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Abstract

Since the operation of technical systems can be explained using physical laws, why then might we not use them ex-
plicitly in designing these systems? The characteristic initial binding variable, with which appropriate physical laws are
sought, first needs to be extracted from the function of the future technical system. If there are several appropriate
physical lawg(i.e., operators we evaluate them using the Analytic Hierarchy Prod@d$P) method. The most suit-

able is then selected with regard to the chosen criteria based on design requirements. When one physical law is not
sufficient for the design of a technical system, several laws are linked together using binding variables to form a
conceptual chairi.e., macro-operatdr Such a chain does not only contain supporting physical laws; physical laws
indirectly introduce basic models of shape, their basic topology, geometry, and basic material properties into the chain.
A prototype computer-aided design system is based on the prescriptive conceptual design model presented below.

Keywords: Function; Binding Variable; Chaining of Physical Laws; Operator; Macro-operator

1. INTRODUCTION

In recent years, the design process as one of the key phases

of product development, that is, technical system develop-

ment(Hubka, 1976; Dym, 199%4has been the object of much

interest from researchers in different fields: from mechan-

ical engineering through electrical, computer and civil en-

gineering and architecture, to psychology, philosophy, etc.
There are several reasons for such intense interest:

¢ In general, the design process is a consequence of hu-
man creativity, which, with the development of artifi-
cialintelligence, genetic algorithms and neural networks,
are themselves becoming subjects of increased interest
in natural science and technical circ{8saty, 1988; Gero
et al., 1995; Stefik, 1995

¢ Atrend of increase in the ability to produce technical
systems can be noticed worldwide; therefore, compa-
nies can gain or maintain a competitive advantage only
through successful development of new technical sys-
tems. In our usage, a “new system” is one based on

Reprint requests to: Romaraibi, University of Ljubljana, Faculty of

physical laws that until then had not been employed in
a certain field, or else based on new combinations of
previously used physical laws.

An inadequately described design process hinders ef-
fective development of computer-aided tools in design-
ing technical systems. This is evident from the fact that
the development of such tools for individual phases of
product development has proceeded in exactly the op-
posite direction from the succession of product devel-
opment phaseéWhitney, 1992, 1993, 1995This is
because drafting tools were developed first; these were
used to prepare workshop documentation, which comes
at the end of the design process. Three-dimensi@zal
modellers with FEM tools were developed later, but
we still do not have appropriate tools in the conceptual
design phase, even though the conceptual design phase
precedes all other phases of product desagrart from

the specification phage

The majority of cost$80%) in the life cycle of a tech-
nical system are determined in the design phHaheh-

ka, 1976; Whitney, 1992; Koller, 1994; Wallace, 1997

The LECAD laboratory began to developits first model of

Mechanical Engineering, CAD Laboratory; Kesteva 6, SI-1000 Ljubl- teChnical'SyS_tem designin1989. The m0d3| rea?hEd the pro-
jana, Slovenia. E-mail: roman.zavbi@lecad.uni-lj.si totype stage in 1992 and by 1995 was installed into a proto-
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type design environmefbuhovnik & Zavhi, 1992; Aavbi&  fore, these are not treated directly and the connections be-
Duhovnik, 1995, 2000 This model designed atechnical sys- tween them are not sought, which limits the efficacy of the
tem on the basis of the working principles, which were ex-existing design approaches, methods, and models.

tracted from the existing components. The new feature here The basic and richest sources for design are physical laws
was concurrent growth of the function structure. The func<Figure 1. The richest because each physical law can be
tion structure-based conceptual design models, which wermaterialized in several topologies, each topology in several
used until then, were characterized by a rigid function strucforms and each form in several materials. The selection of a
ture, which had to be produced in advance, manually, and, iphysical law, therefore, offers an opportunity to design a
addition, such structure also predetermined the classes of comrultitude of technical systems that differ in form, topology
ponents which could be used by the model. However, a preand material, but which share the same physical law. Let us
determined component class prevents the use of componetaike roller bearings as an example: they all have the same
classes that simultaneously fulfill a different number of func-physical law in commor{rolling friction), but the rolling
tions than those predetermined by a rigid function structureelements differ in shapéball, cylindrical roller, spherical
This limitation strongly restricts the utility of such models roller, tapered roller; topology(radial, radial-axial, axial
(Zavbi & Duhovnik, 1995. Our model was applied to the con- and materialvarious types of steel and ceramic®n the
ceptual design of mechanical-drive units; its use resulted imther hand, physical laws are the basic source because no
an appropriate function structure incorporating the corretechnical system operates contrary to them. The results of
sponding working principles and all the necessary compodesigning from scratch or creative design, therefore, al-
nents(gears, belts, pulleys, chains, sprockets, shafts, bearingsiays range within the valid limits of physical lawi&avbi

etc). & Duhovnik, 1997, 200D Operation of existing technical

However, its limited ability for conceptual design was soonsystems can be explained using physical laws; why, then,
noticed. This was due to the model being based on descripnight we not use them to design such systems?
tions of the existing components, with working principlesde- Interesting approaches in this area have been described by
rived from them. If aworking principle was not materialized Williams (1989, 1992, Bratko(1993, Ishii and Tomiyama
in an existing component, the component could not be used1996), Sushkov et al(1996), and Chakrabarti et a1997).

