A New Approach to Structure
Sharing

Structure sharing means fulfilment of several functions or functional properties by the
same physical structure, and is an important concept in product design. However, few
guidelines and methods for supporting structure sharing, especially on computers, are
currently available. The aim of this paper is to present a new, computational approach,
for supporting structure sharing in design, that can automatically create, and offer de-

signers for evaluation, a variety of alternative solution principles as well as their poten-

tial, minimal, qualitative embodiments that can fulfil a given intended sensor functionality.

These potential alternatives are structure-shared where possible.
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1 Introduction to the Problem such a framework, especially for sensor design has been articu-
lated in [5]. In three previous paperi6—8| we described the

Structure sharing means fulfilment of several functions or fun r'%mework which is intended to support alternative formulations

tional properties by the same physical structure. The concept w. . - . .
popula?rizgd in1] J/sing the terr% ‘);unction sharing’ to describg it of qu'Ce fu_nctlon_allt_y, generate and _offer a wide ra_mge_of alter-
' ‘native solution principles to fulfil the intended functionality, and

Structure sharing is an important concept in product design, amﬂ@p designers embody and envision these principles. A building
often referred to using terms such as combination of funciighs blocks approach to automated synthesis of solution principles was

or integrated structurg3]. These concepts have been used COrlléported in[6]. This paper reports how these principles are auto-

sciously or unconsciously in making products more innovativl% . - .

) . . atically transformed into potential, structure-shared conceptual
and efficient. However, vyhlle .theilmportance.of.these concept§ ucturgs The rest of theppaper reviews related work thep ap-
has often been emphasised in literature, principles embodyi ach ité implementation and evaluation ’

alty ™" )

these and approaches and methods for supporting these, espe
on computers, have rarely been investigated in any depth. )
Structure sharing is one of the four categories of shddiighe 2 Previous Work

other three beindunction sharing(sharing of the same function  The proad context within which the present work is embedded
by several structurgsstructural redundancyproviding the same yequires that the widest possible range of solution principles are
function by co-existing alternative structuyeandmulti-mode in- generated to solve a design probléme call this the synthesis of
tegration (the same structure providing different alternative funcsg|ytion principle and these principles are embodied to the ex-
_tions). While structure sharing has the positive benefit of decreggnt necessary for their effects to be activatee call these mini-

ing the use of resourcee.g., size, volume, weight, overall cost, ;5| embodiments conceptual structures, and their generation syn-
etg in making a product, it can also have the negative impact giesis of conceptual structujesvith structure sharing where
decreasing its changeabilitg.g., ease of adjustability, disassempossible. These conceptual structures can then be evaluated using
bly, repair, and reuse of pajtsHowever, there are many areas,arious methods including identification of potential side effects
such as aerospace applications, where minimum use of resouigeghich they are susceptible, see[ifl. This section is divided

is of prime concern, and structure sharing has widespread usejnio two sub-sections: one focusing on the synthesis of solution

This paper presents a new approach for supporting structyignciples and conceptual structures, and the other on structure
sharing in design that has been implemented into a software iaring of these.

automatically creating, and offering designers for evaluation, a
variety of alternative solution principles as well as potential, mini- 2.1 Literature on Synthesis of Solution Principles. Sev-
mal, qualitative embodimentéermed here as conceptual struceral researchers worked on synthesis of solution princidle-
ture9 of sensors that can fulfil a given intended sensor functiod4]. Some worked on automated synthesis of a single solution
ality. These potential alternatives are structure-shared whdgrénciple [12,13 or multiple, alternative principle1,9], while
possible. For instance, given the functionality of sensing a foreghers on synthesis suppdri0,11,14. There are several ap-
with a voltage, the software suggests a variety of alternative priproaches to synthesis: design from first princigles], systematic
ciples including that of using a surface area to develop a stre#gsign using design cataloguéss|, using compositional synthe-
from the force, a piezo-electric effect for developing charge frosis[most of the abovk and using design grammais7]. Few of
that stress, and a capacitance for developing a voltage from these aid development of any form of embodiment for these prin-
charge. It then generates many alternative conceptual structusgges, with the exception dfl,14], which are similar in that they
for each of these principles, e.g., one that uses a piezo-crystéith use bond graphs to represent solutions at the principle level,
having anareaas well agiezoanddielectricproperties to respec- and replace bond graph chunks of a principle by components at
tively activate force-stress, piezo-electric and capacitance effedtig embodiment level. Whilgl] applies to single input output
all within the same component. systems only[14] extends this further to multiple input output

The work reported is a subtask within a larger framework beirgystems. Our work is based on compositional synthesis, for devel-
developed for supporting designers to explore the widest selectieping both solution principles and conceptual structures. This is
of solution principles—a principal task in conceptual design—fdpecause compositional synthesis has a higher potential of gener-
subsequent embodiment into viable concept variants; need @ing innovative designs, although with high potential rigks

with innovative designs in genejand a more resource-intensive

Contributed by the Computer Aided Product Developm@®aPD) Committee d€VElOpment process than the safer case based sykters.

