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Abstract. The paper describes a fonnal methodology for defining and assessing product 
perfonnance and its implementation in a prototype computer system. The methodology 
is based on high level abstract descriptions of the operations conducted within the design 
process. It is consequently extremely generic and succeeds in fonnally bridging the gap 
between physical product performance and actual end-user requirements. The 
methodology is based on defining product attributes as observable behaviour of the 
product in use. Defining an attribute in this way inherently reflects its required 
interaction with the end-user and consequently can truly be said to be in "end-user 
tenns". A product will have a range of attributes and a perfonnance indicator is found by 
combining them in a way that reflects their relative importance to the end-user. At the 
conceptual stage of the design process, however, the actual product does not exist, only 
some representation of it. To assess products at this stage requires a model or simulation 
of its attributes. This methodology has been implemented in a prototype Computer 
Aided Design Evaluation Tool (CADET) and tested with an existing product range. An 
example of which is presented within the paper. 

1. Introduction 

Human beings have always designed things. One of the most elementary 
traits of human beings is that they make a wide range of artifacts and tools to 
suit their own needs. As those needs alter, and as artifact users' reflect on the 
currently-available artifacts, so refinements are made to the artifacts, and 
completely new kinds of artifacts and tools are created and manufactured 
(Cross, 1994). 

In the past twenty years or so there has been a significant cultural change 
towards manufactured goods in that product designers and manufacturers 
have passed through the period in which it was a challenge to manufacture 
an artifact to one in which the challenge is to 'Design and Manufacture' a 
product that satisfies user needs, wants or desires (JIDPO, 1990). 

Today the quality of many products reaches such a high standard that it 
becomes very difficult to evaluate their intra-quality differences. Product 
users' judge manufactured goods not on a good-bad criterion, but on like-
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dislike preferences. For example Akita (1991), suggests that beauty and 
user-friendliness is more important than the sense of high technology within 
high-tech products, such as cameras, personal computers, and audio-visual 
equipment etc. Indeed Sipek (1993), goes as far to state that product 
designers have forgotten that their designed artifacts are made for people to 
use. 

Potential users range widely, from the very young to the very old, men to 
women, healthy people to hospital patients, amateurs to professionals and so 
on. Therefore equipment should be designed to be adaptable, or in some 
cases specific to different peoples needs, in the most satisfying and efficient 
way for their personal use. This poses a new set of challenges for the 
designer in that a design proposal has to be evaluated at the concept stage of 
the design process, prior to detailed design, when s/he does not have a 
physical artifact, and no definite knowledge of how the market will respond 
to it, but simply a representation of it, for example; a design drawing or a 3-
D prototype model. 

This challenge presents a new requirement to the work of design in that 
there is a need to create a methodology to evaluate designs more accurately 
and earlier in the design process (conceptual stage) that ideally has some 
universal characteristics. It is unlikely that there is a first law of design 
analogous to the first law of thermodynamics, but nonetheless there is a need 
for a procedure with a quantifiable result to guide the designer towards his 
goal of satisfying the needs, wants or desires of the user. 

The paper presents a review of current progress in a research project, 
which is based on the work of Alexander (1964), in particular, who sought to 
introduce a generic methodology which could satisfy the needs of designers 
to describe and evaluate their designs. These basic ideas have been 
developed into a comprehensive methodology which has been instantiated 
into a framework for a Computer Aided Design Evaluation Tool (CADET), 
described further in Rodgers et al. (1993) and Rodgers et al. (1994). 

Many authors including Ulrich and Seering (1988), Miles and Moore 
(1989), and Hollins and Pugh (1990) highlight the neglect of research 
activity into the early stages of product design and manufacture, for example 
the concept design evaluation stage. They suggest that this may be because 
concept design evaluation is generally SUbjective in nature, relying heavily 
on the knowledge, intuition and experience of designers and engineers and 
therefore does not readily lend itself to formal expression. 

Cross (1994), suggests that although there may be many different models 
of the design process, they all have one thing in common - the need to 
improve on traditional methods of working in design. There are several 
reasons for this interest in developing new design methodologies, strategies 
and procedures, including for example: 
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1. The fact that design problems designers· have to solve nowadays has 
become extremely complex, for example industrial and plant 
machinery. Demands concerning materials and manufacturing 
processes' information, for example, is now so vast that it is well 
beyond the grasp of the individual designer to keep up to date. 

2. Costs and investments involved in design projects are now so great, 
for example in setting-up of plant and machinery, purchase of raw 
materials, etc. that there are now greater pressures on the designer or 
design team to get it right first time before the project goes into 
production. Table 1 illustrates the costs involved throughout the 
various stages of the design of a new product. 

Table 1: Costs involved in New Product Design (Hollins and Pugh, 1990). 

Market research 
Product design specification 
Concept design 
Detail design 
Manufacturing 
Selling 

6.9% 
5.5% 
12% 
17.5% 
45.7% 
12.5% 

3. The fact that the needs of end-users are perceived as having far more 
relevance nowadays, subsequently adding to the demands placed on 
designers (Heskett, 1992). 