We, therefore, wanted to produce a prescriptive model Williams’ approach to innovative conceptual design is
for the conceptual design of technical systems that wouldased on the idea that all of the possible interactions be-
involve an explicit use of physical laws based on macro-tween the variables based on the components stated in the
scopic material propertiesize, mass, elasticity modulus, problem, as well as all of the possible interactions that are
specific heat, resistance, refractive index, eémd would  technologically availabléi.e., the existing components are
make possible designing from scratch. It was not our inteneapable of, first need to be identified for the required task.
tion to explain material properties, but rather to use physi-The interactions are established using “first principles,”
cal laws in the service of designing technical systems. Thevhich are essentially physical laws in the wider sense of
new model was also expected to surpass the shortcomingdlse word. The path in the graph that connects the existing
of the first model, which was, as noted, based on the existinteractions with the required functionilgxpressed through
ing components and working principles derived from them.variables of the technical system represents the conceptual

It must be noted that the term “physical law” is used heredesign of a technical system, which includes the compo-
inits widest sense, thatis, as arelation that describes how macents being used and the configuration itself.
roscopic material properties depend on external conditions. Bratko describes an idea for innovative design based on a

In conceptual design, at least four sources can be identfunction that is given through examples of behavior of a
fied that make an essential contribution to technical sysfuture technical system, and a description of the function-
tems’ degree of innovation. These are physical laws, topology,
and the shapes and materials of elements that apply physical

laws:
¢ 77T TN W5
« Physical lawge.g., in the majority of cases, the mov- /M» L T Lysical Ja
ing magnet and moving coil in gramophones were re e £
placed by laseps _ _ _ _ - S olog
e Topology (e.g., the introduction of split system air- 6vel2 T 10p
conditioning devices T~
e Geometry(e.g., the shape of automobile bodies has be- 7 - 7z Z'_Z‘é ometr)’
come more aerodynanjic GG - g

o Materials(e.qg., the use of PET instead of glass in man-
ufacturing of packaging for drinks

evel 4
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The existing methods of conceptual design obscure the

fact that creative design draws from several sources. There- Fig. 1. Design sources.
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ing of technologically available componer(issing quali-
tative physicgand Inductive Logic ProgrammindLP) as
conceptual design method.

The approach of Ishii and Tomiyama initially assumes a
predetermined function structure, which is supplemented
with a state transition graph. On the basis of such a graph,
an automatic modeller, part of which is based on Qualita-
tive Process TheoryQPT) (Forbus, 1984 selects appro-
priate physical laws that can ensure the state transitions
(transformations of variablefisted in the above-mentioned
graph.

Chakrabarti takes it as his goal to produce a computer-
aided system for the generation, evaluation, and optimiza-
tion of the conceptual design of micromechanical sensors
that are based on the chaining of elementary models. Ele-
mentary models are presented withsignal—media—
messagschematic; thus, for example, a spring is presented
with the schemati¢orce—spring—position

The question may be raised as to why we as well did not
use qualitative modelling methods. The reason for this is
our assumption that merely the abstractions of physical laws
and information on the influence of an individual variable
on another variable will suffice for the conceptual design of
technical systems. Qualitative models do provide informa-
tion on the direction of changés-,—,0), but due to quali-
tative summation a number of ambiguous behaviors may
appear in their use, which leads to a combinatorial explo-
sion (Bratko et al., 198Pthat is not a consequence of the
plethora of combinations of the large number of various phys-
ical laws. In addition, in order to evaluate the obtained con-
ceptual designs and make a final decision on selecting one
or a small number of the generated conceptual designs for
further development, an analysis of the extent of the influ-
ences of individual variables will be necessary, and this is
possible with quantitative models. For example, in the case
of conceptual design of a laser deflection probeci, 1996,
it was necessary to check whether it is at all possible to mea-
sure the deflection of a laser beam due to its refraction in air
compression using the technologically available compo-
nents; it turned out that a special opto-electronic technical
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operator Xy operator yz

Fig. 2. Function of the operator.

var. y

ables, geometrical parameters, and material and basic
constants. These also have an expressive value, due to
which they can actually be used for design. For exam-
ple, the refractive index introduces light in conceptual
design, geometrical parameters give information on the
basic geometry, and material and basic constants pro-
vide information on participating materials or the en-
vironment. The termselation andworking principle

are also frequently used. It should also be emphasized
that, in general, mere abstractions of physical laues
operators, only parametersuffice for the central part

of a conceptual design. This paper, therefore, uses the
termsphysical law relation, working principle andab-
stractionof physical law as synonyms.

Operator. It is an alternative term for a physical law. In
general, operators are used for the transformation of
one problem state into anoth@figure 2.

Base variable The term is taken from physics, in which
it is postulated that all parametgmsith the exception
of the basic onéscan be defined by the basic ones,
which are: length, time, mass, electrical current, tem-
perature, amount of substance and luminous intensity
(Giancoli, 1988.

Binding variable Variable common to a physical law and
its successor in the conceptual design chain.

Chaining Searching for a successor physical lawin the con-
ceptual chain using the binding variable. The binding
variable may be used to find a physical law that con-
tains such a variable, but it needs to be of the opposite
type, for example, variable-cause can find variable-
effect orvice versa

system, a quadrant photodiode, was necessary and was, thereConceptual design chairA chain of physical laws that

fore, developed latgiDiaci, 1996.