for publication in the ®URNAL OF COMPUTING AND INFORMATION SCIENCE IN

ENGINEERING. Manuscript received May 2003; Revised January 2004. Guest Edi- 22 Literat_ure on StrUCture Sharing. Many r.esearCherS.
tors: I. Horvath and D. Rosen. have emphasised the importance of structure sharing. Some iden-
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tified the levels of product abstraction at which structure sharing - ;
. . utface of conmection

takes place, e.g., if20,21] that a component in a product often

embodies several ‘organ structures’. However, no method is de- Conductor plates

veloped to translate ‘organs’ into multi-organ component struc- . :

tures. Several researchers emphasised the importance of product Aippius Joad

properties as the link between organs and components,[2&th

giving some empirical underpinning to this idea. ¥
An interesting insight in this connection is given[it3], where : \

the claim is that for a principle, constituted as a chain of physical

effects, the potential number of distinct potential combinations of

‘schematicsi(that embody each effgotvith or without ‘functional

overlappings’ is 'Y, wheren is the total number of physical

effects used in the principle. This provides insight into wheee,

among which effecisstructure sharing could take place. How-

ever, the possible number of schematic combinatioas concep- !
tual structures in our capges actually much larger, and depends on Piezoelectric crystal
which properties and constraints must be present for activation of — Crptal
an effect, and to what extent the chosen scheméticsonceptual — Cible
structurey are able to provide these. In other words, functional
overlapping between two effects is not a binary isgue or full Chiadiken idle Flates
overlapping, but rather a continuum issue, since the properties

necessary for activation of two effects may be shared by tWo iy 1 conceptual structure of a piezo-electric sensor
schematics, completely provided by a single schematic, or those

required for each effect provided exclusively by one schematic

each.

The main work available on computational structure sharing
[1] where an embodiment developed is further function-shared
deleting some of the components within the embodiment a
checking to see if the additional properties of the rest of the co
ponents can still fulfil the functions of the deleted structures.rE
this is possible, the component is definitely removed from t
embodiment; otherwise it is reinserted. The program performs thy
test for all the components in an embodiment, and the outcome,
an embodiment that possesses improved structure sharing. ]Joelpresent, thus they are callednceptual structures

There are three potential problems of using this approach forgq - jnstance, in ‘order to work, a piezo-electric force sensor
our project, which aims to develop, and offer designers for explgseds the force

ration a variety of alternative conceptual structures, structurgsiiad into a stre
shared if possible, that are essential for a solution principle
work. The first is that the approach operates at a geometric ley,
while we need to operate at a more conceptual level. The secqp
is that it encourages structure sharing along the lines of adapt
variation rather than generative variatif28]. This makes it dif-
ficult to generate a range of alternative embodiments and all
choice between resource-effectiveness and changedHilitfhe
third problem is the relative lack of computational efficiency an
effectiveness of its generate-delete-t@stnstate¢ loop, which
would miss mutually dependent sharing options and need rela- Representation
tively more resources to run. The proposed approach is intended ) ) o ) ]

to alleviate these problems. For an analytical comparison of Our goal is to generate solution principles to fulfil a given de-
resource-efficiency of this approach with the approach proposeéfe functionality, and conceptual structuréhat provide the

Constramt

L\\\\]\\\\\.‘

the overall functionand at the embodiment levéle., what com-
nents are essential and how they fulfil the overall function for a
Wen principle. This revealed, among others, that some precon-
ions must always be satisfied for an effect to be activated. The
reconditions are existence of external variables, as well as char-
cteristics of the components or interfaces of, or constraints on the
ructure of the sensor. These structures are described only by
5mp0nents having the attributes that they must possess in order
&>be able to activate the effects in the solution principle they

input on one of its surfaces. This input is con-
ss by its surface area if the crystal is constrained
ainst movement in the direction of the applied force. As a result,
crystal lattice is deformed, leading the piezo-crystal properties

enerate a charge inside the material because of Piezo-effect.
Xfth two conductor plates placed on opposite surfaces of the crys-
tal, the material shows capacitance behavior due to its dielectric
Moperties. A potential difference between the two plates is created
ue to Capacitance effect, which can be sensed by a voltmeter as
measure of the applied for¢see Fig. L

see Appendix 1. components, interfaces and constraints essential for the effects in
a solution principle to work to a given solution principle. There-
3 Objectives and Research Method fore, we need to represent device functionality, solution prin-

ciples, and conceptual structures for a given solution principle,
) . : - d identify how these are linked. Five constructs are developed
function, first develop solution principles, then develop conceps

. " represent thesezariables, properties, constraints, effecsad
tual structures for each solution principle, and then, enable stryg; P prop

- ponents
ture %Tarlng among components of the conceptual structures n!: variable is a quantity, associated with the system, that can
possible.