2. Alexander's Design Model 

The presented method of product performance assessment is based on a 
formal model of the design process developed from that of Alexander 
(1964). Alexander developed his methodology in an attempt to help 
designers solve increasingly complex problems. Alexander highlighted the 
fact that the information required to solve even the simplest design problem 
is well beyond the limits of the individual designer. In an attempt to rectify 
this shortcoming designers tend more and more nowadays to. rely on their 
intuition, personal experiences, gut-feeling and limited knowledge when 
making decisions throughout the various stages of product design. For 
example choosing materials, deciding product finishes, manufacturing 
methods to be utilised and so on. Alexander's main argument is that by 
relying on judgment and intuition alone, what is at best vague, but more 
often wholly inadequate. He asserts that by adopting logical structures to the 
process of design, this will result in making clear or explicit what is exactly 
involved or required in the design process. 
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Alexander's design model is based on reducing the gap that exists 
between the designer and the user. The core of Alexander's approach is a 
formal description and representation of the design problem. The work 
presented here acknowledges the critiques that have been made of 
Alexander's work, by, for example, Lawson (1990). Lawson suggests that 
Alexander's work leads to a "rather mechanistic view" of design problems 
and illustrates this by pointing out two notions that are now commonly 
rejected: 

1. That there exists an exhaustive set of requirements which can be 
listed at the start of the design process. 

2. The listed requirements are all of equal value. 
The work presented here directly addresses the second cntlclsm of 

Alexander's method, specifically his listing of requirements being of equal 
value. It is fairly obvious that certain requirements of products are more 
important than others. This work incorporates this view by weighting the 
requirements and combining them, in tum, to give an overall measure of the 
product's performance. 

In particular, this work is only utilising Alexander's analysis of the 
process, it is not utilising his suggested method of solution. The design 
model reported here is also extended to deal explicitly with mass produced 
manufactured items rather than 'one off' constructed items of architecture. 

The design model utilises operators and entities to describe what are 
believed to be the fundamental actions and their objects respectively. 
Although the associated diagrams give the appearance of a procedural or 
flowchart model, they are not. They are intended to illustrate the abstract 
functional relationships between the various operators!. 

2.1. UNSELFCONSCIOUS PROCESS 

The ultimate objective of design is form. Every design problem commences 
with an attempt to attain 'fitness' between the two entities of: (i) the form, 
and (ii) its context. The form is the solution to the design problem; the 
context determines the design problem. Usually, in product design the actual 
goal for the designer is not the form alone, but the ensemble comprising the 
form and its context. 'Good fit' is a required characteristic of the ensemble. 
For example a kettle (form) should be able to rest safely on a work-surface 
(context) within a kitchen (ensemble) (Alexander, 1964: 15). 

Alexander (1964: 48) describes the unselfconscious process as a type of 
built-in fixity-types of myth, tradition and taboo which oppose strong 
modification. Creators of form will only introduce modification under 

1 An abstract function defines the relationship between two sets independent of the actual set 
membership (Blyth 1975). 
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sound compulsion where there are strong and obvious errors ("misfits") 
within the existing forms which demand correction. 

In the unse1fconscious process the designer operates directly on an actual 
form within its actual context. Determining the fit of form in context is by 
direct observation of the ensemble and in the absence of fit the design 
process determines actions to eliminate the misfits. An example of the 
unselfconscious process is the bespoke tailor fitting a suit to a client. The 
designer (bespoke tailor) will observe misfits in the ensemble of form (suit) 
and context (client) and make changes such as letting in or taking out seams. 
Formally the process is illustrated in Figure 1. 

Actual World 

Actual _I Combining Form tA waIF Manufacturing 

Context & Context C F 1 onn Plant & Tools 

CI ~ IEI..-Coml (FI,CI)I FI..- Man (8) 

Actual Ensemble ~ t ~lgnal 
(Preferred Situadon) 

EI 

I I Actuation I Obre~ation of fue I 8'- Act (I) Ensemble 

MIE- Obsl (EI) 

