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The design process is a continuous manipulation of the design object model. A certain
aspect of the artifact is highlighted and some properties about the design object are changed.
This highlighting is done by contexts. By applying a context, the attention is focussed on a
specific part of the design object model. A context embodies a part of the metamodel with the
addition of aspect data, design procedures, and design rules. Aspect data is information about
the design object specific to a certain context, e.g. geometric information. It describes the
context dependent properties of the design object. An example of a context is shown in Fig.7.
A context is an interpretation of the metamodel focusing on a certain aspect of the design object.
It is used to derive new properties or to update uncertain or unknown properties about the
metamodel in order to get a more detailed description. The new properties about the design
object, which are derived in a context, are merged with the original metamodel when the
modeling is completed.

Meta-model Design scenario
[ el | | il

. Design rules

Design procedures

Fig. 7. Example of context

Here, we discuss the application of the metamodel mechanism [21,24,26]. A design step is
performed by the execution of a design scenario. A scenario consists of design procedures and
design rules which describe the procedural and declarative design knowledge respectively. The
rules and procedures are applied to the metamodel and to the aspect data. In such a manner we
create a context which consists of (a part of) the metamodel together with knowledge about the
design object being valid in that particular context. The designer can interact with the context
and change its contents. After the session the contents of the context being evaluated is mapped
to the next state of the metamodel. The mapping is performed by the metamodel evolution
mechanism presented below.

An example of such a context is a geometric representation of the design object. A part of
the metamodel is collected and processed in a context with geometrical knowledge in order to
generate an image of that part of the design object. In other words, there exists a scenario which
creates a geometric aspect model. The aspect data of the model consist of the geometric
attributes of the design object. The design procedures in the scenario describe geometrical
functions, and the design rules describe geometric knowledge. Such a context describes the
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mapping of the metamodel onto a description suitable for the generation of a geometric model.
Hence, the metamodel allows the designer to model the geometric aspects of the design object
and therefore obtaining a more precise representation.

We can now give a definition of the mechanism which constitutes metamodel evolution,
i.e. the metamodel mechanism. The metamodel mechanism is applied to perform a design step.
It transfers the metamodel from its current state to the next, according to the stepwise refinement
model. The mechanism is driven by scenarios. The designer selects a design scenario which is
appropriate for the current state of the metamodel M;. The scenario is executed in a context ¢; and
performs in dialogue with the designer some action on the context. The execution of a scenario
continues as long as new information can be obtained in the context. The acquisition of new
information is accomplished through the design procedures and the design rules in a scenario.

The contents of a context is evaluated, when the execution of its scenario is completed.
The evaluation checks the context c; for consistency with the metamodel M;, i.e. there are no
facts that contradict each other and all constraints over the design object model are met. The
metamodel M; is transferred to M,,¢, if the evaluation succeeds. In case of failure, all results of ¢
are discarded and the process will restart from M; (see Fig. 8). This backtracking is performed in -
dialogue with the designer, so that the next attempt can be made more successful.

i+1

M : meta-model
e : evaluation
¢ : context

Backtrack

Fig. 8. Metamodel evolution

A consecutive application of the metamodel evolution mechanism enables the designer to
perform a design job. Hence, the design process consists of the execution of a series of design
scenarios. For each state of the metamodel, there exists an appropriate scenario. The descriptive
design process model presented here, is derived from GDT, providing a framework which allows
for design process representation. The metamodel mechanism is part of this framework and
depicts the evolutionary nature of the design process, i.e. it represents a design step. The design
process can therefore be modeled as a stepwise refinement process.