) . vary as a result of activation of physical effects operating within

Tre_reszeadrch Imethodt h?s five stetp]:;.): dat% coIIIectlon ?n? the system. Most variables are input or output of a physical effect.

analysis,(2) development of representatiof8) development of £, jnsiance. the input and output variables for a piezo-effect are,
reasoning procedurg4) implementation, and(5) testing and

. . ) ; . respectively, stress and charge. Most variables are associated with
evaluation. These are discussed in the following sections. energy, e.g., pressure, displacement, velocity, temperature, charge,
. . current, etc., while some are properties of the system components
4 Data Collection and Analysis that may undergo change due to a physical effect. For instance,

Textual data on eleven casés., family of sensonswas col- resistance of a resistor is a variable in the context of its suscepti-
lected from several books and cataloglieg.,[24—-2€] into a bility to change with temperature, and is the output of the
single document for each case, which was then analyzed. D&eperature-resistance effe®roperties are the characteristics
analysis consisted of identifying how each sensor works at thfeat together specify the generic concept of a componentm-
principle level(i.e., what effects are activated and how they fulfibonentis an object that has a set of properties that can help acti-

There are three main objectives: for a given intended sen
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Fig. 2 Representation of a solution principle

vate effects, e.g., a ferromagnetic bar is a component with tegnthesis of solution principles for a given intended function, syn-
following properties: batprevalent dimension and cross-sectionahesis of initial conceptual structures for a given solution prin-
area, ferromagnetic, solid, surface, electrical conductor and heeiple, and integration of a given initial conceptual structure into a
conductorConstraintsare relationships that are assigned betweesiructure shared one if possible.
a component and other components, or between a component anBlynthesis of solution principlesee[6] for detail starts by
the reference frame. These relationships can be geometrical, Sgantifying a list of effects, from the effects-database, which have
tial or among component properties. While properties are typicdle same input variable as that of the intended function. For each
of a component, and owned independently of the particular strusich effect, its output variable is identified, and checked against
ture of which it is a part, constraints are attributes that a structutiee output variable of the intended function. If the two match, that
expresses because the components it is made of are organiseddffext can act as a solution principle for the problem. Otherwise,
particular arrangement or because of the relation between the output of the effect identified is set as the input variable for the
structure and the larger framework within which it resides. Eaalext iteration, and the above procedure repeated, which lead to
effectis capable of transforming some inputs to some outputs. #tringing together of two effects. This is done until the number of
order to perform this transformation, an effect needs some affects strung together exceeds a number pre-specified by the de-
tributes(properties and constraint® be present in the context in signer. The outcome is an exhaustive list of solution principles,
which it operates. A produdtinctionis represented as a transfor-each having the overall input/output as specified in the intended
mation between input and output variablesg., a force input to function.
be measured by an output voltage for the above sgnsor Synthesis of conceptual structurglsa given solution principle

A sensor at theolution principlelevel is represented as a com-is done by first identifying the list of properties and constraints
bination of effects that are strung together using their input amdquired for each effect in the solution principle, see Fig. 5. The
output variables. For instance, the piezo-electric sensor is repcemponents database is then searched to find all possible compo-
sented as a chain of four effects as shown in Fig. 2. A sensor at tient alternatives that can satisfy each of these properties. Each
conceptual structuréevel is represented as a combination of comeombination of components, one for each property necessary,
ponents that are interfaced with adjacent components; some of thens an alternative initial conceptual structyFég. 6).
components may be constrained using appropriate constraints. Fokn initial structure consists of a list of components, each of
instance, the above sensor has a conceptual structure with thsdéch satisfies only one of the properties required by the solution
components and a constraint: a piezo-crystal that is constrair@ihciple. Integration of the an initial structurés done now by
against movement, conductor plates that are interfaced with fidentifying each component in the initial structure that is chosen
piezo-crystal, and cables that are interfaced with the conductopre than once, consolidating the copies into a single component,

plates(Fig. 3. and propagating the constraints and interfaces accordingly. For
instance, the initial conceptual structure in Fig. 6 shows that a
6 Reasoning piezo-crystal is used to activate the force-stress effect by con-

In order to enable automated synthesis of sensor solution p%ammg it against movement, another to activate piezo effect, and

cioles for a given intended function. and of alternative concept t another, together with conductor plates, to activate capacitance
P 9 . X e PlUsfrect. Also, the first crystal has to be adjacent to the second, while
structures for a given solution principle, two databases are dg-

vised. One is a database of effects that links each effect with e second is to be adjacent to the third while also being adjacent
) : : . {Bthe conductor plates. Therefore, consolidation of the crystals is
input and output variables and the properties and constrai

: one by replacing these three crystals by one, and propagating
needed for the effect to be activated. For_exam_ple, the fprce-StrggﬁstraintS and interfaces to ensure that it is constrained against
effgct has stress as output for force as |npmlable$, this re- movement and remains adjacent to the conductor plategch
quires a solid surfacéproperty constrained against movementare adjacent to the cableShe structure shared final structure is
(constraint, see Fig. 4.

