atotal of at least 384 solutions. The conclu-
sionisthat a strategy is needed to generate or present these

g?flutions in away which alows browsing with reasonable
ort.

6.2. Toodifficult tointerpret and to visualize

Two main issues concerning the interpretation and the vi-
sualization of the synthesis results were considered vital by

relate to those in the MAS project for two test cases.

the designers. The first is that the representation of ele-
ments istoo abstract. The second isthat the static represen-
tation for functional elements and conceptual solutions makes
it hard for the designer to imagine their likely temporal be-
havior. Thus, a means of visualizing solutions and their el-
ements should be developed.

6.3. Some designs do not function temporally

So far, al the solutions that FUuncSION generates work at
one instant of time. For instance, alever-type element rep-
resents atransformation from an instantaneous input to an



Synthesis of mechanical design concepts

gear-| gear-2 gear-3
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input~tever! lever2 Teer2

a. Gearbox design
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\J mput

b. MAS Il fina solution
Fig. 14. Repetition of the same element need not be redundant.

instantaneous output. This could be an abstraction of a gear
or belt-type element, which can provide trandation at that
point for an extended length of time, or it could be alink-
type lever whose position and direction of output change
with time. The conclusion isthat atempora reasoning fa
cility isrequired to evaluate the potential of each such so-
lution to function temporally.

6.4. Some designs generated in the MAS project
were not generated by FuncSION

Theideasinthe MAS project that cannot, at present, be gen-
erated by FuncSION fall into the following categories:

6.4.1. Ideas that require elements with an input
(or output) of more than one kind

Take the example of the solution in Figure 15a Here the
final element, for instance, acts simultaneously as three ba
sic elements. atransverse tie-rod, which takes an input from
the actuating element to move up and down; an axia tie-
rod, which moves in and out; and a lever, which rotates.
This is essentially a multiple input single output system,
where the single output is a combination of various 1-0
kinds, and where the final structural element acts simulta-
neously as three functional elements. The present version
of FuncSION isrestricted to using elements of only asingle
1-0 kind at any 1-0 point. We could, however, modify the

327

algorithm to deal with elements having multiple 1-0 kinds,
if this is shown to be worthwhile.

6.4.2. Elements that have multiple 1-0 points

At present FUncSION only uses, as building blocks, ele-
ments that have a single input and a single output point.
However, this restricts the use of elements such as the one
in Figure 15h, which could be represented as a singlerota-
tion to trandation transforming element, or as an element
that transforms two opposite trandations into asingle trans-
lation, or as an element that transforms an input tranglation
into an output trandation, each in anintersecting way. Rep-
resenting in the first and the third ways are already possible
in FuncSION; however, the second isatwo-input point el-
ement, which cannot be used at present in FuncSION, but
could be incorporated. The reason for thisrestriction wasto
ensure generation of distinct solutions only (see Chakra-
barti, 1991; and Chakrabarti & Bligh, 1994a).

6.4.3. Solutions that contain 'parallel paths7

See the solution in Figure 16. Here the same input rota
tion istaken by aright-handed thread and aleft-handed thread
on the same shaft to move two nuts in opposing directions;
these movements are transmitted to two points of element A
to make it rotate. This rotation is converted into an arc-like
movement via a lever. Here aso, the first thread acts as a
shaft and a screw. The output of the shaft is taken by an-
other thread to produce motion in a direction opposite to
the former screw, while that of the former screw istaken by
tierods in another path. These two motions eventually act
together to produce the rotational motion of the element A.
In other words, input from a single point in the solution is
taken through two different paths to produce a single out-
put. That is, there are two paralel paths (i.e., two points in
the network are connected via two aternative series of arcs)
in the solution. Parallel paths are strictly avoided in the
present version of FuncSION due to the possibility of re-
dundancy. However, it should be possible to generate path-
redundant variations of agiven solution if required.

7. RELATED WORK, CONCLUSIONS,
AND FURTHER WORK

There are three main areas that relate to this work. One is
design methodology and how synthesis aspects could be sup-
ported. The second ishow these could be supported on com-
puters, and the third is the user interface issue.

There is evidence in design theory and methodology that
it isimportant to generate a wide range of concepts and to
explore them sufficiently before homing in on promising
ones for further development. In fact, in some of the proto-
col studies done in the recent past, it has been found that the

7 A graph contains paralel paths if it has a pair of nodes that are con-
nected via more than one path.
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Fig. 15. Two solutions from the MAS project and their possible future representations in FuncSION.

best approach in the conceptual phase has been a consecu-
tive expansion and narrowing down of ideas (Ehrlenspiel &
Dylla, 1989; Fricke, 1992).

One of the crucial reasons why supporting generation and
exploration of mechanical design concepts has been so hard,
isdue to the essentially coupled geometrical nature of these
designs. Mechanism synthesis isprobably the oldest area of
endeavor in solving this problem. From the classic account
of Reuleaux (1876), to recent attempts such asby Hoeltzel
and Chieng (1990), a number of interesting attempts have
been made. A more comprehensive review can be found in
Chakrabarti and Bligh (1994a), but probably the two cen-

tral reasons of why progress in mechanism synthesis has
been less than adequate are: (1) the difficulty of complete
abstraction of geometry by conceiving designs in terms of
combinationsof kinematic pairs, and (2) thefreezing of types
of relative motions between elements by the very specifi-
cation of the kinematic pairs, which prevents dynamic
changes in a kinematic pair type at a connection. A com-
promise isbeginning to emerge with the use of Configura-
tion Space (Lozano-Perez, 1983) in which a mechanism is
represented by the relative spaces in which they overlap,
touch, or do not touch, and where a valid configuration of
amechanism isdefined by the relative position of its com-
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Fig. 16. A concept from the MAS project, which contains parallel paths.

ponents where they do not overlap. The motion of the
mechanism could be ssimulated by starting with avalid con-
figuration and then computing the series of possible valid
configurations, which the mechanism can assume, given ap-
propriate inputs (Faltings, 1987; Neilsen, 1988; Joskowicz,

1989), Although a few attempts have been cited in the lit-
erature about the use of Configuration Space for synthesis
(Joskowicz & Addanki, 1988; Sun & Faltings, 1994) (these
are often limited to interaction between two elements), the
approach seems more suitable for mechanism simulation than
for synthesis.