Actual Measure of L 
Actions to 
Implement 
Decisions 

~~~fe~i~ii~:~~n 
I 

Fit I f- Invl (MI) 
MI 

Figure 1. The unselfconscious process. 

The nature of this abstract approach is that the work is not, at this stage, 
defining the content of entities or operators,- but only the functional 
relationships between them. Figure 1 is explicitly not intended as a flowchart 
representation of the design process. 

Actual Form Fl and actual context Cl are (real) entities combined by the 
operator Coml to create the ensemble entity El. The designer observes the 
ensemble by operator 0 bs 1 to determine the misfit entities M 1. The 
designer then applies some cognitive process described by the operator Invl 
to determine the entity I of actions to be taken to eliminate the misfits. These 
actions are realised in the ensemble by actual tools or plant. 

The actions are information in the memory of the designer which have to 
be converted into real physical events. This is done by a process of actuation 
described by the operator Act which converts information into power 
denoted by the entity S. The entity S has both physical and informational 
significance in that it must be sufficient to cause an effect but controlled to 
produce the correct effect. For example the operator Act may describe an 
actuator such as a servo motor which (via other hardware) drives a machine 
tool from instructions I in the form of a part program. The output from the 
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servo motor must supply sufficient power to cut material but with sufficient 
accuracy to cut it in the way required. The effect of S in producing a new 
form Fl depends on the actual machinery it connects to which is in turn 
described by the operator Man. These operators are intended to be complete 
and generic describing all processes required to generate the new form Fl. 

A more realistic model may be to describe Man as a differential operator, 
i.e. causing a change to an existing actual form rather than generating a 
completely new form. The given definition is used in the interests of 
simplicity later. 

In the unselfconscious process actuation Act is predominately performed 
by the human mind in determining how tools should be operated or utilised. 
The unselfconscious designer need not be able to invent forms at all just 
respond to misfits (Alexander, 1964: 58). Most importantly the iterative 
modification of form to fit context occurs physically and is defined by the 
actual experience and satisfaction of the designer. Although an apparently 
obscure name the "Unselfconscious Process" is particularly apt. The 
designer is conscious of the form in context and responds directly to direct 
experience of the ensemble without consciously considering the change in 
form required to eliminate the misfit. 

The observations made by the designer are determined by the physical 
configuration of the ensemble, which may be inorganic or organic, and the 
physical, social, cultural, and/or economic laws that apply to the 
configuration. Whilst the unselfconscious designer need have only intuitive 
knowledge of them, since he deals directly with the consequences, it will be 
seen later that they must be codified to produce rationalised predictions. 

The unselfconscious approach is clearly unsuitable for industrially mass
produced goods for the reasons cited by Jones (1980): 

1. Specifying dimensions (form) in advance of manufacture makes it 
possible to split up the production work into separate pieces which 
can be made by different people. This is the 'division of labour' 
which is both the strength and the weakness of industrial society. 

2. Initially this advantage of defining before making made possible the 
planning of things that were too big for a single craftsman to make 
on his own, for example, large ships and buildings. Only when 
critical dimensions have been fixed in advance can the works of 
many craftsmen be made to fit together. 

3. The division of labour made possible by scale drawings can be used 
not only to increase the size of products but also to increase their rate 
of production. A product which a single craftsmen would take several 
days to make is split up into smaller standardised components that 
can be made simultaneously in hours or minutes by repetitive hand 
labour or by machine. 
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2.2. THE SELFCONSCIOUS PROCESS 

The method of form creation in the selfconscious process is very different 
from that in the unselfconscious process. Modifications are no longer made 
upon observation of error or misfit. They are, however, only made after a 
process of recognition and description by the specialist involved (Alexander, 
1964: 55). 

In the selfconscious process (Figure 2) the designer has become removed 
and is remote from the user of the product and the final physical product 
itself. Instead of being able to directly observe the ensemble, the designer 
investigates, explores and researches the actual context Cl and constructs a 
mental picture of it C2. This process is described by the operator Exp. 

Actu<li World 

Cl---t.~IElt-coml (Fl.C1l l04 Fl 

"! 
Fl ~ Man (S) 

s ~ Act (I) 

Complete 
Representation 
of Form (e.g. 
BS 308 
Drawing) 
F2 

Figure 2. The selfconscious process. 

Instead of working on the actual form the designer must work with a 
description or representation of it, F2, and through the operator Com2 
combine the form and context to make a mental picture of the ensemble E2. 
From this mental picture of the ensemble the designer attempts to estimate 
potential misfits M2. This process is described by the operator Obs2. In the 



144 PAUL RODGERS, ALISTAIR PATTERSON AND DEREK WILSON 

same way as in the unselfconscious process the designer makes intuitive 
judgments, but this time on modifications to the form rather than actual 
actions to be taken. This process is described by the operator Inv2. 

The process of inventing a form and physically realising it are separate. 
As Dormer (1993) indicates designers do not manufacture things. They 
think, they analyse, they may model or draw, and they specify. The most 
important distinction between the unselfconscious designer and the 
selfconscious designer is that the latter must define in detail complete and 
unambiguous descriptions of the shape, size, materials, and material finishes 
of the form prior to manufacture. Although designers may take 
manufacturing considerations into account there are further operations of 
manufacturing planning PIa, which determines the instructions I that will 
physically realise the form represented by F2, for example a BS 308 
drawing (Parker, 1984). 

The process of determining fit is a mental simulation of the observations 
the unselfconscious designer uses to determine his actions. Whilst the 
unselfconscious designer is dealing with reality the selfconscious designer is 