The second database links components with their properties és#élwn in Fig. 3.

allowable variables. For instance, a piezo-crystal component has
the properties of a solid with surfaces having dielectric, piezo-

crystal and low heat-conduction properties, and has the ability to
conduct force, stress, strain, electrical charge and voltage, in ad-
dition to being susceptible to stray magnetic and electrical fields.
The existence of variables in the representation of intended func- F g
tions and effects allows solution principles, which are combina-

tions of effects, to be generated to fulfil a given intended func-

tionality. The existence of properties in both the databases allows |

the effects in a given principle to be replaced by components, SITRFACE
enabling automated synthesis of conceptual structures for the so-
lution principle. The structure sharing algorithm has three steps: |

SOLID

| PIEZOCRYSTAL | CONDUCTOR PLATES | CABLES |
| [ CONSTRAINED ]

[ CONSTRADNED |
Fig. 4 An effect linked to its | /O variables, and properties and
Fig. 3 Representation of a conceptual structure constraints necessary
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SURFACE

I
SCLID

CONSTRAINED

Fig. 5 A solution principle

7 Implementation

The approach is implemented into a computer program wi{

CAPACITANCE AV, TRANSPORT Av,

¥
DELECTRIC CABLES
PIEZO CRYSTAL
CONDUCTOR FLATES
(chain of ovals ) linked to the properties and constraints necessary (boxes)

A conceptual structure is represented as a list with the
Rllowing attributes:

CommonLISP as the implementation language. The code is cromponents:  Ordered list of components and constraints.

rently suitable only for SISQ@Single Input Single Outplitsensor

For instance, for the conceptual structure

chains of effects. However, a wide variety of sensors fall into this in Fig. 3, the list contains these components

category, which indicates the importance of supporting synthesis

and constraints(piezo-crystal constrained

of this class of sensors: being simple they are commonplace aEﬁj . (conductor-plates njl(cables nil.
constitute a majority of the sensors developed. ects:

In implementation, an effect is represented as a list with the

following attributes:

Effect Name: Name of the effe¢e.g., Peltier effegt
Input: Input for activating the effede.g., voltage
Output: Output from the effede.g., heat
Properties: Required propertiés.g., two metals in

contact at two poinjs

Constraints: Constraints on properti@sg., the metals

must be dissimilar

A component is represented as a list with the following

attributes:

Component Name: Name of the effdetg., Ferromagnetic bar

Effects with components replacing
properties they satisfy. For instance, for the
above conceptual structure, this list contains
the following: (F/sigma F sigmdpiezo-

crystal piezo-crystalconstrainegl (Piezo sigma
charge(piezo-crystal nil) (Capacitance charge
voltage (piezo-crystal conductor-platesil)
(Transport voltage voltageables nil).

In order to generate solution principles for a given product func-
tion, and conceptual structures to a given solution principle, the
software takes the following user inputs: the expected sensor input
and output, the maximum allowable number of effects in a solu-
tion principle, and the maximum allowable number of compo-

Properties: Properties of the componéa., bar, solid, Nents in a conceptual structure.
surface, ferromagneti. . .)

A solution principle is represented as a list with the following

attributes:

Input: Input to the principlde.g., force
Output: Output from the principlée.g., voltage
Effects: Ordered list of all effects with 1/0,

properties and constraints. For instance,
the solution principle in Fig. 2 has the
following list of effects, I, O, properties
and constraints{F/sigma F sigmdsolid
surface constrainedl (Piezo sigma charge
(piezo-crystal nil) (Capacitance charge
voltage(dielectric conductor-plates

nil) (Transport voltage voltagéable$ nil).

The program first generates a list of all the possible solution
principles that can be constructed by composing effects available
in the effects database. For any principle chosen among these, it
then generates all its possible conceptual structures that can be
constructed by composing components available in the compo-
nents database. For a given solution principle, the proposed struc-
ture sharing approach creates possible conceptual structures,
structure shared where possible, using the following steps:

1. Identify all properties required for activation of each effect
in the given principle For instance, in the case of the solution
principle in Fig. 2, the effects and corresponding properties nec-
essary are(F/sigma(solid surfac®) (Piezo(piezo-crystal) (Ca-
pacitance (dielectric conductor-platgs (Transport (cableg). If

F _.. o _-@—4- Q —#{ CAPACITANCE }—» AV, TEANSPORT j AV,

¥

— ' PIEZO CRYSTAL e
PIEZO CRYSTAL PIEZC CRYSTAL L= = CABLEES
CONDUCTOR FLATES
Fig. 6 A solution principle linked to an initial conceptual structure (boxes in gray ) and a constraint
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Table 1 Comparison of existing solution principles with those generated

no. of no. of no. of SP no.(new
case type | O effects SP synthesised Ino(exi)
Piezo-elec. force volt. 4 1 1 0/1
Seebeck tem-d. volt 2 1 1 0/1
Resistance temp. volt 3 1 2 1/1
Resistance pres. volt 3 1 1 0/1
Capacitance pres. volt 3 2 3 1/2
Strain Gauge strain volt 4 2 2 0/2
Thermistor strain volt 4 2 2 0/2
Potentiometer disp. volt 3 2 2 0/2
Magnetostrict. force volt 5 1 1 0/1
Capacitance disp. volt 2 1 1 0/1
Self-Inductance speed volt 3 1 2 1/1
Nozzle-Flapper disp. pres. 3 1 1 0/1
Pressure temp. disp. 3 1 1 0/1
Ammeter curr. volt 4 1 1 0/1
Pressure weight pres. 2 1 1 0/1

