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Abstract

In the currentresearchliterature on the use of Artificial Intelligence (Al) in

Design,we find mary termsfor typesof design.In particular the term “routine
design”is often used,with a variety of definitions.The goal of this paperis to

discussRoutineDesign,andto contrasit with someof the othertypesof design.
We will attemptto clarify the definition of routinenessand point out what is

missingfrom existing definitions.We will alsoconsiderdefinitionsof, andcom-
mentsaboutRoutine Designfrom otherauthors,asa contrastto our definition.
In conclusionwe relatethe notionof Classl, 2 and3 typesof design,introduced
by Brovn & Chandrasekaran (1985), to ideas presented in the. paper

9.1 INTRODUCTION

In booksandpapersaboutdesignproblem-solvingwe find mary termsfor types
of design(for example,see[AAAlI 1990] and [Finger & Dixon 1989]). These
include: Preliminary, Conceptual,Functional, Innovative Creative Routine
Embodiment, &ametric, Detailed, Redesign, NoodtineandConfiguation.

The goal of this paperis to discussRoutine Design,andto contrastit with
some of the aatities suggested by the other termeegi abee.

As Gero[1990, p. 34] says, There seemdo be a generalacceptancef the
classificationof designinto routine, innovative, and creative (Brown & Chan-
drasekarari985)..” Unfortunately mary peoplehave usedtheterm“routine”
in slightly differentways,mary without understandinghe key pointsof theorig-
inal description. In this paperwe will try to point to the sourcesof confusion,
and will try to clarify the definition of the term.



9.1.1 Three Classes of Design

Let us start by considering the following passages from [Brown & Chandraseka-
ran 1985]:

Class 1 Design

The average designer in industry will rarely if ever do class 1 design,
as we consider this to lead to major inventions or completely new
products. It will often lead to the formation of a new company, divi-
sion, or major marketing effort. Thisis extremely innovative behavior,
and we suspect that very little design activity is in this class. For this
class, neither the knowledge sources nor the problem-solving strate-
gies are known in advance.

Class 2 Design

Thisis closer to routine, but will involve substantial innovation. This
will require different types of problem-solversin cooperation and will
certainly include some planning. Class 2 design may arise during rou-
tine design when a new requirement is introduced that takes the
design away from routine, requiring the use of new components and
techniques. What makes this class 2 and not class 1 is that the knowl-
edge sources can be identified in advance, but the problem-solving
strategies, however, cannot.

Class 3 Design

Here a design proceeds by selecting among previously known sets of
well-understood design alternatives. At each point in the design the
choices may be simple, but overall the task is still too complex for it
to be done merely by looking it up in a database of designs, as there
are just too many possible combinations of initial requirements. The
choices at each point may be simple, but that does not imply that the
design process itself is simple, or that the components so designed
must be simple. We feel that a significant portion of design activity
falsinto thisclass.

Class 3 Complexity

While class 3 design can be complex overall, at each stage the design
aternatives are not as open-ended as they might be for class 2 or 1,
thus requiring no planning during the design. In addition, all of the
design goals and requirements are fully specified, subcomponents and
functions already known, and knowledge sources aready identified.
For other classes of design this need not be the case.



9.1.2 The Key Roints

Let us now discuss the key points of that definition, and add some of the refine-
ments which appeared in that paper and in subsequent papers.

The main point (due mainly to Chandrasekaran) which is often overlooked, is
summarized in the following table:

Knowledge Problem-Solving

Sources Strategies
Class1 Not Known Not Known
Class 2 Known Not Known
Class3 Known Known

For class 3 design, this means that everything about the design process, including
the knowledge needed (i.e., knowledge sources), must be known in advance.
Note that this does not mean that the specific design (i.e., the solution) is known
in advance. Nor does it mean that the pattern of use of the knowledge (i.e., the
design trace) is completely known in advance.

9.1.3 “Known” Kno wledge

There is some ambiguity in the use of the word “Known” in the above table. We
will discuss thisin terms of Knowledge Sources, with obvious extension to Prob-
lem-Solving Strategies.