attempting to mentally predict a future reality. 

Representation of Form 
In the unselfconscious process the designer works directly with the physical 
form. In the selfconscious process he works on some representation of it. 
The representation is a complete definition of the shape, material and finish 
that the form will consist of2. When the actual form is realised measurements 
taken from it should correspond exactly to the measurements in the 
representation. 

The representation of the form does not define a unique physical form. 
Because of inevitable tolerancing and measurement errors it defines a class 
of admissible actual physical forms and the actual form realised from it must 
be within that class. 

Misfits within the Mental Picture 
In the selfconscious process misfits are determined in part intuitively or by 
intuitively designed tests. In practice the selfconscious designer may well go 
through a process similar to that of the unselfconscious designer. In the 
example of the "off-the-peg" suit, the designer may well go through the 
same process of a series of successive changes or "fittings" with respect to 

2 The representation may contain symbolic descriptions of standard components, e.g. 
(electrical or electronic) but these will always be supported by shape and material 
representations elsewhere. 



A FORMAL METHOD FOR ASSESSING PRODUCT PERFORMANCE 145 

the standard mannequin as the bespoke tailor does with a client. However, 
unlike the bespoke tailor the result of identifying and eliminating misfits is 
not within the actual suit, but it is the cutting patterns representing the typical 
form of the suit. Although apparently identical the "off-the-peg" designer 
is undergoing a process of testing whilst the bespoke tailor is going through 
a process of production. 

Difficulties with the Self conscious Process 
The operations defined within the selfconscious process are still 
predominately intuitive and imaginative. The designer uses drawings and 
diagrams to support the mental picture in his mind, however in that picture 
the decisions of fit of the proposed form within it are not clear. As stated 
initially, although the invention of form may well be intuitive, imaginative 
and not completely understood there is no reason why the fit of form with 
context should not be rationalised in an attempt to maintain the designer's 
intent. Alexander (1964: 77) addresses this problem by creating a formal 
picture of the mental picture by abstracting and defining its necessary 
features in formal terms. The fit of form with context can be formally 
defined in terms of the formal picture. 

2.3. FORMAL PROCESS 

Alexander asserts that within the selfconscious process the designer works 
entirely from the mental picture in his mind, and this picture is almost always 
wrong. He suggests eradicating this problem by constructing a formal 
picture of the design problem. This formal picture can then be scrutinised in 
a way not subject to the bias of language and experience (Alexander, 1964: 
78). The formal picture is not intended to eliminate the intuitive and 
imaginative components of the design process, but to make it visible, 
discussable, open to criticism and make the designer accountable (Lawson, 
1990). 

Alexander defines the formal picture in terms of the observations of the 
form in context which could cause a misfit (Figure 3). The observations are 
called misfit variables which are either true or false. Alexander requires the 
selfconscious designer to state the criteria of the intuitive judgment of fit 
from the mental picture. Overall fit is the conjunction of the misfit variables. 
In the formal process the designer constructs a formal picture of the context 
C3 from the mental picture of the context C2. This process is described here 
by the operator For. The designer combines the formal picture of form F3 
and context C3 to produce the formal picture of the ensemble E3. This 
process is described here by the operator Com3. The measure or quality of 
fit M3 is then determined through predicted observations of the ensemble 
E3. This process is described here by the operator Obs3. Synthesis of a new 
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form F3 is created in response to the predicted measure of fit or misfit M3. 
This process is described here by the operator I n v 3. The concept 
representation of the form F3 (e.g. drawing, annotated sketch, etc .) is then 
subject to a process of embodying the concept and adding greater detail 
which results in a complete and unambiguous description of the form F 2 
(e.g. BS 308 Drawings). The procedure from concept of form (F3) to 
detailed description of form (F2) generally follows along the following 
lines, (French, 1985): 

1 . Conceptual design 
2. Embodiment design 
3. Detail design 

This process is described here by the operator Emb. 

AcltUlI \Vorld 

c l--...... ~~I EI~oml (FI.col ~ f'l 

"! 

L Formalised Observation 
Formal of Ihe Eru;emble 

EllSCm~; 1\13 (- Ob.3 (E.~ ) 

FI ~M.n (S) 

S ~ACI ( I ) 

I ~ Pia (1'2 ) 

1'2 

Coile-Crill 
'----; Rcprcscntalinn 

(e.g. alll'lOl;)lCd 
.,kelch) 
F3 

F3 ~ Inv3 (M3) 

Figure 3. Formal picture of the mental picture. 



A FORMAL METHOD FOR ASSESSING PRODUCT PERFORMANCE 147 

Determining the formal measure of fit M3 within the formal picture (Figure 
3) is the process of product performance assessment at the conceptual stage 
of the design process. 

2.4~ ATTRIBUTES AND ENSEMBLE 

Misfit Variable 
Alexander's formalisation of context is based on a set of Boolean variables. 
However this implies that each requirement is of equal importance, a notion 
now widely rejected by many authors including Lawson (1990). 

It is important to note that a misfit variable is defined as an observation 
that could be made of an actual ensemble. The paper will demonstrate later 
that the designer's problem at the conceptual stage of the design process is 
to predict this observation, since the actual ensemble does not exist. 

To enable requirements of differing importance to be defined the misfit 
variable is extended to an attribute variable which can take on a wider range 
of values appropriate to the observation. 

Attributes 
An attribute a is defined by the set of values it may take which is defined as 
its type A. 

A= {a: S (a)} 

where S is an open sentence defining inclusion within A (Blyth, 1975). 

ae A, 

with the constraint that A must be scalar and totally ordered. 
Misfit variables (Alexander, 1964), are special cases of attribute variables 
equivalent to an enumerated type: {false, true} 

The meaning or semantic of an attribute, for example 'consumes_fueC 
efficiently', is its method of observation from an actual ensemble. An 
attribute observation Oba is a function from an actual ensemble El to an 
attribute value A. 

Oba I El-7 A 

An attribute is the observation of an element of performance of an actual 