there aree effects in a principle, and if each requires an average of Table 1 shows the results of comparison between the existing
p properties to be activated, a total pfe properties must be principles and those generated by the synthesis software for which
present for the principle to be activated. at least one conceptual structure exists. The column headings are
2. Identify all the components, from the components databasgy follows. The 1st column indicates the type of principles in-

that can provide each of the properties necess&r instance, \q|yed in the existing cases considered, where each case considers
for the capacitance effect in the above solution principle, the dé‘family of sensors. The 2nd and 3rd columns respectively specify
tabase provides three component alternatives that have dielecfic input and output required by the intended function of the sen-
property: dielectric-solid, dielectric-fluid and piezo-crystal. For alors whereem-d, pres, volt., curr., temp.and disp. mean tem-

average ofc alternative components having each property, thefg, v re difference, pressure, voltage, electric current, temperature
arep.elists of c components each. and displacement respectively. The 4th column specifies the num-
€ of effects that the program was allowed to use to generate the
“solution principles in each cagabbreviated as SPColumn five
jves the number of alternative solution principles that were iden-
fifed from the existing data. Column six gives the number of

; ! "dBlution principles synthesised by the program in each case. Col-
component to one In the structureor instance, the components, seven(last column gives the ratio of the number of prin-
in one possible conceptual structure, providing appropriate pro

erties to embody the effects in the solution principle in Fig. %ﬂgte;g;g; Sei?sggtir:]etﬁgog;?? atr?;lé/;;(einovel to those proposed
shown in bold in the I'S‘;(F/S'gma F S|gmaplgzo-crystal piezo- Column seven shows whether the program can predict the so-
crystal)_ constrained! (Piezo sligma chargépiezo-crysta) nil) lution principles of the existing sensors, which it does in each
(C_:apacnance charge voltag(eplezo-cry_stal conductor-plates case, and whether it creates any new, realiséibde, having at
nil) (Transport voltlag.e voltaggeables nil)), get reduced to only least one conceptual structusmlution principle for the same
three components: ple_zo-crystal, condute:tor-plates and cables. ﬁh‘?ction, which it does in 6 out of 15 cases. Note that in some
number of operations is of the order ot “. cases the number of solution principles generated is different from
The estimated number of operations necessary for this appro&g@¢h other even though the input, output and the maximum num-
is given by: N(proposeds p.e+p.e.c+2.cP¢ (See Appendix 1 Per of principles allowed in each case is exactly the saeng.,
for more detail. rows 4 and 5 in Table)l This is due to the fact that the maximum
This should create all possible alternative conceptual structufé4mber of components allowed in a conceptual structure in each
with various degrees of structure sharing, including the optimal§aSe is different from one another. Since the focus of generating
structure shared ones, and is more efficient than the existing gglution principles is primarily to see whether any alternatives to
proach[1], for which the estimated number of operations is giveﬂ‘e existing conceptual structure can be created th_at_would use the
by: N(existing)>p.e+p.e.c+[cP¥(2pe)®3 0%, see Appen- Same or less number of components than the existing structures,
dix 1 for more detail for derivation of these equations, and confl® maximum number of components allowed in a case is taken to
parison of efficiency of the two approaches. be the one used in its existing sensor. .
The results of the comparison between the existing conceptual
) . structures and those generated by the software are shown in Table
8 Testing and Evaluation 2. The column headings are similar to those in Table 1, except for
Data collected on 15 families of SISO sensors are used @glumn eight, which gives the ratio of how many structures syn-
evaluate the approach. These include the 11 cases of data obtathegised are structure shared to the total number of structures syn-
at the beginning of the project as well as 4 more cases collectdgsised.
for the express purpose of evaluation. The effectiveness of theColumn 7 shows whether the program can predict the concep-
approach is evaluated by using the program to generate a listtgél structures of the existing sensors, which it does in each case,
solution principles for each of these cases followed by generatiaa the number of existing structuréSolumn 5 is always the
of all the conceptual structures generated for each existing sof@ame as the denominator in the ratio in Column 7. In 7 of the 15
tion principle. These are then compared with the data collectezhses, it generates other, alternative conceptual structures for the
The objectives have been to see whether the set of solution préensorgshown by non-zero values of the numerator in the jatio
ciples and conceptual structures generated by the proftam- Except for three cases where even the existing conceptual struc-
cludes the solution principles and conceptual structures existingtimes are not structure-shared, the program generates structure-
the data, and2) contains other, novel, realisable principles andhared structures in each case. This demonstrates the generality
structures. and power of the approach in creating structure-shared designs

alternative conceptual structureshe number of possible alterna
tive conceptual structures ¢©.
4. Reduce the number of components to minimum in e
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Table 2 Comparison of existing conceptual structures with those generated