In this and the previous chapters, starting with discussing design theory from a theoretical
viewpoint, we obtained a descriptive design process model. This model clarifies the
representation of the design object that changes dynamically. We also suggested a way to apply
this model to building intelligent CAD systems. It seems to be reasonably interesting to extend
this descriptive model to a computable model that can clarify the reasoning process during the
design process. But we do not only discuss design processes from a theoretical viewpoint.
Since not only the design object but also the designer plays a crucial important role in design, we
have to consider another viewpoint, i.e, a cognitive viewpoint, which is presented in the next
chapter.
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4. Design Experiment and a Cognitive Design Process Model

In this chapter, we discuss design processes from an experimental point of view. We used an
experimental method called design experiment [17,29,31]. It is a kind of psychological
experiment in which designers are asked to design an artifact from a given set of specifications.
The whole designing session is video-taped and analyzed by protocol analysis methods. There
are various differences between the experiment in psychology and one in design not only in task
but also in environment and so on. We discussed how the experiment must be prepared to obtain
useful results and performed several experiments based on this discussion [18]. This
experimental approach is also studied by e.g. Ullman, Dietterich, and Stauffer [23]. and Goel
and Pirolli [10].

One of our major results obtained from the experiments is a cognitive model of design
processes when examining a design process from a point of view of problem solving [17]. This
model is constructed from unit design cycles (see Fig.9).

Awareness of problem
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~ Conclusion

Fig. 9. Design Cycle

A design cycle consists of five subprocesses as follows.

(1) Awareness of the problem to pick up a problem by comparing the object under
consideration and the specifications.

(2) Suggestion to suggest key concepts needed to solve the problem.

(3) Development to construct candidates for the problem from the key concepts using various
types of design knowledge. When developing a candidate, if something is found something
unsolved, it becomes a new problem that should be solved in another design cycle.

(4) Evaluation to evaluate candidates in various ways, such as structural computation,
simulation of behavior, cost evaluation, etc. If a problem is found as a result of evaluation,
it becomes a new problem to be solved in another design cycle.

(5) Conclusion to decide which candidate to adopt so as to modify the descriptions of the
object.

Utterances in the protocol data are categorized into these subprocesses and then a design cycle is
composed of these subprocesses. Basically a single design cycle solves one problem, and
sometimes new problems that must be solved in other design cycles are arisen in the suggestion
and evaluation subprocesses.
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We can distinguish two levels in the design process when we consider the designer’s mental
activity. One is the object level on which the designer thinks about design objects themselves,
e.g. what properties the design object has, how it behaves in a certain condition, and so on. The
other is the action level on which the designer thinks about how to proceed her/his design, i.e,
what she/he should do next. The designer seems to perform her/his design using these two types
of thinking mutually. When looking at design cycles with this aspect, they also contain these
two levels (see Fig. 10). The development and evaluation subprocesses are only present on the
object level, while the awareness-of-problem, evaluation, and conclusion subprocesses are
divided between these two levels. In the first two subprocesses, the designer has only to be
concerned with the design object. On the other hand, in other subprocesses, the designer should
not only take the design object but also the design process itself into consideration. In case the
designer encounters a problem that cannot be solved due to ¢.g. lack of information, she/he may-
suspend solving it until she/he receives sufficient information or even try to abandon that
particular design candidate. Action level decisions are needed for dealing with such occasions.

In this chapter we presented the cognitive model of design processes. In the next chapter,
we will look at the reasoning aspect of the cognitive and descriptive models, which will result in
the computable design process model.

/—-—-— Object Level
Enumeration of problems

) E— Action Level TN
Awareness of problem

Decision on a problem to be solved )

( Suggestion
=
( Development

o Evaluation fo know whatis a %
problem in the solution

e — — C'gﬁél-ﬁ'sion
(Decision on a solution to be adopted)ﬂDecision on an action to be done next)
o / 4

Fig. 10. Two levels in the design cycle

5. A Logical and Computable Model of the Design Process

We try to reconstruct the cognitive and descriptive models into a computable model in this
chapter. Logic is a useful framework for this purpose, because it is developed from human
thought, and it is also closely related to inference. Some results towards understanding design in
logic are discussed in [3,22] but they are concerned with design processes only at the conceptual
level but neither at the decision making level nor the computable level. In other words, they end
up with just showing a possibility of logical formalization.
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5.1. The logical foundation for the computable model

In describing design processes logically, it is reasonable to assume the following simple model
as a first step:

SuKl‘ Ds

where S, K and Ds are a set of formulae that denote the specifications, knowledge used in design,
and the design solutions, respectively. The solutions are derived from the specifications and
knowledge as the results of deduction. We took this approach in [17], and Forlog [4, 6] also
used this approach. However, this approach has three difficulties in interpreting the whole of the
design process.