1.1. Review of basic terms

The purpose of this subsection is to review and briefly ex-
plain terms used in the paper.

Function The purpose of the future technical system ex-
pressed in a neutral manner, that is, without indicating
any solutions. Examples: sound detection, torsional mo-
ment transfer, maintenance of a certain liquid level, etc.
The termsequired functionor main functionare also
used.

Physical law The term is here used in its widest sense; it
represents the functional connection between vari-
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fulfill the required function partially or entirely.

Macro-operator It is an alternative term for a concep-
tual design chain. It consists of operatoie., physi-
cal laws. In general, macro-operators enable the use
of several operators at the same tifirégure 3.

operator qr operator wz

l |

macro-operator qz

Fig. 3. Function of the macro-operator.


https://doi.org/10.1017/S089006040014106X

72 R. Zavbi and J. Duhovnik

When chaining, the following two limitations need to be

p=f(p 5py,D,) considered:

¢ Only variables of the opposite type can be used to search
abstractiongvariable X-cause can be used to find the
physical-law abstraction containing variable X-effect,
andvice versa)The variables in the database of phys-
ical laws have designationgause or effegf which
serve to indicate causal relations.
o No physical law may be repeated in any individual con-
Fig. 4. Idea of chaining of the abstractions of physical laws with the com- ceptual design chaifi.e., generated pathPossible
plementary basic schematics. problems arising due to this requirement are elimi-
nated by using the design principle of variation of the
number of physical lawg$Pahl & Beitz, 1993. This
design principle has not been implemented, yet. There
are many examples in practice in which an individual
As was mentioned in the Introduction, the LECAD labora-  Pphysical law appears several timgsg., multistage
tory had already developed a model for the design of tech-  drive units, multiple-disc clutches, trusses, gtc.
nical systems, which was applied to the conceptual design
of mechanical-drive units. If there are several appropriate relations, the chain may
However, we discovered relatively early on that the modePe split off and may be continued in the direction of more
was limited because it was based on the description of th@Uitable physical laws. A suitability assessment is per-
existing components, with working principles derived from formed using the Analytic Hierarchy Proce@sHP) prior
them. If a component in which a relation is materialized doed© €ach continuation of chaining, since in this manner one
not yet exist, such a relation cannot be used in conceptu&@n prevent a combinatorial explosion and guide concep-
design: it cannot be used for designing from scratch. Thidual design with regard to design requiremeiSiaaty, 1988
limitation could be eliminated with an improved concep- The correctness of the algorithm can be tested with re-

tual design model, which is based on the idea presented igonstruction of the existing technical systems, or the con-
Figure 4. ceptual design of not yet existing, but physically possible

ones.

basic schematics

=f(p, k) +—*
n=1(p, k) @

a=f@,n, 0) «—»

2. FORMING AN ALGORITHM

2.1. Algorithm )
2.2. Conceptual design

The following algorithm(Zavbi, 1998 was based on the
above idea: 2.2.1. Entry of the initial binding variable

An interpreter is intended for the setting up of the initial
StEP 1. Deduce the CharaCteriStiC, initial variable from the b|nd|ng variable with which the Conceptua| design of atech-
function of the technical system to be designed; nical system begins. This variable is used to find the rela-
STeP 2. Search for all abstractions of physical laws that tions which can become part of future technical systems.
contain characteristic, initial variable and use themto gen-  In general, the following combinations are possible of in-
erate the successors of the root node such that they contaiptt and output variables:
the remaining variable from the found abstraction of the

physical law. Input Output

CONDITION: Known Unknown
’ Known Known

IF: the generated node contains a variable from the sets Unknown  Known

of geometric, material and base variables

THEN: STOP the generation of successors of this node; The first case occurs when a design engineer wishes to

h des that d ulfil th research the effects of a known input variable. For exam-
Step 3. For other nodes that do not fulfil the CONDITION, ' 0 " 4544 on pressure variation is available and now the de-

search for all abstractions of physical laws that contain thesign engineer is interested in establishing what it can cause:

variable of an individual pode and geperate .their SUCCeS—¢ ch is the case of a laser deflection préBéaci, 1996
sors such that they contain the remaining variable from theZavbi & Duhovnik, 1997

found abstraction; The second case arises when a design engineer actually

SteP 4. Repeat step 3 until all leaf nodes fulfil the searches for a direct or indirect transformation between two
CONDITION. known variables. Such is the case of a piezo actuator in which
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voltage Uis the input variable, whiléorce Fis taken as the P
output variablgHerakovic 1996.

The third case arises when an engineer wishes to design/
a technical system that will be capable of generating a vari-
able in some way, for exampleoltage However, it is only
possible at the end of the conceptual design process to es-
tablish how and in how many different ways this can be
done.

At the start of a conceptual design, one often first de-
scribes a phenomenon verbally, and only later extracts its, v
characteristic variables. Thus, we first spoke of mechanical
shock wave detection, and only later proceeded to extract Fig. 5. Basic schematic complementary to relati@h
characteristic variables such as pressure, density, and tem-
perature. In the case of a piezo actuator, variables that were

used to begin conceptual design were stated explicitly at .
the very beginning. P g phetly terialize the physical laws usédavbi & Duhovnik, 1997.