no. of no. of no. of CS no.(new no(S9

case type | (@) comp. CSs synthesised /no(exi) /no(syn)
Piezo-elec. force volt. 3 1 1 0/1 171
Seebeck tem-d. volt 2 1 7 6/1 77
Resistance temp. volt 2 1 1 0/1 1/1
Resistance pres. volt 2 1 1 0/1 1/1
Capacitance pres. volt 3 1 1 0/1 0/1
Strain Gauge strain volt 3 1 1 0/1 1/1
Thermistor strain volt 3 1 1 0/1 1/1
Potentiometer disp. volt 3 1 1 0/1 1/1
Magnetostrict. force volt 3 1 1 0/1 1/1
Capacitance disp. volt 3 1 3 2/1 0/3
Self-Inductance speed volt 3 1 2 1/1 0/2
Nozzle-Flapper disp. pres. 3 1 4 3/1 4/4
Pressure temp. disp. 2 1 2 1/1 2/2
Ammeter curr. volt 5 1 16 15/1 4/16
Pressure weight pres. 2 1 2 1/1 0/2

whenever possible. The number of conceptual structure altermaed that if the component database is extended with components
tives generated, however, are often few. However, as the numbéner than those used in the existing sensors only, the program
of components allowedColumn 4 is taken as the minimum that should generate many other attractive structure alternatives, with a
would generate any conceptual structures at(@lcept in Case greater likelihood of some of these being better structure-shared
14), increasing this would generally increase the number of altehan the existing conceptual structures.

native conceptual structures, e.g., in Case 14, using the minimum

allowable number of components of 4 would have given 4 alte® Discussion, Conclusions and Future Work

native conceptual structures.

There are a number of cases where the conceptual struct
alternatives generated by the program are quite interesting.
instance, in the Seebeck effect thermometer case, the existing
sign activates Seebeck effect using two dissimilar metals co
nected at two junctions, the change in temperature between wh
sets up a voltage that is transported using cables. The concep

structure of this existing sensor is given in Fig. 7, where twp, - h
C o X ! other words, the approach progresses thrdugbtions to prin-
dissimilar metals are connected togethesing DIFFMETAL con- ciples to structures to propertiesn order to achieve structure

strain and are connected to cables for transport. A novel structug aring. In contrast, the proposed approach starts with the in-
alternative, generated by the program, uses the metal in the exjskyeq functions, and synthesises solution principles as combina-

ing ca_ble with another different_metal to activate Sgebec_k e_ffe_?i ns of physical effects that satisfy these functions. It then iden-
see Fig. 8. In another alternative, two cables having dISSImlﬂ_’

The approach presented is a crucial departure from the only
f(?sting approach to computational structure shafitig The ex-
1 {ng approach starts with the intended functions of a product,
velops a principle as a combination of effects, and replaces each
ect by elementary structures. It then deletes some of these
ctures, and checks to see if the additional properties of the rest
e structures can fulfil the functions of the deleted structures.

tal d both t tivate Seebeck effect and to t ies the properties essential for fulfilment of the effects in a
metals are used both lo activate seebeck elfect and o ranSportifgeinie and from these creates possible conceptual structures
voltage across, see Fig. 9. Both these alternatives should be b

- the principle by combining elementary structures that have the
structure shared that the existing structure. Take the Ammeter c b pie by g y

_ : &uired properties. Finally, it compares the elementary structures
as another example. Here, th? existing de¢kgg. 10 uses a _bar .in_a conceptual structure to identify whether the same elementary

Rfucture is used more than once in the conceptual structure. In
. . . Piat case, all these elementary structures are replaced by just one
vide the torsional resistance necessary. In contrast, an alternatm%,[ would now satisfy all these functions. In other words, the
npv?l sgructtureo,l S%g%ﬁs;[ﬁd Itoy the.prpgrésm% '19 1 uses at' approach progresses frofunction to principles to properties to
singlé bar to do bo € transmission an € Spring acliogycyyreg property being the link between principles and struc-
thereby reducing the number of components necessary. It is enY|Ses as proposed in some earlier studg2]
Besides having the level of representation appropriate for the
present task, there are three potential advantages of the approach
: : v e : proposed over the earlier approach. The first is, while the earlier
| L I Ml I ke | approach encourages structure sharing of a given concept along
the lines of adaptive variation, the new approach encourages the
more desirable generative generation of alternative structures, al-
[ DIFFMETAL ] lowing choice between resource-effectiveness and changeability.
The second advantage is its relative efficiency over the earlier
approach. While the earlier approach may have to carry out an

static coil due to the input current, and a separate spring to

Fig. 7 An existing conceptual structure for the Seebeck effect

thermometer
[ METAL [ CABLES | | CABLES | CABLES |
[ DIFFMETAL ] [ DIFFMETAL ’
Fig. 8 A new, computer generated alternative conceptual Fig. 9 Another computer generated alternative conceptual
structure for the Seebeck effect thermometer structure for the Seebeck effect thermometer
16 / Vol. 4, MARCH 2004 Transactions of the ASME

Downloaded From: http://computingengineering.asmedigitalcollection.asme.or g/ on 07/01/2014 Terms of Use: http://asme.org/terms



[PERMANENT MAGNET|  COIL I BAR [ serNg |

[ MOVABLE ][ CONSTRAINED ][ CONSTRAINED H CONSTRAINED ’

Fig. 10 An existing conceptual structure for the Ammeter case

inefficient iteration between deleting structures, checking abilitkppendix 1: Comparison of Resource-Efficiency of

of other structures to fulfil the functions of the deleted structurestyycture Sharing Approaches

and making up for the deleted structures, the new approach allows ] . ] ) )

all these to be done in a direct, non-iterative way. The third ad- N this appendix, we delineate the steps involved in the two
vantage is that the proposed approach makes it easier to idenBfjCturé sharing approaches, estimate number of computations
potential side effects in a conceptual struct{ifeg], since it con- Necessary for developing structure shared conceptual structures in

nects physical effects to elementary structures using propertR&ch case, and compare these numbers for comparing the relative
necessary. resource-efficiency of the two approaches.