form Fl within an actual ensemble El, i.e. the product in use. For example, 
a performance element of a car could be that it should consume fuel 
efficiently. The attribute 'consumes_fueCefficiently', for example miles per 
gallon, could be directly measured under stated conditions. Another attribute 
such as 'looksjast' would have to take values from an enumerated set such 
as {slow, average, good, quick, fast} but ultimately could only be measured 
from the stated responses of individuals. 
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It is important that attributes are based on direct observation and do not 
implicitly contain theories about their causes. For example a suitcase may 
have an attribute 'comfortable_t03arry' which could be reasonably 
objectively defined and evaluated in terms of muscular discomfort. It should 
not however be defined in terms such as weight which implicitly reflect 
ergonomic theories of human capacity. Such considerations are clearly 
essential to the assessment but are not contained within definitions of 
attributes. 

In general attributes range from the objective to the subjective (Figure 4). 

OBJECTIVE SUBJECTIVE 

Quantifiable ... Measurable .•. Ergonomic ... Aesthetic .•. Emotional 

Figure 4. Attribute spectrum. 

Definition of the attributes formalises the designer's view of the significant 
requirements of the form in use. All the attributes A for a form is the 
product set of the n individual attribute types defined, 

A = A 1 X A2 X .... An. 

The elements of A are the n-tuples reflecting the evaluations of each 
attribute, 

a E A, a = <al,a2, .... an>. 

The corresponding n attribute observation functions are, 

Oba 1 ,Oba2,····Oban , 
and the single function which produces the attribute n-tuple is, 

Oba I El ~A 

a = <Obal (El), Oba2(El), .... Oban(El» 

The attribute variables define the relevant aspects of the product in use. 

2.5. FORM 

The detailed representation of form F 2 should be a complete and 
unambiguous representation of an actual form Fl. However due to the 
inevitable measurement and manufacturing errors, F2 in practice defines a 
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class of actual forms. F2 is in fact an inclusion condition for a class of 
admissible actual forms F. The usual practice is to treat measurement as 
perfect and incorporate measurement error within the range of permissible· 
actual forms. For example a component is measured and that measurement 
compared to a toleranced drawing. If the measurement is within tolerance 
then the component is, in that respect, within the class of admissible forms, 
otherwise it is not. It is not generally assumed that if a component is out of 
tolerance that it may still be within the class of admissible forms due to the 
measurement error. 

This leads to algebraic complications since the manufacturing operator 
Man would have to be defined as producing classes of admissible actual 
forms rather than a single actual form. Consequently tolerancing and 
measurement error will be ignored and it will be assumed that there is a 
unique actual form Fl associated with its representation F2. The relationship 
between Fl and F2 is defined by a measurement operator Mes, 

Mes.' Fl ~ F2. 

Similarly it will be assumed that a concept representation F3 is associated 
with a unique actual form Fl also related by the operator Mes, 

Mes' Fl ~ F3. 

This of course implies that the process of embodiment, detailing Emb, 
and manufacture Man are completely deterministic for a given concept. This 
is clearly not the case in practice but makes little difference to the problem 
of product performance assessment at the concept stage of the design 
process. 

2.6. PERFORMANCE 

To get a single performance evaluation of the form in context the individual 
attributes must be combined in a way that reflects their relative importance 
(Lera, 1981). The final measure of performance M3 is the formal picture of 
the actual performance Ml. The combination of attributes to find M3 is 
described by a combination function Cob which defines their relative 
importance. 

Cob'A~M3. 

This addresses Lawson's (1990) major criticism of Alexander (1964) of not 
accounting for the relative importance of the attributes. 

2.7. CONTEXT 

The formalisation of context is the combination function Cob. Notice that 
defining the combination function implicitly defines the attributes as well as 
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explicitly defining their relative importance. This definition is equivalent to 
Alexander's formalisation of context when all attributes are Boolean and 
their combination is conjunction. Notice again that the formalisation of 
context is defined in terms of observations that could be made of an actual 
ensemble. 

2.8. EVALUATION 

The definition of product performance is illustrated below (Figure 5). 

Entities 

Product Ensemble Attributes Performance 
Fl El a M3 

--I El f- Coml(Cl,Fl) H a f- Oba(El) H M3 f- Cob (a) ~ 
Placed in Context Observation Combination 

Operators 

Figure 5. Perfonnance assessment of an actual product. 

The assessment of an actual product in context is by implementation of the 
operators Oba, which evaluates the attributes and Cob, which combines them 
into a single performance assessment. However, at the conceptual stage of 
the design process there is no actual product. From Figure 3, M3 is predicted 
by the operator Com3(C3,)-Obs3. Consequently this operator is required to 
simulate Oba-Cob. 

3. Product Performance Assessment 

Definition of Assessment 
Product performance assessment at the conceptual stage was described as 
implementation of operators, 

Com3(C3,)-Obs3, 

on the concept representation of form F3 (see Figure 3). 
The product performance assessment method has two elements of: 

1. Problem Definition-definition of entity C3 by implementation of 
operator Exp-For 

2. Evaluation-implementation of operators Com3 and Obs3 on F3 to 
produce the measure of performance M3. 
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This work will start with the evaluation problem since the requirements of 
evaluation influence problem definition. 

At the concept stage, where there is no actual product, the operator Oba 
must be simulated to predict the performance M3. This requires prediction 
of each individual attribute to be combined by the operator Cob. The 
operator Oba is simulated using two further operators Ext and Mod to be 
described later. 

Concept 
Representation 

F3 

-~ 

Entities 

Characteristics 

ch 

ch f- Ext(F3) ~ a f- Mod(ch) 

Extraction Model 

Model of Product in Context 

Operators 

Attributes Performance 

a M3 

~ M3 f- Cobia) ~ 

Figure 6. Performance assessment at concept representation stage. 

3.1. ATTRIBUTE PREDICTION 

The prediction of objective attributes such as: 'consumesjuel_efficiently' is 
well defined, although in many cases may be mathematically difficult. The 