By referring to a Knowledge Source as “Known”, we mean:

O that itisknown in advance that the Knowledge Source will be needed to make
that decision or set of decisions, and

O that the Knowledge Source is “immediately available” for use O that is, it
does not have to be reasoned out or transformed from some other knowledge.

9.1.4 The Implications br Class 3 Design
Theimplications for class 3 design are:

0 Useof afixed set of well-understood design plans.

O No planning isrequired, only plan selection.

O

Plan selection isfairly simple, with known criteria.

O

Plans are probably not very long, or they would not be easily remembered.

O

Possible problem decompositions are known in advance, while the actual



decomposition to be used is not.

O Dependencies between subproblems are known and, for the most part, can be
compensated for in advance.

0 Subproblems can usualy be solved in a fixed order with little or no back-
tracking, due to the anticipated dependencies.

O All possible subcomponents of the object being designed are known in
advance.

O The particular configuration of subcomponents chosen for a design in
response to a given set of requirements is not known before the design activ-
ity starts. However, that configuration of subcomponents is a previously
known configuration (i.e., the designer could identify it as a candidate solu-
tion for that type of design problem).

O All attributes or parameters (e.g., Length) of the design of a subcomponent
are known (i.e., their names, not their values).

O The knowledge needed to calculate or select a value for each attribute is
known in advance.

O Appropriate ranges of values are known for most attributes.

0 Thereexist “expectations’ about atypical value for an attribute in a particular
design situation.

O The types of requirements given for a design problem are al known in
advance.

O Many common failures during the design process will be recognizable.

0 There exist suggestions about how to make changes to parameter values in
order to fix failures.

9.1.5AIR-CYL

The AIR-CYL system [Brown & Chandrasekaran 1989], that designed air cylin-
ders, is an example of a Class 3 design system. The possible configurations are
known in advance and are selected at run-time as a side-effect of plan selection,
the possible plans for each subproblems are al available, the parameters to be
given values are all known in advance, asis the knowledge used to produce those
values.

The system, written in DSPL, alanguage for constructing design expert sys-
tems, also satisfies all of the other criteriain thelist above. AIR-CYL isasystem
that does routine design. DSPL has been used to build systems for a variety of
domains, such as Operational Amplifiers, Gear Pairs, Distillation Columns and
Commercial Buildings.

In the following sections we will attempt to clarify the definition of routine-



ness,and point out what is missingfrom the presentatiorabove. Thenwe will
considerdefinitionsof, andcommentsaboutRoutineDesignfrom otherauthors,
as a contrast to the definition presented here.

9.2 A SECOND AXIS

The authors recentwork [Brown 1991] addressea form of learningknown as
Compilation, in which knowledgebecomegransformedandreomganizedin order
to produce more &€ient problem-solving.

Thethesisthatunderliesthe work in knowledgecompilationduring designis
that designtasksbecomeroutinedueto learning.This learningis broughtabout
by repetitionof similar problem-solvingThatis, routinenesss adirectreflection
of experience. Routine designs are done mdieieftly.

In orderto avoid unwantedconnotationsywe will usethetermNon-Routine as
the oppositeof Routine. Thelevel of experiencewith a certaintype of designwill
bereflectedby a positionon a Routine- Non-Routineaxis[0 with “very experi-
enced” at one end, and “ix@erienced” at the other

As this axis hasnothingto do with what is beingdecided this suggestghe
needfor anotheraxisthatdescribesvhatsortof decisionsarebeingmadeat var-
ious pointsduring a design.We will usea Conceptual- Parametricaxisfor that.
Theintuition is thatthe axis shavs the abstractnessf the decisiondeingmade,
and reflectsthe notion that more constraintsare addedto the solution as the
design actiity progresses.

By Conceptual designwe meanthatthe kind of thingsbeingdecidedat that
point in the design are abstract(conceptual).For example, that the design
requirementganbe satisfiedby a designwhich providesa particularfunction,or
which has a particular pattern of sub-functions.