If one of our goals is also to produce a prototype com-What_ is ext_remely important is that each relation mclu_des
certain basic topology, geometry, and the relevant environ-

puter program that would be capable of conceptually de- o .
signing technical systems on the basis of input or Outpu{nent(wh|ch is represented through material and fundamen-

variables or both, then two methods of treating initial bind-tal r(io_nstlant)s Whlcr;].can beb S"’_Il'ld to re%regehnt a;)pr!mltlvr(]a
ing variables are available. The first one is explicit entry oftechnical system This can be illustrated with a basic sche-

these variables, while the second one is the selection of phgjatlc(Flgure 9. Let us examine the following refation, for

nomena with a predetermined set of characteristic bindin&xample:
variables.

For the time being, it was decided only to perform the y(x) = P x2(1 — )2 )
explicit entry of initial binding variables, because the entry 24EI

of phenomena and determination of characteristic variables
is a very extensive job. The number of different possiblewhere
characteristic variables is much smaller than the number of , — yressurgvariable-cause
possible phenomen@ multitude of different phenomena,
for example, shock waves, sound, spreading of vibrations, E = Young’s modulus
etc., can be described with the same variables
I = moment of inertia for element cross section
2.2.2. Relations and basic schematics

Relations are functional connections that are based on
macroscopic material properties. They consist of physical x = x coordinate
variables;, material constants (in general, these are treated o - _
as variables, which is exploited as an important desigdts abstraction isy = f(p,x,l,E,1). An additional piece
SOUI’CQ, geometrica| parameteg‘i, and fundamental con- of information, which needs to be eXpIICItIy Stated, is

y = deflection(variable-effec}, y coordinate

stantsC;: causality (what causes what; for example, pressyre
(variable-causeon a membrane causes its deflectipn
y =f(X,¢,90C) (i,j, k1) € {N} (variable-effeck).
Relation(2) is an equation for the deflection of a beam
¢ =h(..);o=p(..) (1) rigidly attached on both sides. It presents the quantitative

connection between complementary variables, constants, and

Abstraction of relations between variables and constantgeometrical parameters. It can be seen that the equation is
(in this case without operators sufficient for chaining it-  about an element with certain material and geometrical prop-
self. Quantitative descriptiofin this case, with operators erties, an elastic element as defined by the Young modulus
is indispensable for assessing suitability of relatidosex-  E, while the element’s cross section defines the moment of
ample, assessing the order of magnitude of the changes aitertial, which hides the geometry of the cross section within
therefore their usefulnesand for analysis of the designed it (thatis, the shape of the cross section and its dimenpsions
technical system. It can be seen that already relatively simple relations con-

Since physical laws are used in the conceptual design afeal several sources for conceptual design of technical
technical systems, a question arises of how it is possible teystems—in other words, new productifferent cross-
perform design using physical laws when one knows thasectional shape, different dimensions, and different mate-
each technical system must also have components that maal fulfill the new requirements
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2.2.3. Chaining In our case, the connections between nddelstions are

Chaining of relations is necessary when a single relatiorot predetermined, but are generated dynamically, depend-
cannot directly bind input and output variables of a techni-ing on binding variables. This is enabled by the algorithm
cal system(Zavbi & Duhovnik, 1997. This is possible that states that relations can be connected through binding
through chaining of relations. variables.

As mentioned above, chaining is initiated with the initial  The conceptual design of technical systems through the
binding variable which can identify appropriate relatioms- ~ chaining of abstractions of physical laws is presented on
cording to the algorithiy and these, in turn, represent the €xamples of conceptual design of certain technical systems
basis of the designed technical system. If a relation or relatsee Examples
tions fulfill the conditions stated in the algorithm, chaining
can be completed. In the o.pposite.case., chaitang, therg— 3. EXAMPLES
fore, the conceptual design chaioontinues. The chain,
which represents the entire conceptual design of a technicg 1. Capacitor microphone

system, was named the conceptual design chain or partial o .
chain, if it pertains to conceptual design of part of a tech-One of the characteristics of a pressure wave or explosion
nical system. resulting from the interaction of laser with matter is also a

The course of designing and conceptual design consist/ariation in thepressureof surrounding aip. This variable

ing of relations and basic schematics can be presented Wiﬂﬁ selected as a binding variable and used to search abstrac-

a simple schemati¢based on the algorithm; Figure & tions _ofphysical Iayvs or phys_icql relz_ations th_at contain such
which the initial node root represents the initial binding vari- 2 Variable and which are valid in this situation. Pressure
able, while other nodes represent other appropriate bindingS the initial binding variable can identify the following
variables. The connections between nodes represent phy&pstraction:
cal laws. Each of the generated paths in the graph presents
a conceptual-design chain. The numbers of nodes designate
the order of node generation.

. where

In order to be able to use a generated conceptual design ]
chain in the conceptual design of a technical systenonly p = pressurévariable-cause
part thereof, each physical law in the chain is presented d = deflection(variable-effeck
with a complementary basic schematic.

The physical laws in the chain and the corresponding com-
plementary basic schematics, therefore, actually representr,,
the conceptual design of a technical syst@havbi, 1998.