engineering sciences, for example thermodynamics, are predominately 
concerned with making these types of predictions, the results of which are 
embodied in available computer software, e.g. RASNA MECHANICA®. 

Theoretical models for predicting behaviour are based not of the 
complete form itself but on specific properties extracted from it. In many 
cases the same property will appear in more than one attribute. It is therefore 
convenient and expedient to decompose the operator Obs3 into a 
composition of a further operator of extraction Ext, a model Mod, and a new 
entity reflecting the extracted properties called characteristics Ch. 

Characteristics are inherent properties of any product, independent of the 
product's use, and can be determined purely from the representation. 
Product characteristic examples include mass, colour, material specifications, 
dimensional information (length, width, height, etc.). 

Characteristics have the same mathematical structure as attributes. A 
characteristic ch is defined by the set of values it may take which is defined 
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as its type Ch. 

Ch = {ch : S (ch)} 

where S is an open sentence defining inclusion within Ch (Blyth, 1975). 

ch E Ch, 

The characteristics of a form Ch are the product set of the n individual 
characteristic types defined for the form, 

Ch = Ch 1 X Ch2 X .... Chn. 

Consequently the elements of C h are the n-tuples reflecting the 
determination of each characteristic, 

ch E Ch, Ch = <ch Ioch2, .... chn>. 

The operator Ext is a function from form F3 to characteristics Ch. 

Ext I F3 ~ Ch 

and the model Mod a function from characteristics Ch to attributes A. 

Mod I Ch~A. 

3.2. ATTRIBUTE EVALUATION EXAMPLE 

The assessment method, developed within this work, is illustrated by the 
following example. The example will outline the assessment of a single 
attribute. 

3.3. TOOTHBRUSH 

In this example the concept representation F3 is an annotated sketch (Figure 
7). In this case the attribute is objective but less easy to define since one has 
had to use natural language to describe the observation rather than 
mathematical language representing specific observations. 

Attribute 

reaches_alI_teeth E {True, False} 

Method of Observation 

reaches_alI_teeth = filament ends contact with every tooth 
surface in the mouth". 

In this example natural language formulation has been used and is denoted 
within double quotation marks. 
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I \ 

Figure 7. Design sketch of toothbrush. 

Model 
The model is constructed from considerations of spatial occupancy of the 
toothbrush drawn from computer-generated three-dimensional models 
representing the access region in the mouth for a given brushing action 
drawn from expert knowledge (Walsh and Lamb, 1992/93). 

In this case the model was constructed empirically by using a plaster cast 
of teeth and estimates of cheek flexibility to determine the region Access 
(Figure 8). The sweep trajectory M is a conservative approximation to ideal 
brushing action determined from interviews from dentists (Walsh and Lamb, 
1993). The model is expressed as : 

reaches_all_teeth = (SWEEP(V,M) n* Access* = 0 ) 
where: V is the volume describing toothbrush spatial occupancy, 

M is the path it is to be moved along, 
SWEEP(V,M) denotes the SWIVEL 3DTM PROFESSIONAL operator 
for moving a volume V along a path M, 
Access* is the regularised complement of the mouth access volurae, 
n* denotes regularised set intersection 

and 0 the empty set. 
(i.e. The work requires the toothbrush to be fully contained within the Access 

volume for the tooth brushing action) 

Characteristics 
V is the volume representing the spatial occupancy of the toothbrush. 
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Direction of Motion 

Volume V - Toothbrush 

Figure 8. Diagram of access volume within mouth (empirically based model). 

Attribute Evaluation 
A = {<reaches_all_teeth> I reaches_all_teeth E {true,false} }, 
Oba = "filament ends contact with every tooth surface in the mouth". 
Ch = {<V> I V E bounded regular subsets of E3 }, 
ch = Ext(F3) = "Construction of V in SWIVEL 3DTM PROFESSIONAL", 
Mod(ch) = "Definition of M and Access within SWIVEL 3DTM PROFESSIONAL", 
a = "Execution of the Sweep operator in SWIVEL 3DTM PROFESSIONAL and visual 

inspection of the generated image (Figure 9)" 
a =True 

Figure 9. SWIVEL 3DTM PROFESSIONAL generated model of toothbrush in mouth. 
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3.4. CRITIQUE OF WORKED EXAMPLE 

The example illustrates the method of assessment. The example shows the 
organisation of information embedded within the assessment system. The 
system contains the following elements: 

Association between User and Designer Views 
An attribute is a formalisation of the intuitive judgment that would be made 
by the designer, or in other words the designer's "feel" for the problem, 
based on the requirements of the user. However, disagreement and misunde
rstanding can, and does, arise between the designer and the user (of the 
product, system, etc.). Cross (1994), states that this is because the designer 
and the user focus on different aspects of the product's requirements. The 
user generally focuses attention on the attributes of the product and states his 
or her requirements in natural terms, for example 'easy _to_clean'. The 
designer, however, concentrates more on the product's characteristics, which 
seek to establish the product attributes, which in turn attempt to satisfy the 
users' requirements. This approach addresses the problem by formally 
linking the physical characteristics of the product to a clear statement of the 
user requirements. For example, in the case of the toothbrush, the attribute 
and its observation, 

reaches_aU_teeth = "filament ends contact with every tooth surface 
in the mouth". 

clearly reflects the user requirement whilst the model links the relevant char
acteristics of spatial occupancy, which are under the control of the designer, 
to it. 

Attribute Selection 
It is questionable whether a complete list of requirements (attributes) can be 
defined for a product at the start of the design process. Many requirements 
of products become apparent only through the actual process of assessing 
design proposals. 

Model 
Whilst the problem of attribute selection is in determining an adequate, even 
if incomplete, set of attributes, the potential difficulty in the model is in 
accurately simulating those attributes that are defined. Moreover, the model 
itself, (i.e. the equation) says little to the designer about the rationale for its 
construction, for instance: the toothbrush example is based on ergonomics 
and human factors theory. If such a system is to be of use to the designer 
then the rationale must also be available in an explanation facility. 
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Attribute Type 