This is quite compatiblewith Dixon’s very usefultaxonomyof designprob-
lems[Dixon et al 1988]. His levels are named:Functional, Phenomenological,
Embodiment, Attribute and Parametric. Clearly, theselevels correspondo por-
tions of the Conceptual Parametricaxis, even thoughthis axis is lessspecific
about the content of the decisions being made.

Dixon goes further, and statesthat “conceptual designis often usedto
describethe Embodimentof a designfrom Function” [p. 43]. He considers
preliminary designto be an extensionof conceptuabtiesignto anotherof his lev-
els of specificityi.e., to Artifact Type.

By Parametric designwe meanthatthethingsbeingdecidedarevaluesfor a
prespecifiecsetof attributes,andthat providing valuesfor theseattributesfully
specifieghedesign.n Dixon’sterms,thedesigngoesfrom Artif act Typelevel to
the Artifact Instance ieel.

For mary designproblems,the Conceptual- Parametricaxis representshe
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flow of time during the design activity, with earlier decisions falling towards the
left and later decisions falling towards the right.

However, not al design problems have to begin with vague functional
requirements and conclude with a fully specified design. For example, Dixon et
al [1988] point out that a design activity can start at any level of abstraction and
finish at any one of the more specific levels.

9.2.1 Four Categoriesof Design Activity

We consider the Routine — Non-Routine and Conceptua — Parametric axes to be
orthogonal {see Figure 1}.

The space produced is naturally divided into four categories of design activity.
They are represented by the four extreme points at the limits of the axes:

RC O Routine, Conceptua design,
RP O Routine, Parametric design,
NRC O Non-Routine, Conceptual design, and
NRP O Non-Routine, Parametric.
These will each be discussed below, in sections 9.3 and 9.4.

9.2.2 Concerns about the Analysis

At thispoint it is appropriate to discuss several concerns about this two axis anal-
ySis.

Relative Measure: As already stated, the routineness of a particular design
problem depends on the experience of the problem-solver. Therefore, routineness
is arelative measure. What is routine for one designer is not routine for another.
What is routine for a designer today, may not have been two years ago. Routine-
nessisin the brain of the beholder. It isan individual’s standadl.

In addition, there is also acommunitystandad. The professional engineering
design community may consider a design problem routine 0 meaning that there
is an expectation that the problem will be routine for each member of the com-
munity. This may be because the specific knowledge and problem-solving for
that problem is taught in college.

This community standard is probably easier to see at the Non-Routine end of
the axis. Suppose we associate Non-Routine design activity with “innovation”. It
is easy to see that the community standard for a particular design problem is rep-
resented by the existing design solutions. Thus, a design can be innovative rela-
tive to that pool of existing designs.

Of course, it is perfectly possible for a design to be innovative relative to the
individual’s standard, but not innovative relative to the community standard.



DesignProblemsby themselesarenotinnovative, only in context. This demon-
strates some of the danger in using the termvaiine Design.

The Routineness Axis. First, asroutinenesss expressecn an axis, with the
possibility of differentdegreesof routinenesspne shouldnot assumehatthere
areonly four cateyoriesof designactivity (i.e., it is closerto being continuous
thandiscrete) RoutineandNon-Routinearethe extremes We will try to restrict
our focus to thexdremes of both as, in order to simplify the analysis.

What was learned: The Routine- Non-Routineaxisis supposedo reflectthe
level of experiencewith a particulartype of design. The moreroutinea problem
is, the more knowledgeis already“known” andis readyfor immediateuse. In

thetableat the startof thepaperwe separateavhatcouldbeknown in advanceof

carryingout a designinto Knowledge Sourcesand Problem-SolvingStratayies.
TheRoutine- Non-Routineaxisis concernedvith how muchis known, but does
not distinguishbetweenthesetwo typesof knowledge. A morerefinedanalysis
probably should makthis distinction.