The other important strand of research has been based on
Bond Graphs (Paynter, 1961), which is based on an elegant
lumped-parameter  simplification of the general energy equa-
tion. Here, adesign is expressed as a combination of some
transformers, dissipaters, sources, and connections be-
tween them. A number of attempts based on this can be found
in the literature (Ulrich & Seering, 1988; Hoover & Rinderle,

1989; Finger & Rinderle, 1990), While this framework pro-
vides elegant generalizations across different domains of
knowledge such aselectrical, mechanical, and hydraulic sys-
tems, and therefore can support interdisciplinary designs, it
is devoid of the all-essential geometric knowledge for the
reason of generality, which renders it inadequate to reason
about the functioning of mechanical devices.

However, there has been a genera problem with all of
these approaches, which is that they generate too many so-
lutions. Sothe other hard problem is managing complexity.
How can the designer be supported in exploring solutions
without compromising their range? In their attempts, Lee
et a. (1992) found that granularity of building blocksis par-
ticularly important for managing complexity, and they felt
complexity could be tackled using afew important param-
eters at a time. However, this isonly part of the problem.
Even if the problem is solved using a few parameters at a
time, there would still be a large number of feasible alter-
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natives to compare, evaluate, and modify. Wefeel that the
major part of complexity arises from the conflict about the
right level of abstraction, which alows high explorability
as well asfor a wide range of solutions. We fedl that this
needs to be tackled by (1) clustering designs based on de-
signers heuristics of similar designs; (2) providing range
by generating solutions at ahigh level of abstraction, while
allowing visualization at lower levels for each of these so-
lutions; and, (3) by alowing the designer to navigate the
solution space.

To summarize, the functional synthesis approach pre-
sented in this paper has been implemented and tested using
anumber of case studies and hands-on experiments. On the
whole, besides being ableto generate awide variety of ideas
for the above cases, which included more than 80% of the
ideas generated by the designers, the system has managed
to suggest a wide variety of other feasible and novel ideas
that the designers did not generate.

Although much more validation isrequired before it can
be stated conclusively, the above provides substantial evi-
dence to say that this approach has demonstrated that, in
principle, a designer can be assisted in the generative as-
pects of design. However, in the present state, the program
allows one to define a design problem in terms of only in-
stantaneous characteristics of input and outputs, and there-
fore, only ensures that the designs generated do satisfy the
function at this instant. What about the time-varying char-
acteristics? If the design problem for the scotch-yoke mech-
anism is presented as a single input-output function to
convert acontinuous rotary motion into areciprocating lin-
ear motion, the function that can be satisfied by designs gen-
erated at present is conversion of an instantaneous input
rotation into an instantaneoustrandational output. What else
is required to ensure that the time-varying characteristics
are satisfied aswell? In other words, what else is necessary
to move from the solution generated by FuncSION in Fig-
ure 17 (i.e., the stick diagram) to the scotch-yoke mecha-
nism embodiment shown there?

We believe that the answer to this question lies in how
spatial characteristicsinteractin time, and therefore, a spatio-
temporal extension of the, at present, solely spatial repre-
sentation of problems and solutions, is necessary. Such a
representation will solve not only the question of how to
generate designs that would satisfy design problems repre-
sented by time-varying functions, but aso the questions of
how designers could be alowed to manipulate the function-
ality of an existing design, and how the problem of combi-
natorial explosion associated with any exhaustive generative
algorithm (and this program is by no means free from this)
could be reduced. The reason for the latter is that by trying
to solve a time-varying problem as an instantaneous prob-
lem, one often makes.it highly under-constrained, thereby
allowing consideration of designs which would not be fea-
sible for the time-varying problem. By bringing the addi-
tional constraints associated with a time-varying problem
into the generative process, generation of solutions that
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Fig. 17. How can we generate the scotch-yoke mechanism embodiment
from the solution generated by FuncSION?

would not work at subsequent times can be eliminated,
thereby reducing combinatorial problems. Work inthis area
has aready started, and atheory of how this could be done,
based on a sequence diagram concept, isoutlined in Chakra-
barti and Bligh (1994b).

However, there al so have been problems about coping with
too many solutions, and about visualizing solutions and el-
ements, and their behavior. Work in supporting visualiza-
tion is being tackled by developing more user-friendly and
multilevel representations of the elements and solutions, as
well as animation facilities for visualizing their behavior.
Supports for coping with too many solutions are being de-
veloped by providing a framework that would allow gen-
eration and browsing of solutions at multiple levels of
abstraction, and clustering them as variants, aswell asusing
user-defined clustering criteria (Chakrabarti & Tang, 1996).

Another problem has been that there are designs gener-
ated by designers that should also have been generated by
FuncSION, but were not. There are two reasons. Some of
these solutions are due to implementing only part of what
can be implemented. The others are due to more fundamen-
tal restrictions (such as not allowing paralel paths within
the solution topologies) and therefore, need further re-
searchin terms of (I) whether it isimportant to removethese

restrictions (i.e., how important these solutions are) and (2)
how this could be done.
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