The assessment of the attribute in the example was to predict whether the 
form proposed would be suitable, for example would the toothbrush 
'reach_alL teeth'. The assessment of this example was either true or false, in 
other words Boolean. However, it would be more useful to facilitate the 
designer with a numerical result that rates or scores the attributes. This would 
then assist the designer to address the specific characteristics that failed. 

4. FLEX Implementation of the Evaluation Methodology 

A computer implementation of the assessment method has been written in 
FLEX -an expert system toolkit that offers frame based, data driven and 
rule based functionality fully integrated into a PROLOG environment. 

The computerisation of the assessment methodology (Figure 10) requires 
implementation of exactly the same operators used in the toothbrush 
example previously. 

Extraction Model Combination 

F3 ~I ch .... Ext(F3) ~ a .... Mod(ch) H M3 .... Cobia) ~M3 
(Concept 
Representation) (Characteristics) (Attributes) (Performance) 

Figure 10. CADET tool implementation requirements of Obs3. 

FLEX implementation of the previous defined operators, Ext, Mod, and Cob 
is required. The implementations are illustrated using the performance of an 
actual product, i.e. a toothbrush, as an example. In this example the 
attributes of the toothbrush and their methods of observation are: 

AI: long_lasting E {a .. lOa} 
Obal: long_lasting = "lasts a minimum of three months without wearing 
out" 

A2: comfortable_to_hold E {a .. 100} 
Oba2: comfortable_to_hold = "comfortable to hold whilst brushing 
teeth" 

A3: removes_plaque_efficiently E {a .. lOa} 
Oba3: removes_plaque_efficiently = "removes enough plaque each time 
to prevent a significant amount of tooth decay" 

A4: does_noCirritate_gums E {O . .lOO} 
Oba4: does_noCirritate_gums = "doesn't make gums bleed or cause 

sore gums" 
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A5: reaches_aU_teeth E {0 .. 100} 
Oba5: reaches_aU_teeth = "filament ends contact with every tooth 
surface in the mouth" 

A6: looks_attractive E {0 .. 100} 
Oba6 : looks_attractive = "looks attractive within a bathroom 
environment" 

The attribute set for this problem is: 

A = Al X A2 X A3 X A4 X A5 X A6, 

a E A = <long_Iasting,comfortable_to_hold,removes_plaque_ 
efficientI y, does_noCirritate_gums,reaches_aILteeth, 
looks_attractive >. 

and the corresponding observation set, 

{"lasts a minimum of three months without wearing out", "comfortable 
to hold whilst brushing teeth", "removes enough plaque each time to 
prevent a significant amount of tooth decay", "doesn't make gums bleed 
or cause sore gums", "filament ends contact with every tooth surface in 
the mouth", "looks attractive within a bathroom environment"} . 

The combination function in this case is a linear weighting of the attributes, 

Cob (a) = L 1 ::; i::; 6 Wi ai . 

4.1. FLEX IMPLEMENTATION OF OPERATOR COB 

Operator Cob is implemented by the FLEX structure action. Within this 
structure each attribute is identified by a FLEX relation identifier of the same 
name (Figure 11). 

:0 combination function 

do re,1Ut 
and 100k.!_at1laCti~(Name,Score) 
and reache,_all_1eetll(Name,Score) 
and comtonable 10 hold(Name,Score) 
and doe, _MUrrtllliO ..J:=(Name, Score) 
and 1a3t1_long(Name,Score) 
and remo~'JJaq\U!_e!!jcil!nUy(Name,Score) 

and 1OtalJerfonnaru:e(Name , Score) -
100k.!_&ttmcti~(Sl • Weight) + reaches_all_1I:etll(S2" Weigh1) + 
comfonable_1O_hold(S3" Weigh1) + doe'_MUrrilll1l:..J:=(S4 .. Weigh1) + 
wlS_long(SS" Weight) + remo~'Jla.que_ef!jcil!nUy(S6" Weigh1) 16 .. (100) . 

Figure 11. Combination function. 
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4.2. FLEX IMPLEMENTATION OF OPERATOR MOD 

The model for each of the attributes in the combination function is coded as 
a relation in FLEX based on knowledge extracted from experts, for example 
Walsh and Lamb (1992/93), and Delaunay (1982). 

For example the model for the attribute 'does_noCirritate_gums' is a 
model of the observation "doesn't make gums bleed or cause sore gums" 
and is shown below (Figure 12). 

=0 does not irritllte gums 

/. DOES NOT I~RITATE GUMS CODE ./ 

relAtion does_noUIIila1r:-,um:I(Name,Score) 

if Name is an ln3\anCe of lOo1h.blU3h 

if 1h.e hee.dJeng1h. of Name is g rea1r:r 1han 18 and 1h.e 
hee.d_leng1h. of Name is Ie" 1han 31 

if 1h.e hee.d _ w 1h. of Name is grea1ler 1han 6 and 1h.e 
hee.d_ will of Name isle" 1han 13 

if 1h.e filament diame1r:r of Name is grea1r:r 1h.e.n 0.15 and 1h.e 
filament_dwne1ler of Name isle" 1h.e.n 0,31 

if 1h.e f.ilament ma1r:rial of Name is some ln3\anCe of 
nonjIIit8.1r:_oIaI_ma1r:rial 

if 1h.e lOo1h.blU3h ma1r:rial of Name is some ln3\anCe of 
non_init8.1le_oxaCma1r:rial 

if 1h.e hee.d_shape of Name is some ln3\anCe of 
non_init8.1r:_hee.d_shape 

if 1h.e hee.d_clOss_section of Name is some ln3\anCe of 
non_ini1:a1le_section 

Figure 12. 'does_noCirritate_gums' model. 

The model consists of a collection of clauses based on either the product 
characteristics or sub-relations. For example, the first clause, 'if Name is an 
instance of toothbrush', ties the attribute to the class of product defined as 
toothbrushes. The second clause, 'if the head_length of Name is greater than 
18 and the head_length of Name is less than 31', is directly based on the 
product characteristic 'head_length' and reflects expert opinion (Chong and 
Beech, 1983). The fifth clause, 'if the filamenCmaterial of Name is some 
instance of {non_irritate_oral_material}', is based on the sub-relation 
'{ non_irritate_oral_ material}'. This sub-relation is intended to be 
applicable to any item which is placed in the mouth and forms part of a 
library of similar sub-relations. This is implemented in FLEX by the 
following code shown below (Figure 13). 
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::0 Sub-Relations 

,. SUB-RELATION LIBRARY'" 

relation non_iIri1B1e_OraUM1Ierial (Ma1erial) 

if Material is an instance of plastic 
and 
1he deI\3ity of Material is grea1er than 1.0 and 1he deI\3ity of 
MI111erial is Ie" than 5.0 
and 
1he valllr_ab50rption of Malllrial i3 le53 than 4.0 
and 
1he 1IeI\3ile _,treng1h of Ma1lerial is grealllr than 65 and 1he 
1IeI\3ile _3treng1h of Ma1lerial isle" than 80 
aruiI 
1he impe.ct_streng1h of Malllrial is grea1ler than 100 or some 
instance of no break 
and -
the meltill(_ temperature of Material is greJr than 200 
and 
1he Ma1lerial i3 some instance of non_lOxic . 

g 

I 

IIII 

Figure 13. CADET tool library of sub-relations. 

Each attribute has a similar model and their combination IS the FLEX 
implementation of the operator Mod. 

4.3 . FLEX IMPLEMENTATION OF OPERATOR EXT 

Each of the attribute models defines the characteristics necessary for its 
computation. The list of characteristics required are shown below (Figure 
14). Notice that certain product characteristics such as 'filamenCdiameter', 