The method for generation ¢partial) conceptual design
chains leads to exploration as one method of solving probwith a quantitative equation:
lems, including ours. The problem of generation of concep-
tual design chains may be illustrated by exploration space, d P (r2—r2)2,

d=f(p,D,r rm), 3

D = membrane’s moment of resistance

membrane diameter

r = polar coordinate

which represents relations, and solution space, which rep- 64D

resents dpartial chain in this space. ) )
that represents the deflection of a membraReure 7,

which is loaded transversely and uniformly and clamped rig-
idly. The relation introduces basic geometnyembrane with
dimensionsand materialconcealed in the membrane’s mo-
ment of resistangeinto the chain. According to the algo-
rithm (see Section 2.1.chaining can be completed, since

NERREE

d(r)

14 15 16 20 21 26 27 28

Fig. 6. Schematic of chaining. Fig. 7. Membrane deflection—basic schematic.
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deflection dbelongs to the set of geometrical variables. In
this manner, a technical system was designeth only one
component, a membrapavhich transformgressure pnto
deflection d Chaining will be continued, however, because
we are interested in the effects déflection d The algo-
rithm is used again, witkleflection das the initial binding
variable, which also identifies the following abstraction:

C=1(d,AK,ep),

where
C = capacitancévariable-effeck

K = dielectric constant
€o = permittivity of free space
A = characteristic area of capacitor plates
d = distance(variable-cause
with a quantitative equation:

C=K A
= Eod.

(4)

The above relation introduces a plate capadiféigure 8
and its basic geometry and material of the dielectric. Thehe algorithm, chaining must be continued, since neitiaer
conceptual design of the technical system was augmente@ficitance Cnor voltage Ubelong to the sets of base, geo-
using a new component, a capacitor, and according to th&etrical, or material variables.

algorithm chaining can be completed. But, since we would The new binding variableyoltage U identifies, among

like to find out which relations can be identified logpac-

75

Fig. 9. Capacitor discharging—basic schematic.

t = time

R = resistance

C = capacitancévariable-cause
with a quantitative equation:

U = Up(1— e R,

which represents charging of a capacitor connected into a
circuit according to the schematic in Figure 9. According to

other relations, the abstraction &hm’s law (see also

itance Cand how the conceptual design can be expanded;igure 10:

the algorithm is used again with the capaciteggpacitance
C as a new binding variable. This, among others, identifies

the following abstraction:
U =f(C,RUgyet),

where
U = voltage(variable-effeck

U, = emf
e=exp=2712...

d

Fig. 8. Capacitance—basic schematic.
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| =f(U,R), (6)

where
U = voltage(variable-cause

R = resistance
| = electrical currentvariable-effect

with a quantitative equatiotd = RI. Chaining according to
the algorithm is completed because the binding variabbe;
tric current |, is one of the base variables. A partial concep-
tual design chain is obtaindé&igure 11. Qualitatively, the
chain can be described as follows: firessureof the shock
wave affects theeformatiorof the elastic element, the mem-

Fig. 10. Ohm’s law—basic schematic.
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"}

p

Fig. 13. Liquid in an open container—basic schematic.

g = acceleration of gravity

h = fluid level (variable-cause

Fig. 11. Conceptual design chain for a capacitor microphone. with a quantitative equatiorp = pgh. According to the
algorithm, chaining could now be completed sirfbed
level hbelongs to the set of geometric variables. However,
since we are interested in which relations can be identified

brane; this, in turn, affectgoltageon the capacitor. Capac- py pressure pthe algorithm is used again with hydrostatic
itor microphones operate on this princigleigure 12. pressure pas the initial binding variable, with which the

At present, the transition from basic schemati€$3-  following abstraction, among others, can be identifisele
ure 11, right sidgto capacitor microphone schemati€sg-  also Figure 1%

ure 8§ must be performed by the user. Formalization of this

transition is the next step that must be taken in the devel- F=1f(pA), (8)
opment of the conceptual design model. Special attention

must be paid to the overlapping of functions—it can be seemvhere

in Figure 12 that the membrane functions simultaneously as g — force (variable-effect

one of the capacitor’s plates.
p = pressurdvariable-cause

3.2. Container A = characteristic area

Letusi . tainer f inwater in which th ; with a quantitative equatiort = pA. Chaining is now con-
el usimagine a container for rainwater in which thé Watery o 4 with the binding variabléorce F, because neither
level may not exceed a certain limitVater level hin the

tai Id b q itable initial bindi . force Fnor pressure fbelong to the sets of base, geometri-
container could be used as a suitable initial binding Valrl'cal, or material variables. This, among others, identifies the
able, and this is used to find the following abstractisae

. following relation(see also Figure 15
also Figure 13 9 ( g 3

F=f(xk), (9)
p="f(hgp), )

where

where F = force (variable-cause

= hydrostatic pressurgzariable-effec
P y P e . k = spring constant
p = density of fluid x = displacementvariable-effect
with a quantitative equatior = —kx. With this relation,
chaining can be completed, becaudisplacement >oe-

o |
— Tz P

F

Fig. 12. Schematic of a capacitor microphone. Fig. 14. Definition of pressure—basic schematic.
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p

Fig. 15. Spring—basic schematic. /E\
F
X

Fig. 17. Schematic of container.

longs to the set of geometrical variables; the technical sys-
tem represented by the chaifrigure 16 is shown in