First, design is not always performed with complete information. The above assumption
requires complete descriptions for specifications. Although there are some domains such as
VLSI design in which all the required specifications are given before the beginning of design,
this cannot be applied to domains such as mechanical design where refinement of the
specifications is a crucial part of the design process to obtain complete specifications from
incomplete ones. This implies that refinement of specifications and designing of objects are
performed mutually in design; i.e. refinement of specifications recall next designing processes
and results of designing objects request to refine specifications. We employ not only deduction
but also abduction [5] for the formalization of design processes to refine the specifications.

Second, knowledge in the above assumption is concerned with how to design objects, i.e.
what the designer should consider the given specifications. A typical example is, ‘‘if there is a
specification S;, then use a design object D;*". Although it may be useful for routine design, it is
not appropriate to more flexible and creative designs in which knowledge about object properties
and behaviors plays an important role. We believe that knowledge on object properties and
behaviors is more primary than knowledge about how to design, because a designer can design
even when she/he faces a task to design a new product using such knowledge on object
properties and behaviors.

The third problem, which is related to the second, is incompleteness and inconsistency of
the knowledge. When the designed object does not satisfy the specifications, it should be
regarded that the knowledge base was initially incomplete rather than inconsistent. Therefore,
we need to deal with a method to make an incomplete knowledge base complete.

In this article, we regard design solutions and knowledge as the premise and the
specification as the conclusion. Coyne and Treur also adopted this approach [3,22]. Based on
this approach, we formalize design processes as bidirectional and iterative processes as follows:

Ds\ Kok P
L/
where Ds is a set of logical formulae describing a design solution which the designer wants to
obtain (we call it a design candidate because it is not yet a solution of the design), Ko is
knowledge on object properties and behavior, and P are properties which the design candidate
has. Required specifications are included in P. Given design knowledge Ko and the required
properties P as the specifications, the designer tries to obtain a candidate which is expected to
satisfy the specifications by using abduction. Then deduction is performed (i) to see what
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properties the candidate has and (ii) to see whether the candidate does not contradict with the
given constraints including the specifications, because abduction merely proposes literally
candidates. This results in that the obtained candidate should be detailed by getting its complete
descriptions. If the candidate does not satisfy the specifications, the designer either tries an
alternative candidate or modifies the design knowledge and the specifications. This recalls
further abductive or deductive processes, and finally complete descriptions of the solution and
the specifications are obtained. If there is no more way to explore, the design process
terminates.

We can solve the first and the second problems in this formalism, but we still ought to deal
with an incomplete knowledge base, which is the third problem. We introduce circumscription
[14] for this problem. We assume that every piece of knowledge is valid only when it is used in
certain situations; i.e. a contradiction occurs, not because knowledge as a set of logical formulae '
contains contradicting information, but because it is not used in an appropriate situation.
However, it is not an easy task to explicitly describe applicable situations for every knowledge in
advance. We can only identify the applicability of knowledge when detecting a contradiction.
For a given set of logical formulae, circumscription can be used to compute exceptions that -
caused the contradiction and to formulate them explicitly as a new situation. By doing so, the
original knowledge is modified and able to handle incompleteness.

5.2. The computable model

In the previous section, we discussed the idea of employing three different types of reasoning,
1.e. deduction, abduction, and circumscription, for formalizing design processes. In this section,
we show a computable model of design processes based on these three types of reasoning and
we interpret the cognitive model in terms of the computable model.

Let us assume the following situation. We consider that a design process changes its state
step by step. In each state, the following three types of descriptions hold. The first one is the
description of the current design candidate, that consists of either the identifiers of the current
design candidate or the properties which are necessary to identify the current candidate. In the
following discussion it is denoted by Ds,. The second one is the description of properties of the
current design candidate, P;. It consists of all kinds of properties of the current design candidate.
The third one indicates the kind of knowledge that is available at the current state, Ko.. These
descriptions are kept consist by satisfying the following formula:

Ds; (U Kog F Pe.