'handle_cross_section' and 'head_shape' occur in more than one attribute 
model. The process of extraction is manual. The designer must inspect what 
ever concept representation s/he is assessing in response to system prompts. 
In principle however if the system was linked to a CAD system then the type 
of feature extraction facilities available on some systems could be exploited 
either to automatically extract the characteristics or at least provide user 
friendly interactive methods, analogous to the systems described by Tovey 
(1994) and Buck (1992/93). 

5. Example of the CADET System in Use 

The CADET system may be used for either a total evaluation or for 
individual attribute evaluations. Each attribute can now be computed by 
selecting it from the pull down menu (Figure 15). The designer is requested 
to fill in the product characteristics describing his or her concept design 
proposal at the CADET system dialog box prompt (Figure 16), in this case 
actual characteristics of the toothbrush concept design proposed, e.g. 
'toothbrush_length' , 'handle_thickness', 'handle_cross_section', etc . 
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... ,.., .... 
Attributes, z 

'" in users' E:l ::i! 
terms Q '"' ;::> ,.., E '" 0 = = '" !!: .... '" 0 '" '" == .. ;::> ... !!: t; 

'" 
0- 5 '" ... ,.., Oi ~ 

,.., ,.., e: ,.., 
'" ... !: ... .... ... ... to; f2 0 '" ... 

Product ,.., z '" ~ 
>- = r:.l Characteristics fiE 
0 '" '"' ::i! '" ... 0 

0 0 !il g !il 0 ,.., 
'"' 

,.., 
Handle Length X 

Toothbrush Length X X 
Head Length X X 

"namem Leng<n X X X 
Filament Diameter X X X 

Handle Wldtn X 
Head Width X 

Handle Thickness X 
Head TnlCKness 

Number Ol~ ..... aments n une 
X 

Tuft (PackinJ!: Density) 

Number of Tufts in Head 
Filament Material X X X 

Toothbrush Material X X X 
Head Shape X X X 

Handle Shape X X X 

Filament-End Shape X 
Handle Cross-Section X X 

Head Cross-Section X 
Tuft Arrangement X 

Toothbrush Colour(s) X 

Filament Colour(s) X 
ToothbrUSh .'-Inlo .. X 

Angle between Toothbrush 
Head & Handle X X 

Figure 14. Selection of attributes with product characteristics required to construct each 
model. 

Figure 15. Attribute selection menu. 
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-~ 

(omfortable to hold EualuatlOn 

Toothbrush Name: I Rquafresh FleH 

Toothbrush Length ,;...(m_m.,;,.)_: _____ ---, 

1191 

Handle Length (mmj-): _______ ---, 

1110 
Handle Width (mm): 

1'1-2-------, 

Handle Thickness (mm): 
'16--'---------, 

Handle Shape: 

Icontoured 

Handle Cross Section: 
rlr-e-c-ta-n-g-u-Ia-r----. 

TeHture/Finish: 

Ismooth 

( cancel) 

Figure 16. CADET system product characteristics extraction dialog. 

Notice that the system obliges the designer to have defined sufficient detail 
for the concept to be evaluated. Having entered the product characteristic 
data into the system the designer can then quickly evaluate the potential for 
success of his or her concept design proposal. 

The result is displayed which gives the designer a numerical indication of 
how well or how badly the concept proposed has done (Figure 17). 

WOULU NOT [J£ (OMFOflfABl[ ro IIUlU 

TOOTHBRUSH CONCEPT: Rquilfresh FleH 100 
WOULD NOT BE COMFORTRBLE TO HOLD (Cilncel] ~ 
SCORE: B5.71428 

(EHPlilin] 

Figure 17. CADET system evaluation dialog. 

The designer may investigate the reasons for the evaluation by referring 
back to the FLEX relations previously described. However as was found in 
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the previous examples whilst the FLEX language makes the calculations clear 
the underlying rational is not apparent. To achieve this an explanation 
facility containing the expert knowledge used is available for each attribute 
(Figure 18). 

6. Conclusions 

EHplain Eualuation (( OK )] 

WOULD NOT BE COMFORTRBLE TO HOLD 

Toothllrush eDneell1 would nDt be comfDrtable :Q 
to hold! r= 
'11 The ollerlill toothbrush length should range mm 
between 155-190 mm. (Oral-9 Techl1ical mm 
Report, 1992) (ChDng el ai, 1'383). i!iii! 
'21 The handle lel1g1h of 1he IDo1hllrush should mm 
be between 1 DIl-155 mm. !OlllJies et ai, 1 '389). iiim 
131 The width of the toothbrush handle should lliili 
range between 10-13 mm. 'Walsh lind Lamb, ,[], 

Figure 18. CADET system explanation facility. 

The paper has presented a new methodology for assessing product 
performance in user rather than product terms. The methodology developed 
addresses the problem of predicting the measure of fit of product design 
proposals at the conceptual stage of the design process. 

The method of assessment is made up of three major stages: 
1. Defining the attributes, in users' terms. 
2. Determining the model of each attribute. 
3. Defining the combination function. 

The intention for the future is to consolidate and further verify this work by 
introducing the following features: 

1. Verification of CADET System Testing 
The CADET System evaluation results will be tested against conclusions 
drawn from conducting appropriately controlled experiments on different 
groups of parties, for example product designers, manufacturers and users. 
These tests will seek to determine if: 

(a) The evaluations are equivalent 
(b) They are equivalent for the same reasons as those embodied within 

the system 
or otherwise. 
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Formally in terms of the system description the tests will seek to establish, 
(a) If the combination ·function Cob contains sufficient and relevant 

attributes 
(b) If the operator Mod is an accurate model of the observations it is 

intended to predict. 

2. Assessment of Other Products 
A great deal of design work in practice is concerned not with the creation of 
radical new design concepts but with the making of modifications to existing 
product designs. These modifications seek to improve a product-to 
improve its performance, to enhance its appearance, and so on. 

The prototype CADET System is at present being tested against 
established product designs, particularly consumer products whose purpose 
and use is well defined, for example: telephones, electric kettles, electric hair
driers, system and disposable shavers. This type of product has evolved 
through several generations of products as end-user needs have developed. 

3. Design Model Development 
For the designer the CADET assessment of product performance is an 
optimisation criteria slhe is working towards, i.e. slhe is attempting to 
maximise the rated performance of the concept. The design model 
developed so far has deliberately not had a chronological element, it has 
only demonstrated the relationship between defined operations. It is 
intended to develop this model into a chronological model by treating it as 
an optimisation problem of performance. It is also anticipated that the 
design process will be described by some form of genetic algorithm within 
this. 
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