Figure 17. . . _ _ 4. IMPLEMENTATION OF A COMPUTER-
The conceptual design chain can be described qualita- AIDED SYSTEM EOR THE CONCEPTUAL

tively as follows: thefluid level affects hydrostatic pres- DESIGN OF TECHNICAL SYSTEMS BASED
surg and, this in turn, affects sprindisplacementwhich ON PHYSICAL LAWS

enables the outflow of excessive amounts of water.
This section presents an implementation of a computer-
aided system for conceptual design based on physical laws.
3.3. Summary of presentation of the conceptual Primarily, the writing of relations and the results of use of
design model with examples the prototype will be presented. The advantage of a com-
puterized version of a conceptual design model lies mainly

This section presents two examples of reconstructed €Oy, he speeds of chaining and accessing available relations
ceptual design of existing technical systefascondenser \nich will be recorded in the relation databagiee proto-

microphone, and conceptual design of a physically possi-yne contains only a few relations, simply to illustrate the

ble technical sys_ter(a containex. . . functioning of the algorithm and the results obtained with
The used physical laws are summarized from various textys ysg. Chaining itself is not difficult; it can be performed

books of university physicéSchubert, 1982; Shive & We- equally well by hand.

ber, 1984; Kladn|I§, 1985; G,'anCOI" 198,8' 1998 The conceptual design method according to the algo-
The mathematical equations used in the examples argm ang a schematic presentation of how the conceptual

quantitative, but it must be emphasised that, for conceptugjegign chain is created immediately lead us to the use of

design itself, only participating physical variables, materialyceq in the presentation of the search space, and searching

constants, geometrical parameters, and fundamental colig 4 method for the creation of conceptual design chains. If

stants are necessary and are sufficient. Such method of wrifs o AHP method is not use@.g., when searching for all

ing physical laws is useful for a prototype of computer- 5,nqpriate conceptual design chains and not only the most

aided conceptual design. appropriate on@sthis is a blind search. If the AHP method

In the examples presented, physical laws are accompgs sed to evaluate the functional suitability of relations, the

nied by basic schematics, that is, primitive technical syS¢oarch method is heuristithe domain-specific informa-

tems that are the basis for.the deg'igned technical systemgy, is acquired by mutual pairwise comparisons of the ap-
Only those conceptual design chaifs., generated paths 4 priate physical laws with respect to design requirements,
are stated that are actually used in technical systems reCohich is one of the characteristics of the AHP meth@thv-
structed according to the algorithm. bi & Duhovnik, 1996, 1998 It is, however, true that the
user will also intervene, since the AHP method requires the
designer’s participation. The search space can be generated
dynamically; physical laws are present afatcording to

the algorithm the rules for their binding into a conceptual
design chain are available. The solution is the generated con-
ceptual design chain of a technical system.

We used the PROLOG computer language, which was
also employed to make our first model of conceptual de-
sign in 1992(Bratko, 1991; Duhovnik & Avbi, 1992; Avbi
& Duhovnik, 1995, 200D Many predicates are taken from
Filipic (1988. One reason for its selection is simple ma-
nipulation with symbols, which is characteristic of the re-
alized design model. We could also have used another
language, because the coding of the algorithm is not
Fig. 16. Conceptual chain of container. difficult.
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4.1. Writing relations the pointer to the basic schematics addpendix2 , quan-
titative recording of a relation.

This subsection first presents a general way of writing re- | et us examine the form of a relation for the amount of

lations that form one of the crucial parts of the conceptuaheat input necessary to heat a material:

design model. Concrete relations that were used in our ex-

amples are also recorded. Q = mCAT, (10
Let us now briefly repeat what a record of relations must

include: in general, a record of physical variables, materialvhere

constants, geometrical parameters, and fundamental con- Q = heat(variable-cause

stants that define a physical la@nd here our concept of a

physical law should not be forgottehe record must also m = mass of element

include information about whether an individual variable is ¢ = specific heat

a cause or an effect. Since it was planned in the algorithm ) )

that chaining can be completed when the first or the second AT = change in temperatui@ariable-effect

or both variables in the current relation belong to the sets o vector(

geometrical, material, or base variables, the record must also specific_heat,

contain this information. L
[heat, no, no, unknown],

[change_temperature, od, od, known],

4.1.1. General record with an example [mass, irel, irel, known],
Lo . . . . [specific_heat, irel, irel, known]
The description of relations is performed using attribute 1.
vectors—a formalism that was already used in creating the [schematics_spec_heat, 'Q=mC*DTY).
first model. In the above relation, heat, and change in temperature,

change_temperature, are treated as cause-no and effect-od.
Temperature, as the base variable, is known, as is mass.
Physical_law, Specific_heat is a material property and the status of its

[ knowledge is known.
[Parameter_1, Index_1, Index_2, Status],

[Parameter_2, Index_1, Index_2, Status],

[Parameter_n, Index_1, Index_2, Status], 4.2. Chaining

T
attr_vector(

kppendixl Appendi2) The coding of an algorithrsee Section 2.1is straightfor-

y ' ' ward and the code itself contains no optimization tricks. Let
us, therefore, examine a few results obtained with the