Now we try to make a computable model by interpreting the cognitive model in the logical
framework discussed above. First we concentrate on the object level.

The suggestion subprocess is a process where the designer tries to find a feasible candidate.
This means that the purpose of this subprocess is to obtain Ds; from P, and Ko, and it can be
regarded as an abduction process. Peirce introduced abduction as an ampliative reasoning , i.e. it
augments the knowledge. Since Peirce’s abduction is considered logical reasoning from a
consequent to an antecedent, it commits an error of the fallacy of affirming the consequent. In
this sense, abduction is weak reasoning.
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In our model, abduction is represented as follows;
Ds,=abduction(Ds, Ky)
where

DS1 (e DSc.
K, < K., and
Ds, \ K¢ I Dsy.

Ds,, which is a part of (or the whole of) the current design candidate, is replaced by Ds, using
knowledge K;. The new description of the current design candidate is

Ds’ = (DSC - Dsy) U Dss.

Ds’ is expected to satisfy P, with Ko, but there is no certainty because it is not the role of
abduction to check the consistency of the entire object description in our model.

On the other hand, both the development and the evaluation process are regarded as
deduction. In these subprocesses, the designer applies her/his knowledge to the candidates and
obtains what is known at the current state. This is suitable for deduction, which is called
explicative reasoning by Peirce. The difference between those two subprocesses lies in the kind
of knowledge which is applied. The development subprocess uses knowledge to find out what
properties the design object has, whereas the evaluation subprocess uses knowledge to compare
those properties obtained in the development subprocess with expectations. The purpose of
these two processes is to obtain P from Ds and Ko:

Ds. U Kok P".

P’ may be different from P, if and only if Ds. or Ko, changes. Ds; changes as the result of
abduction and Ko, changes as the result of circumscription which is discussed below.

While the designer is developing or evaluating, she/he sometimes encounters a difficulty
about the candidate and defines a new problem in order to solve it. It is a jump from a
development or evaluation subprocess to an awareness-of-problem subprocess. We interpret it
as circumscription.

In the logical framework the continuation of the design process may be disturbed by two
reasons. One is lack of information, which will be dealt with by the meta-level reasoning. The
other is the occurrence of a contradiction in the theory. As mentioned in the previous section,
the contradiction does not happen because the knowledge contains false information but because
it is incomplete; i.e. some pieces of knowledge are used in the situation where they must not.
We can avoid this by defining exceptions for these pieces of knowledge using circumscription.

If a contradiction is detected in the theory, we gather formulae which cause the
contradiction. Then we add literals that are composed of abnormal predicates to them and
circumscribe these abnormal predicates with the theory. We obtain modified formulae in which
their abnormal predicate are substituted by non-empty formulae. As the result, the contradiction
is removed from the theory. For example, suppose the theory is

{ A—)B, A-—)—ﬂC, —|C--)'—|B, A }.

Since this theory is inconsistent, we add an abnormal predicate to each formula as follows;
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{ Am-—.ab1 —B, A—-)r"]—labz —-C, —|Cm—-ab3 ——-B. A I

When we circumscribe aby, ab, and ab; with the theory, one of the results is a set of substitutions
for abnormal predicates such as ab,=—C, ab2=false and ab3=false. The formulae are then modified
as
Circumscription modifies the knowledge currently used; it is expressed as follows:

Ko’ = circumscription(Ko., Ds. P.).

Since the formulae are modified, we cannot always derive the formulae that represent the
required specifications from the current design candidate. Some new formulae must be added to .
the design candidate to satisfy the specifications. In this process, the contradiction creates a new
problem, i.e. the awareness-of-process subprocess. In the example above, we can avoid the
contradiction, but on the other hand we cannot conclude B, which is not satisfactory. One
possibility to derive B is to state a new problem C to be solved first.

Now we can discuss the action level of the logical framework. One of the problems that '
occurs on the action level is how the awareness-of-problem subprocess becomes apparent.
Although we discussed a jump from the development and the evaluation subprocess to the
awareness-of-problem subprocess, we have not mentioned how to start a design cycle. This is
one of the problems of logical reasoning, or rather a problem how to prepare the theory before
starting to reason. Therefore, we introduce meta-level operations to deal with this problem.