The main conclusions are: For a given solution principle, the structure sharing approach
proposed in this paper creates possible conceptual structures,
* Structure sharing is an important concept for effective use efructure shared where possible, using the following steps:
resources, but little is currently available for supporting its use ) . ) o
during design. While structure sharing reduces use of resources it dentify all properties required for activation of each effect
a product, it can decrease its changeability. It is one of four kinds N the given principle: if there are effects in a principle,
of sharing that provides a variety of trade-offs between these two ~and if ach requires an average pproperties to be acti-
goals. vated, a total op.e properties must be present for the prin-

« A computational approach has been developed that achieves CiPle to be activated.
structure sharing following reasoning through functions, prin- 2- !dentify all the components, from the components database,
ciples, properties and structures. The approach encourages devel- that can provide each of the properties necessary: for an
opment of alternative concepts, is efficient in its directness, and average ot alternatlve_compo_nents available for providing
allows easy detection of side effects. The approach has been tested €ach property, there will bp.elists of c components each.
using a range of sensor designs; existing as well as new concep3: Concatenate a component each from the lists to generate
tual structures for these sensors have been suggested by the ap- alterngtlve conceptual structure;: the number of possible al-
proach. ternative conceptual structuresas®.

4. Reduce the number of components to minimum in each

The approach works well for the small database of components  structure alternative by deleting multiple occurrences of the
and effects .and. fqr the kind and level of abstraction of the prob-  same component to one in the structure: the number of op-
lems for which it is developed. However, currently each compo-  erations is of the order af®®.
nent is described using a set of properties, and development of
conceptual structures from solution principles is done by simply Hence, the total number of operations necessary in this ap-
replacing properties necessary in principles by components havii@ach is given by Eq.1):
these properties, on a one to one basis. This may require modifi-
cation by giving priority to properties that are unusgelg., di-
electrig over those that are commonpla@eg., solid or surfage
and by giving priority to components that can provide more than
one property. Further work involves supporting evaluation of con- This would create all possible alternative conceptual structures
ceptual structures, development of physical embodiments, and @jth various degrees of structure sharing, including the optimal
tending the approach to other possible areas of application uskigucture shared ones.

N(proposefl=p.e+ p.e.c+2.cPe O

larger databases. For a given solution principle, the structure sharing approach of
Ulrich [1] creates a possible structure-shared structure in the fol-
lowing way:

Acknowledgements 1. Identify all properties required for activation of each effect

. . in the given principle: if there are effects in a principle,
This work has been variously supported by EPSRC, UK, MEI,  and if each requires an average mproperties to be acti-
Japan and DST, India. Riccardo Regno helped develop and imple- yated, a total op.e properties must be present for the prin-

ment some of the work presented here. ciple to be activated.

2. Identify all the components, from the components database,
that can provide each of the properties necessary: for an
average ot alternative components available for providing
each property, there will bp.elists of c components each.

| PERMANENT MAGNET | COIL | BAR ] 3. Create a single conceptual structure by concatenating one
component from each list of components: this is taken as a
single concatenation operation.

4. Optimize this structure for maximum structure sharing: this
[ MOVABLE ] [ CONSTRAINED ] [ CONSTRAINED ] is done using the following steps:
a. Make a list of components that can be deleted: there are
Fig. 11 A new, computer generated alternative conceptual p.e components.
structure for the Ammeter case b. Delete one of these components and find possible alter-
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natives from the remaining components in the structunstant, and in this case equal fe(-2). We are interested in

which could provide the property that was provided byinding the least value of the product of two corresponding terms

the component deleted: there are betweer 1) and 0 from either side in the series, because the value of any term in the

options, since of the components that could on an av-series will be greater than the square root of that least value of the

erage provide a property, one is deleted, and in the worstoduct.

case none of the remaining components in the structureAs one progresses from outside to inside of the series, taking

could provide this property. products of terms from either end, the difference between the
c. Choose one of these options as the component now pmeducts get increasingly less. In other words the largest differ-

viding the property earlier provided by the deleted comence in value of the corresponding terms is for the first and the

ponent, and list what components can now be deleted:lést term in the series. Let any two corresponding terms in the

would be betweende—1) and (pe—2) since in the sce- series be described by variablesndy, and their difference be

nario where the component deleted cannot be replaced tgnoted by another variable d. Now, we can write down the fol-

another component, one has nope(-1) options, while lowing relationships betweexandy:

in the case where the component can be replaced, neither

of the component deleted nor its replacement can be de- x+ty=(pe+2) (6)

leted again, hence options remaining beipg< 2). x—y=d @
d. Identify what alternative components can be used as re-

placements: again there are between-() and 0 op- The values ok, y andxy can be derived as:

tions.