Subproblem Type: Up to this point we have assumedhatall subproblem®f a

designproblemareof the sameclass.This is notalwaysrealistic.In complicated
problemssomesubproblemsvill be quite new, andwill be non-routinewhereas
other subproblemswill leadto very well knovn componentseedingroutine
design,or evenmerelyselectionfrom a catalog.Clearly, this makesary modelof

design more compie

Nonlinear progress. Thereadershouldnotassumehatthenice,linearprogress
througha designproblemwhich is ‘suggested’by the Conceptual Parametric
axisis correct.Differentsubproblemganbeat differentpointson the axisat ary
pointin time. Problem-solvingsanjump from onepoint on the axisto another]
for example,whena decisionaboutusinga certaintype of componensuggests
simplificationof the functionaldesign(perhapghroughfunction sharing).Also,
failuresduringdesign,dueperhapgo incompatiblechoicescanleadto redesign
(making changego somethingalreadydesigned)or to re-design(doing whole
portionsof the designagain from scratch).Nonlinearprogressshouldnot affect
the aguments presented in this paper

Other Axes: This two axis analysisignoresotherdimensions Several people,
suchas[Chandrasekarah990],[Brown 1992]and[Hayes-Roth1990], have dis-

cussedthe needfor multiple mechanismspr methods,for designtasks. For

example,the useof constraintsatishctionor case-basedeasoningo producea

designcandidate.Our analysisdoes not reflect that dimension,and does not

requireit. The analysisalsoignoresthe effect of the Domain (e.g., mechanical
versuselectrical)on the designactiity (for example,see[Brown 1990]or [Wal-

dron 1990]).

In the next two sectionswe will examinethe four extremecateyoriesof design
activity (RC, RR NRC and NRP), ging examples of each.



9.3 ROUTINE DESIGN

In this section we will examine two of the four extreme points defined by the two
axes. They are at the Routine end of the Routine —» Non-Routine axis.

9.3.1 Routine, Parametric Design

At the RP point the designer is deciding values for parameters (parametric), and
has well-formed methods for deciding them (routine).

Thisisatypical routine situation, where adesigner uses well-known methods
to decide values for parameters. Several existing knowledge-based systems are
capable of doing this category of design activity, such as AIR-CYL [Brown &
Chandrasekaran 1989], and PRIDE [Mittal et al 1986].

9.3.2 Routine, Conceptual Design

At the RC point the designer is making very abstract decisions (conceptual), and
has well-formed methods for deciding them (routine).

This category of design is done by a designer who often designs complex
things given a rich but fixed set of requirements. For example, the designer of
low-cost office buildings needs to decide which of a standard set of designs to
use, and what type of structural system to use, given the type of equipment and
numbers of people to be placed in the building. She also needs to consider the
geological information about the site, aswell as other factors such as the weather.
The decisions made are not final values of parameters, but rather attributes of the
design which will allow a list of parameters to be formed, so that parametric
design can be done.

The best known knowledge-based system which is close to this kind of design
is HI-RISE [Maher & Fenves 1985]. HI-RISE acts as an assistant to a designer
for the preliminary structural design of high rise buildings. It generates “feasible
aternatives for two functional systems’, in the form of structural systems. As
these functional systems are known in advance, and the methods for selecting and
checking the compatibility of the structural systems are also known in advance,
then the system is doing routine design. As many of its decisions are fairly
abstract, such as “braced frame” versus “shear wall” construction, the system
belongs towards the conceptual end of the Conceptual — Parametric axis.

A Correction: In section 9.1.4 we presented a list of implications of the earlier
definition of Class 3 design. Unfortunately, a few of the points refer to “ subcom-
ponents’. The RC category of design activity need not decide subcomponents.
Consequently, those points should be changed to include more abstract decisions,
such as “subfunctions’.



9.4 NON-ROUTINE DESIGN

In this section we will examine the other two of the four extreme points defined
by the two axes. They are at the Non-Routine end of the Routine - Non-Routine
axis.

9.4.1 Non-Routine, Conceptual Design

At the NRC point the designer is making very abstract decisions (conceptual),
and does not have any well-formed approach to making them (non-routine).

This isthe aspect of design about which we know the least. It is easy to think
of the most abstract decisions being non-routine. A typical early design task
might be deciding the full functionality of the object to be designed given the
requirements. Those aspects of design that we normally consider to be most cre-
ative are precisely those in the NRC category. Thisisthe sort of activity we asso-
ciate with the initial stages of architectural design, for example.