Parameter_n represents the names of variables, forprototype.
example, pressure, temperature, force, ktdex_1 and The database of physical laws contains 30 physical laws.
Index_2 can be designatedo (cause-independentod The figures below show what and how many conceptual de-
(effect-dependentor irel  (when causality is not rele- sign chains can be generated using the prototype for tem-
vany. According to their statusStatus , variables can be peratureT, pressurg, and voltagdJ as the input variables
designated aknown or unknown , depending on whether (Figures 18-2hb
they are geometrical, material, base variables, constants, It should be emphasized that the above results were ob-
or variables. The additioppendix1 , currently contains tained without the use of the AHP method, because we

File: temp.dat
Variable:
Input (root node): temperature
Type: cause
Output (leaf node): any
Type of generation: all solutions
Results-form:
No. No. of physical laws Chain Output variable
1: (1) -> spec_resistance (sp_resistance)
2: (1) -> heat_expansion (length)

No. of chains: 2

Fig. 18. An example of generated chains temperature T-causas an input variable generated by the prototype.
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1 The method used belongs to the group of search meth-
o he _ods. The sol_utloné.e., conceptu_al design cha)raare_ pa_ths
in the tree; if the AHP method is used, the solution is one
path in the tree. Since the AHP method is used to continue
2 3 chaining by determining the most appropriate succe@sor
this case a physical lawit can be grouped among heuristic
Fig. 19_. Illustrat'ion of conceptual c_iesign chains ﬂmmper;ture Jcause  gearch methods. It is emphasised here that our method al-
ﬁg;?i;ggfs‘i’;:'ab'e' 1-3: generation of nodes; spee_resistancéie— \\avs finds a solution, if it exists, since it could happen that
the chain cannot yet be completed according to the algo-
rithm, but the search space would offer no available rela-
tion that would fit the last binding variable. The method
belongs to the group of deterministic methods, since iden-
wanted to generate all of the appropriéte., all those which tical results are obtained for the same input data. This is
can transform an input variable into an output variabtn-  obvious, since, for example, a random number generator is
ceptual design chains for technical systeffiem a data- not used anywhere in the process. The method is also satis-
base of 30 physical lawsnd not only the most appropriate ficing, because it always finds a good solutidfigures 24
ones. The most appropriate conceptual design chains aind 25, which is achieved by local use of the AHP method
those which are assessed as such with the AHP method, witimeaning that only last relations in a chain are compared
respect to the design criteria. and not the entire set of relations in a chaili the AHP
method is excluded, it can be said that this method is ex-
haustive, because it visits the entire search s@@@hys-
ical laws in the prototype such method finds all possible
solutions(Figures 18—-28 Each method which is exhaus-
This prototype’s purpose is to show results of algorithm usdive is also completé€Stefik, 19935.
(Figures 18-2pand an example of writing physical laws.  The used method is monotone in the decision syiaeg
It is one of several possible ways of recording relations. Itthe multitude of appropriate physical laws that are identi-
is not our current intention to produce software that wouldfied by the binding variable; which of them is selected to
optimally use processor time and memory and be immedieontinue chaining is determined with the AHP methdmk-
ately commercially applicable. cause revising a decision is not performed. After a relation
The prototype does not present a quantitative record ofvhich will be used to continue chaining is selected, one can
physical laws, since it has been pointed out several timeso longer change this decision and continue chaining with a
that this is not a required condition for chaining itself, nor new relation. However, experience has shown that use of
for the conceptual design of technical systems. the AHP method in assessing the appropriateness of rela-

4.3. Evaluation of the prototype of computer-aided
conceptual design of technical systems

File: press.dat
Variable:
Input (root node): pressure
Type: cause
Output (leaf node): any
Type of generation: all solutions
Results-form:

No. No. of physical laws Chain Output variable
1: (1) -> adiabatic_change (density)
2: (1) -> membrane_w (length)
3: (3) -> piezo_mech_el -> el_field -> piezo_el_mech (length)
4: (1) -> hydro_pressure (length)
5: (2) -> def_pressure -> hooke_law (length)
6: (3) -> def_pressure -> static_friction -> hooke_law
(length)
7: (3) -> def_pressure -> static_friction -> spring_x (length)
8: (2) -> def_pressure -> spring_x (length)

No. of chains: 8

Fig. 20. An example of generated chains faressure pcause as an input variable generated by the prototype.
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the participating physical variables, material and geomet-
rical parameters, and fundamental constants suffice—
abstractions of physical laws suffice. The potential for an
expansion of the basic source of conceptual design is also
hidden in material constani$or example, the discovery
and description of piezo effect opened new possibilities in
conceptual designsince they themselves can also depend
on physical variables. The same applies to various approx-
imations or idealizations. In the future, the study of these
facts could strongly increase the basic source of concep-
tual design of new technical systems. In the presented con-
ceptual design model, this source is accessible. Simultaneous
treatment of different sources of conceptual design de-
scribed with relations makes possible a greater availability
of relations useful for designing, and, therefore, a greater

number of innovative combinations achieved through
Fig. 21. lllustration of conceptual design chains foressure pcause as  chaining.

8 12 13

the input variable. 1-13: generation of nodes; pressure p—density The above information should also be transferred into soft-
I—length U—voltage h—height F—force, E—electricfield N—normal 46 19 exploit advantages of our approach. In producing
force ac—adiabatic_changem—membrane_wpm—piezo_mech_eéf— ided | desi Is b d hvsical
el_field pe—piezo_el_mecthp—hydro_pressuredp—def_pressurgho— computer-a_u e COH_CGptua esign _tOOS ased onp ysg:a
hooke_law sf—static_ friction sp—spring laws, special attention must be paid to symbols for vari-

ables that appear in relations, because different designa-
tions for the same variables prevent their accessibility.