Metal-level architectures for reasoning are suggested by many researchers. For example,
Weyhrauch [27] proposed FOL which is a meta-level reasoning system based on first-order logic.
In our approach, operations on building theories and on how to perform reasoning are introduced
as meta-level operations including:

setting-up of Ds,

setting-up of P,

setting-up of Ko,

revision of Ds by abduction on P and Ko,
revision of P by deduction on Ds and Ko, and
revision Ko by circumscription on Ds, P and Ko.

Starting the design cycle is interpreted as execution of setting-up of P and setring-up of Ko
operations. Similarly, we can interpret the suggestion, the development and the evaluation
subprocess as the executions of these operations. Knowledge about how to design can be
represented as a sequence of the operations on this level.

Reasoning on the action level is, therefore, to obtain a sequence of the operations on the
object level. This reasoning is performed by using the status of the object level and knowledge
about how to design. The status of the object level is determined by what kind of information is
obtained on the object level and how this information is obtained. Knowledge about how to
design, which is mentioned in the previous section, is only used on this level and includes
procedural knowledge about how to proceed design, design strategy, and so on. It is possible to
discuss reasoning on the action level in the same way we did for the object level. However,
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actually only deductive reasoning such as rule-based reasoning is needed because most of this
type of knowledge is procedural.

We do not interpret the conclusion subprocess within the logical framework. It is a
decision making process by considering all information obtained by other types of reasoning and
therefore it seems a reasoning higher than those types of reasoning. We leave this subprocess
unformalized.

Fig.11 summaries the discussion, i.e. it shows the correspondence between the
subprocesses and these types of reasoning in the logical framework.

Awareness of problem

Suggestion
Abduction l

Development
Operation of Evaluation
knowledge Deduction l Circum-

& Goal Conclusion \ Scription

Fig. 11. Reasoning on the design cycle

6. The Design Simulator

We implemented a prototype of design simulator that realizes the inference discussed above.
We call it the design simulator, because it is designed to track the design processes performed by
designers.

6.1. The architecture

The design simulator consists of two main parts; i.e. the action level inference system and the
object level inference. The object level inference consists of furthermore workspace Ds, P, and
Ko, and three inference subsystems, i.e. deduction, abduction and circumscription subsystems
(see Fig. 12).

The meta-level inference is performed by a rule-based system. Knowledge used on this
level is about how to design, for example, knowledge about selecting a knowledge base and
scheduling reasoning according to the condition of the object level. Results of this deduction is
a sequence of operations on the object level which are described in the previous chapter.

The object level inference is performed by abduction, deduction, and circumscription to the
workspace that modify the current state of Ds, P, and Ko. Ko contains knowledge as Horn clause,
and P and Ds contain objects and their properties as atom formulae that have only a literal. The
inference on the object level modifies the contents of Ds, P, or Ko and sometimes causes
contradictions, which are reported to the meta-level as a condition of the object level.
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Fig. 12. The design simulator

Abductive reasoning and circumscription are realized as follows. There is some work on
abductive reasoning, e.g. the RESIDUE system [7] and the work by Cox and Pietrzykowski [2]. -
They are based on the resolution principle in order to perform abductive reasoning. Abductive
reasoning can be regarded as a process deriving a theory from formulae which denote knowledge
and possible assumptions. Suppose G is a goal, K is a set of formulae representing knowledge,
and A is a set of formulae representing all possible assumptions. We find a subset A to prove G
by

KUAFG

where A; « A. Then A, is obtained by abduction of G using K. This idea is shown by Poole [16]
as the theory of default reasoning, but it can also be applicable to abductive reasoning. We
implemented this abductive reasoning by modifying the algorithm of Prolog [13] to have two
sets of clauses. One is the definition clause set which is K in the above formula and contains
program clauses, and the other is the assumption clause set which is A and contains only unit
clauses. Given a goal, the system resolves it until an empty clause is found as Prolog does,
except that we first use clauses in the definition clause set. The clauses in the assumption clause
set are used, if and only if there is no clause to be applied in the definition clauses. This process
corresponds to finding A, from A in the above explanation. This matching strategy is provided to
obtain deeper assumptions. Here, set of assumptions A; is deeper than set of assumptions Ay, if
and only if A; (U K I A,.