There have been some attempts to produce design systems in this category
(see [Gero & Maher 1989] and [Joskowicz et a 1992]). For example, Ulrich &
Seering [1989] describe a system which generates graphs of functiona elements
(i.e., schematic descriptions) which produce a required relationship between a
given input and a given output. They call this process Schematic Synthesis. The
descriptions consist of idealized elements, such as pumps, or springs, which con-
tain no information about geometry or materials. Descriptions can then be used to
generate a physical description.

9.4.2 Non-Routine, Parametric Design

At the NRP point the designer is deciding values for parameters (parametric), and
does not have any well-formed approach to making them (non-routine).

One can easily imagine a new designer in Industry being given the final step
of adesign project, where the rest had been completed by a senior designer. It is
clearly possible for the naive designer to know all of the parameters to be
decided, but not know how to go about deciding them. This would result in non-
routine behavior, such as analyzing the dependencies between the parameters in
order to determine an appropriate order in which to decide them, or searching
textbooks for appropriate methods or equations.

Another more complex example can be found in the task of designing hulls
for racing yachts, as described by Gelsey in [Joskowicz et al 1992, p. 44]. The
hull’s shape can be described by a grid of planar panels. The problem can be
viewed as that of finding sizes for those panels, i.e., finding values for parame-
ters. In actual fact, the grid may need to be changed, in order to improve expected
performance. That sort of change will produce a new set of parameters. Produc-
ing this new set is not a parametric design task.
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The statement in section 9.2 that “routineness is a direct reflection of experi-
ence” is not meant to imply that al problems can produce the same degree of
routineness with experience. For example, some problems have a dependency
structure which is much too complex to be properly analyzed by the designer.
Even if the dependencies were known a priori, the ordering of the tasks may not
be, asin the tasks Balkany et al [1991] label as Type 2.

Such complexity might lead to use of the Iterative Refinement approach to
parametric design [Orelup et al 1988] [Ramachandran et a 1988]. One can argue
that thisis not Routine design, asit is not possible to anticipate the order of deci-
sions, therefore preformed plans cannot exist and cannot be used. In addition, an
Iterative Refinement approach will decide the value of some parameters more
than once, nudging them gradually to their final acceptable position.

9.5 RELATED WORK

In this section we will consider some recent definitions of, and comments about,
Routine Design from other authors. Thisisby no means an exhaustive review. It
does not concentrate on definitions which we consider to be totally wrong. It is
merely intended to show the range of variation in the literature. Many authors use
the term “routing” with no associated definition.

Gero [1990] proposes a model of design based on the retrieval and instantia-
tion of “Design Prototypes’ which bring “al the requisite knowledge appropriate
to the design situation together in one schema’. This knowledge includes Func-
tion, Behavior, Structure, Relational, Qualitative, Computational, Constraints,
and Context.

“Routine design can be defined as the design that proceeds within a well-
defined state space of potentials designs. That is, all the variables and their appli-
cable ranges, as well as the knowledge to compute their values, are al directly
instantiable from existing design prototypes’ [p. 34].

On the surface this appears to be quite compatible with our definition. How-
ever, he also states that “instances are refined in two ways. The first way is by
pruning the set of variables to the applicable set through a specification of appli-
cable functions, structures, or behaviors and propagating this specification. The
second way is by determining the values of the applicable set of variables using
the available knowledge”.

This*"second way” isclearly routine, but the *first way” impliesthat the set of
variables to be given values needs to be determined via propagation. This would
mean that neither the variables nor the methods for giving them values are
“Known”, in the sense already defined. Consequently, there is some conflict here
with our view.

Tomiyama [1990] lists classes of design as “Creative, New, Combinatory,
Routine, Parametric, and Redesign”. Although he avoids the confusion between

11
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Routine and Parametric, the relationship between Routine and the other typesis
unclear (especially for “New”).