In the future, it will probably be necessary to find a suit-
tions is sufficiently good for the selected relations in theable method for the extraction of initial binding variables
conceptual design chain to fulfil the design requirementsrom the functions of technical systems we desire to design.
expressed by the design engineer, by determining the crited poor selection of the initial binding variable could cause
ria for selection and by pairwise comparisons of criteria ancan inability to design a technically feasible system, which
appropriate relations with regard to individual criteria. would become evident during the evaluation of the appro-

priateness of the corresponding physical laws. Currently,
5 CONCLUSION those initi:_al binding variables are _used that the c_iesign en-
gineer believes to be characteristic for the function of the
The model based on the algorithm as such is subject to thieiture technical system.
constant risk of rejection if it fails to reconstruct an existing The idea of causality is used beneficially in the supple-
technical system. Such a case was not encountered durimgent to the algorithm, namely in the description of rela-
testing of the model. It must again be emphasized that thisons and chaining itself. Intuitively, one feels that such a
refers to conceptual design that uses physical laws as gualitative causal explanation of relations is appropriate.
source. However, from the viewpoint of theory of science, one can-
According to the algorithm, a quantitative record of phys-not speak of true causality in the case of functional inter-
ical laws is not required for conceptual design, becauselependence of several variables. This is because it is not a

File: volt.dat
Variable:
Input (root node): voltage
Type: cause
Output (leaf node): any
Type of generation: all solutions
Results-form:
No. No. of physical laws Chain Output variable

No. of chains: 1

Fig. 22. An example of a generated chain fasltage U-causeas an input variable generated by the prototype.
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1 The essential material contribution of the presented model
is the use of known physical laws and not only those that
e are materialized through the available components of indi-
vidual domains. This undoubtedly increases the possibili-
pe ties for the conceptual design of innovative technical systems,
since in the extreme case it is possible to design a technical
3 system that will require first the development of all its com-
ponents(the basic schematics are given by the mpdel
Fig. 23. lllustration of conceptual design chains fooltage Ucause as  tha |ast detail, and then the design of the manufacturing tech-
the input variable. 1-3jeneration of noded)—voltage E—electric field .
I—length ef—el._field pe—piezo_el_mech nology fo'r them and their manufacture. o
If physical laws extracted from already existing compo-
nents are used, innovations are limited to only various com-
binations of the existing components. A further shortcoming
case of their succession in time; rather, it is that of parallelis the problem of extracting physical laws that are materi-
ism (Ule, 1992. For example, for relatiopV = constant alized in the available components: for example, in a pol-
one cannot say that a change in volume is the céuse-  ished metal pipe the law of continuityhich is “standard”
sequenceof a change in pressutélle, 1992. If the idea of  for a pipe is materialized, but so are Ohm'’s law, the law of
causality was not used, it would be possible to design techheat conductivity, the law of reflection, etc., which are not
nical systems that could not be interpreted correctly. Thesebvious at first glance. Each physical law that is not ex-
would constitute a subgroup of the multitude of all de-tracted from an individual component thus limits the pos-
signed technical systems. sibilities of designing innovative technical systems. The
Our initial experience has shown that the selection of ini-available components also do not include “natural” ones,
tial binding variables, the size of the set of physical laws,such as, for example, a drop of liquid, fluid level, air com-
and assigning of causality to individual variables are of crupression, light beam, etc., which additionally limits the con-
cial importance for the applicability of the conceptual de-ceptual design of innovative technical systems.
sign model. In addition, the correct designation of physical In brief: the essential advantage of our model originates
variables, material constants, and geometrical variables dfom the use of known physical lawi fact their abstrac-
the same type is essential to the operation of a computetions) and complementary basic schematitisese repre-
aided conceptual design tool. sent the schematics of componenis which individual
At present, the transition from the basic schemaiécg.,  physical laws are materialized. In this manner, the basic sche-
for a capacitor microphone, Figures 7, 8, 9, and ttDa  matics include “natural,” technologically available and also
schematic of a technical systefe.g., for a capacitor unavailable components.
microphone, Figure 14s done by the user. The formaliza- What is the value of the model presented for designers of
tion of the transition is the next step in the developmenttechnical systems? It guides them directly into the use of
of a conceptual design model, as is the use of formalizaphysical laws, relieving them from considering adaptations
tion in generating detailed geometry and topology. of the existing solutions or composition of solutions from
Relations, therefore, contain all the conceptual desigrihe existing components. In addition, it provides focused
sources for new products or their improvements. It must beéccess to one of the sources of conceptual degigiuding
emphasized that this refers to the sources of technical imnnovations derived from physical layysbecause design
provement, which is not necessarily interesting for theengineers meet “new” physical laws, and through chaining
market. they can discover new combinations of laws already known

File: press_ahp.dat
Variable:
Input (root node): pressure
Type: cause
Output (leaf node): any
Type of generation: AHP use
Results-form:
No. No. of physical laws Chain Output variable

7: (3) -> def_pressure -> static_friction -> spring_x (length)

Fig. 24. An example of generated chain fpressure p-causas an input variable generated by the prototgetained with the use
of the AHP methogl
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