The circumscription system is implemented using the algorithm proposed by Nakagawa and
Mori [15]. They developed an algorithm for computing circumscription [12] on clausal forms.
Their basic idea is to use the technique of program transformation such as unfolding when
eliminating variable predicates and abnormal predicates.

The design simulator accomplishes a reasoning process by using abduction, deduction and
circumscription repeatedly. The order of them are specified by the action level, and it asks the
users when there are some alternatives. This system is implemented in Allegro Common Lisp
and X11 on Sun-4.
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6.2. Example

We simulate a design process composed of protocol data obtained by a design experiment.
Fig. 13 shows a snapshot of the design simulator solving this example. The task is to design a
weighing scale and a part of the protocol data is shown in Fig. 14. To simulate design processes
by the design simulator, we prepare data as follows. Observing the protocol data, we represent
the designer’s thought as a set of formulae shown in Fig. 15 (numbers in this figure correspond to
ones in the protocol data in Fig. 14). We also translate the required specifications into logical
form. We set the specifications to P, and the design simulator executes abduction and deduction
when new knowledge is added and the candidate and its properties are revised.

List of Knowledge B
CAN_MEASURE
SUPFORT

TRANSLATE
INDICATOR

HAS

"E(HANISH

Llst of Assumptions | List of Facts List of Using KBs
?HAS MECHANISM_F3 SH (HAS MECHANI

W WEIG (CAN
TE =S 54 100

assumptions if you want.”

History of used Rules
SCALE =S) (CAN_MEASURE *5
'SUPPORT =5 WEIGHT) (HAS S SPR
HAS MECHANISM_F1 SPRING) (HAS ME

Fig. 13. A snapshot of the design simulator

We illustrate a short session of the reasoning that corresponds to a part of the actual design
session. At the beginning of the process, there exits only the specifications in P and nothing in
Ds (see Fig. 17(a)). The formulae corresponding to the protocol (1)-(7) are added to Ko, and
using by P and Ko, the content of Ds, which prepresents the current design candidate, is revised
as in Fig. 17(b). And the content of P, which represents properties of the current candidate, is
also revised as in Fig. 17(b). Since Ds contains the specifications, it satisfies the specifications. A
contradiction is detected when adding knowledge of the protocol (8); the designer notices that an
easy mechanism is needed for the machine in the human process. This contradiction occurs,
because formula (2a) derives scale(’s) and formula (8a) derives not(scale(*s)). Then
circumscription is executed, and as a result formula (2a) and (8a) are modified as shown in
Fig. 16. The literal is_easy_mechanism added to formula (2a) is used in the next abduction, and
the new formula is added to Ds. Fig. 17(c) shows the revised contents of Ds and P.
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(" (1) What mechanism does h

(1) What mechanism does a standard scale use?
(2) It measures the weight like this Fig. A).

(3) If we can use rack and pinion (Fig. B), we can measure the weight
because the displacement is in proportion to the weight.

(4 ) Anyway. we think about the indicator first.

(5) When it translates Smm of the displacement to the 100kg weight,
the displacement is 0.05mm/kg.

(6) It is possible to realize it with Fig. B.

(7) If we don't mind the accuracy, it is possible by using many gears.

(8) But a standard scale must use a more simple mechanism.

= =

s —— _:E:-_-._h__

\_ Fig. A Fig. B y.