e. Carry on the process of deletion and replacement until all x=0.Ype+2+d) ®)
deletion options are tried out for the list in step 4a. y=0.5pe+2—d) ©)
This approach, however, does not guarantee creation of the op- xy=0.25(pe+ 2)2—d?} (10)

timal solution among all conceptual structures that can be created
using a given set of components, but only within the structure Since the value oy is minimum when the value ofd| is
chosen in Step 3. In order to optimize this, step 4 has to be cqfaximum, minimum value of xy is when the difference in value
tinued several times, each time picking a separate conceptgatween the two corresponding terms is maximum, and is given
structure. The number of deletion and replacement steps requirggl.2pe.
in the case where none of the components is replaceabf, is ~Now, assuming that on an average the number of operations
while that in which all cases require a distinct replacement {§ill be between the above two extreme cadies.,, N1 and N2,
0.5pe (since the number of components available for deletiofhe average number of operations required for trying to optimize
after each deletion and replacement step reduces by twice gh conceptual structure is given by the following:
number of components available in the first ga3&e number of
alternative structures produced in the first case {sidce no re- N(av)=0.5pe+{(2pe)*(c—1)}*%°] (11)
duction of components could be effectett it is possible to pro-
vide (c—1) opgons in each step of replacenﬁ)ent in the psecond >0.5{(2pe)*® (¢~ 1)}7%* (12)
case, the number of alternative structures possible is givertby ( |n one such optimization attempt, an average of{D:5(c
—1)%%°, As the number of steps increases, the number of options; )0%¢} conceptual structures will be already considered. There-
available on an average decreases. o fore, the number of attempts necessary to guarantee finding the
The number of operations in the first case, for tryinditder-  overall optimal structure-shared conceptual structure is given by
nally) optimize a single conceptual structure is given by &j: Eq. (13):

N1=pe @) n(max)>cP¥0.5(c—1)%¢ (13)

Computationally, this is the best case since the number of optionsf in each case, the number of operations necessary is the aver-

to arrive at the conclusions is minimal, as at each deletion step age found in Eq.(12), the total average number of operations

replacement options are available. necessary before the overall optimum can be found is given by
In the second case, the number of operations for trying to igq. (13)—(14:

ternally optimize a single conceptual structure is given by Eq.
(3)—(5)){ P ’ P d Y q\l(existing)>p.e+ p.e.c+[cP¥0.5(c—1)%%®].[0.5{(2pe)*%c
N2=pe.(c—1).(pe—2).(c—1)(pe—4)(c —1)}0%e] (14)
—1)...(having 0.pe terms ©) >p.e+p.e.c+[cP(2pe)*3O®e] (15)
={pe(pe—2)(pe—4) ... 2}_(C_1)o_5pe (4) Therefore, the ratio of number of operations in existing and

proposed approaches is given by Etp):
>[{(2p®)®%.(c—1)]0%¢ ®)

This is since each multiplication of corresponding terms from ei-
ther side of the seriefpe(pe—2)(pe—4) ... 2}, ie. pe.2 (pe >[p.e+p.e.ctcP(2pe)* *<)/[p.e+p.e.c+2"]
—2).4, etg is not less than Re (see proof in the paragraph be- (16)
low), thereby average value of the a term in the series being noThe ratio of values of the last terms in the numerator and de-
less than (pe)®5, and there being O terms gives the value of nominator will govern the value of the ratio, which is given by Eq.
the first part of Eq(4) as greater thaf(2pe)®51-%e, (17)-(18:
H 0.5

pr;r::é{g:(fg”eov\i):(pe 4) ... 2} is greater than (@)™ can be N(existing/N(proposed>[cP®{(2pe)®30%e)2 cP¢ (17)

As one goes fror_n left to right in the series, the terms decree}se >0.5({(2pe)°5,0%e (18)
by 2 from the previous term. In other words, the highest term in
the series ige while the lowest term is 2. If corresponding terms As long as 0.52pe)®%%%¢ is not less than 1, existing ap-
from either side is multiplied to each othée.g., pe.2 (pe proach on an average would require more operations than the
—2).4, etg the value of the products is such that their sum iproposed approach, and therefore less efficient computationally.

N(existing/N(proposedl
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This is true for any value of pe greater 2, which is the least13] Zavbi, R'.’ and Duhovnik, J 2000, “Th.e Problems of Transitio'n from Basic
number of elements necessary for any structure sharing to be Schgmatlcs to aSche_matlc of a Technical Systengc. Intl. Design Conf.-
ible Design 2000Dubrov_n|k, pp. 67-72. N _
possi : [14] Welch, R. V., and Dixon, J. R., 1994, “Guiding Conceptual Design Through
Behavioral Reasoning,” Res. Eng. De6(3), pp. 169—-188.
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