Tomiyama also presents “Attribute Modeling”, where: design objects only
have attributes/parameters, design objects do not change their structure, and
“Well Formalized” design processes act on attributes. This, he claims is used to
deal with “Routine-Type Design”. However, “constraint solving” is allowed as a
design process. If this were to be done by the usual constraint satisfaction meth-
ods this would not be routine given our definition, as plans are not available and
some search is required.

Agogino, in her presentation at a recent AAAI workshop [Joskowicz et al
1992], argued that routine design introduced “no new variables’, while in non-
routine design “new variables are created”. Thisdefinitionisinterms of the Con-
ceptual - Parametric axis, and not strictly in terms of routineness.

Snavely et a [1990] present four “mutually exclusive types of design”,
called: Invention, Innovation, Routine and Procedural. For them, routine design
“is the process of filling the dots of a fixed topology (or predetermined set of
fixed topologies) with catalog entries’. A “catalog” is a database with multiple
levels of abstraction, with the lowest being typical Part Catalog entries (e.g., a
particular spring). Asthey allow acatalog entry to be a*“dimension” this appears
to overlap Parametric design. Although one could argue that the topology is
“fixed” because it is“known” to be the solution, that does not appear to be their
claim. Their main criterion for distinguishing between their types is the variabil-
ity of thetopology O the higher the variability, the more inventive.

Sriram & Tong [1990] provide a formal definition of design as{S, C, A, K,
A}, where Sisthe set of solutions, C isthe set of constraints that need to be satis-
fied, A isthe set of artifacts, K is the knowledge used to develop S, and A is the
set of transformation operators. They list “design activities’ as: Creative, Innova
tive and Routine. They distinguish between them by which of the ingredients of
the formal definition are known. Thus their definition is one of the few that have
activities arranged solely along the Routine - Non-Routine axis.

9.6 SUMMARY AND CONFUSION

Where do the three Classes presented in section 9.1.1 fit into this new two axis
analysis? As the classes are concerned with how much is aready known, as
opposed to what is decided, it is clear that they are positioned along the Rou-
tine» Non-Routine axis { see Figure 2} .

The figure is not intended to be taken too literally. The rectangles represent-
ing the classes are put in representative places. Class 3 covers all the routine
cases. Class 1 covers all the non-routine cases. Class 2 is between them. Where
exactly are the boundaries? This isn't clear. Does class 2 cover the rest of the
space? Yes, if these are really supposed to cover all the possibilities.

13



One could even propose a new class, perhaps Class 2a, with Knowledge
Sources “Not Known” and Problem-Solving Strategies “Known” 0O where the
approach to solving the problem was known in advance but what knowledge to
be used wasn’t. It isn't clear that this situation would often occur. As exactly
what (i.e., Knowledge vs. Strategy) is known is yet another dimension, class 2
and 2a would occupy approximately the same position in Figure 2, as in both
cases only one of the two types of knowledge is known.

9.6.1 Confusion

At the start of this paper it was pointed out that there has been some confusion
about routine design. The most common confusion is that routine design equals
parametric design. One major reason for thisisthat it is very likely that paramet-
ric design problems are routine. Thisis not merely because they usually represent
the most “automatic” aspects of design (i.e., the use of equations to produce val-
ues). Another reason is due to the following argument.

As stated earlier:  “For many design problems, the Conceptual — Parametric
axis represents the flow of time during the design activity, with earlier decisions
faling towards the | eft and later decisions falling towards the right.” Because of
theimpact of experience, repetition of the design problem with similar but differ-
ent requirements will cause the amount of reasoning needed to be reduced.

Thus, conceptual design effort will gradually be reduced, and will become
unnecessary, as it will be the same or similar for every design with similar
requirements. Eventually, all that will be required is parametric design, and that
will become routine.

Thus, in this situation, design problems will gradually take less time, and will
require less reasoning. Consequently, it is natural to associate routineness with
parametric design, just asit is natural to associate non-routineness with concep-
tual design. Thisisthe source of the confusion.

9.6.2 Summary

In this paper we have examined routineness, have provided a cleaner defini-
tion, have introduced four extreme categories of design using two orthogonal
axes, have related this analysis to the three Classes of design, and have explained
asource of confusion.
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