I

Fig. 14. The protocol data

(2a) scale(*s) « can_measure(*s *w) A support(*x *w) ]
(2b) support(*s "w) « has("s spring) 5
(2c) can_measure(*s *w) « translate(™s *w *d) A has(*s pinion) |
(3a) translate(*s *w *d) « is_in_proportion(*s *w *d)

. (8b) is_in_proportion(*s *w *d) « has("s rack) A has(*s pinion)

(6) translate(*s 100kg 5mm) « has("s indicator1) A has(indicator1 many_gears)

(8a) not(weighing_machine(*s)) « has(*s indicator1) A not(is_ easy_mechanism(indicator1)) |
(8b) not(is_easy_ mechamsm(mdmatori)} - has(mdtcaton many gears)

"

\

Fig. 15. The contents of Ko

—Ko'—— - —_—
(2a)' scale(*s) « can_measure(’s "w) A support(*x *w) A is_easy_| mechamsm(mdlcatoﬂ)
Qaa) not(scale(”s)) « has( s indicator1) A not(ls easy_ mechanlsm(mdlcaton)) A true

|
/

Fig. 16. Modlﬁed formulae

This example demonstrates that the designer simulation is capable of replaying design
sessions by tracking protocol data obtained by design experiments. This indicates that the
computable model presented in this chapter shows the same operational aspects as the cognitive
model. It is also justified crucial to employ different types of reasoning for implementing design
subprocesses of the cognitive model as a computable model.
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(b) Before protocol (8)
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' has(mdmatoﬂ many_gears) scale(™s) has(indicator1 many_gears) )
has(*s spring) can_measure(’s *w) has(*s spring)
has(*s indicator1) | | translate(*s 100kg 5mm) has("s indicator1)
' has("s rack) | | support(*s 100kg) has(*s rack)
| has(*s pinion) ! | is_in_proportion(*s *w *d) has(*s pinion)
I._isﬁeasy_mechanism(indicaior ,)/| | is_easy_mechanism(indicator1) /

(c) After protocol (8)
Fig. 17. Transition of the contents of Ds and P

7. Discussion

In this article we presented three different models, viz. a descriptive model, a cognitive model,
and a computable model. In the descriptive design process model we illustrated a general
framework of the design process as an evolutionary refinement process of the metamodel. Since
we put emphasis on the representation of the design object and the design process rather than on
reasoning aspects in the discussion of the descriptive model, the mechanism of reasoning in
design did not become clear. These aspects are highlighted for the discussion on the cognitive
design process model. We examined the design processes of the designers, and presented how
the designer proceeds her/his design.

Reasoning in design processes is shown as repetition of the design cycle on two levels, i.e.
the object level and the action level. Repetition of the design cycle corresponds to the stepwise
refinement process presented in the descriptive model. A unit design cycle corresponds to a
design step in the descriptive model. Furthermore, the design cycle clarifies different kinds of
reasoning that should be done in design processes. The computable design process model
realizes these two models by logical reasoning. The framework of the computable model is the
evolutionary process of the design object discussed in the descriptive model, i.e, we realized it as
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a revision process of the theory in logic. This revision process of the theory is performed by
logical reasoning, i.e. abduction, deduction, and circumscription, and it is realization of
reasoning discussed in the cognitive model. Thus we succeeded in integrating the descriptive
and cognitive models using a logical framework, and the result of the integration is shown by the
computable model.

Furthermore, based on this computable model we implemented a system called the design
simulator. By comparing the sessions performed by the design simulator and those performed
by the designer, we obtained information such as what knowledge should be prepared or what
kind of reasoning is missing. This information is indispensable to develop the computable
model and it also contributes to improve the architecture of intelligent CAD systems.

8. Conclusions

We presented a logical formalization of design processes to establish a computable design
process model. The formalization uses both deductive and abductive reasoning, and design is
viewed as a process where both of the theory and the goal are gradually enhanced. Furthermore,
we introduced circumscription through which a contradictory situation of the current design -
candidate is removed by modifying the theory. This model is proven computable by the design
simulator and it also turned out appropriate for a design process model.

We discussed the relationships among the descriptive, the cognitive, and the computable
models. The computable model uses the framework of the descriptive model, while the
reasoning in the computable model is an interpretation of the cognitive model. Thus, the model
we proposed as a computable model is a realization of both the cognitive model and the
descriptive model of design processes.

We showed various approaches to model the design process from a pure theoretical one to a
computable one. These approaches are related with each other and they provide an appropriate
framework to construct an intelligent CAD system whose behavior is in correspondence with the
designer’s.
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