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Abstract. In interactive design processesstrategic decisionsare made at different levels. To support
designers, design suppaystemsneedto include correspondingstrategicknowledgeat theselevels. In this
paper three levels of strategic interaction and strategic knowledggeatéied within a compositionalmodel
of design. Theselevels are identified in reasoningabout the manipulation of requirementsand their
qualifications,reasoningaboutthe manipulationof designobject descriptionsand reasoningabout design
process co-ordination. Instances of strategic knowledge illustrate the different levels.
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1.INTRODUCTION

Design is a complex process, in which different typieknowledgeplay distinct roles. One
aspectof the designprocessis the natureof requirementsand their qualifications (e.g.,
preference relations between requirements). A second aspect is the nature of a specific de
description and its properties. A third aspect is the nature afaimainof designobjects.A
fourth aspect is the nature of a design process ithel§trategieemployedto reasonabout
requirementsgdesigndescriptionsand their interaction. Each of theseaspectsof design
entails differentypesof knowledgeand different typesof reasoningoehaviour.Therefore,
in interactivedesign, a designsupportsystemshould supporta designeron the basis of
knowledge of requirementsand their qualifications, knowledge of design descriptions,
knowledge of the object domain and knowledge of the strategies that designers employ.

In interaction with a design support systendesignerchangegequirementand qualifi-
cations of requirements during the design processekxample,a thresholdlevel setin one
requirementmay be lowered or the qualification of anotherrequirementis changedfrom
‘hard’ (meaning that the requirementmust be satisfied) into ‘soft’ (meaning that the
requirements preferredto be satisfied).A decisionto implementchangess madeon the
basis of many factors, including existing (partial) design object descriptionsand an
increasing level of understandingof specific aspectsof the design problem. Which
requirements are changed, when and how, depamtle overall designstrategyfollowed.
These changes in requirements, together with the overall design sthategiynpacton the
differenttypesof strategiesn the subsequentesignprocess.The overall designstrategy
affectsthe choice of more specific strategiesModelling such strategiesrequiresstrategic
reasoning strategicknowledge,and strategicuser interactionof different typesand levels
(see also [2,3,4,5]).

This paperdistinguishedifferent levels of reasoningknowledgeand interaction,and
shows how theselevels can be modelledat different meta-levelswithin a compositional
architecture The use of meta-leveldor this purposeis alsoa characteristioof both Hori’'s

" Please note that this paper is an extended version of [1].



and Oshuga’s approath modellingdesign[2,3,4]. The distinction betweenmeta-levelss
essential to the design of design suppgsgtemsit providesa meansto reasonaboutinter-
actionsbetweena design support systemand a designer.One compositionalmodelling
frameworkin which different meta-levelscan be explicitly modelledis briefly describedin
Section2. In Section3, a genericmodelof designcalled GTMD is presentedhat can be
used as a basis for the analysis and modelling of design processes anérumsigdge.In
Section4, threelevelsof strategicknowledgein designare distinguishedand it is shown
how GTMD modelstheselevels. In Sections5, 6 and 7, examplesof specificationsof
strategicknowledgein designare presentedThesespecificationscan be combinedwithin
GTMD to make a model of a specific interactive design prodésstesultsof applyingthis
compositional approacto modelling strategicknowledgein designare briefly discussedn
Section 8.

2.COMPOSITIONAL MODELLING IN DESIRE

Within the compositional developmentmethod DESIRE (DEsign and Specification of

Interacting REasoning components),complex tasks such as design are conceptually
modelled, specified and implemented [6,7, 8]. Libraries of both gemerielsand instanti-
ated models are available to support the development of such sySteSIRE is supported
by a softwareenvironmenthat enablesthe designerto designa systemby graphicaland
textual meansWithin the softwareenvironmentan implementatiorgeneratotis availableto

automaticallygenerateexecutablecodefrom a detaileddesign,supportingprototyping.The

typesof knowledgedistinguishedn DESIRE are describedbelow in Section2.1; a short
description of the use of generic models is given in Section 2.2.

2.1. Compositionality of processes and knowledge
During conceptualand detaileddesignin the DESIRE modelling approach the following
types of knowledge are distinguished:

* process composition
which includes identification of processes (or tasks) at different levels of process
abstraction, their input and output, knowledge of information exchange between
processes, knowledge of task sequencing, and knowledge of task delegation.

* knowledge composition
which includes knowledge structures at different levels of knowledge abstraction:
compositionally structured information types and knowledge bases

« therelation between process composition and knowledge composition.

A short description of these types of knowledge follows; for a rdetalleddescription,see
[6], for semanticsbehindthe approachsee[7], and for an overview of the underlying
principles, see [8].

Process composition
Process composition includes the identification of the processes gmutiesscomposition
relation. The identification of processeicludesknowledgeof a processor task hierarchy
(defining process abstraction levels by process/sub-process relationshoaviddgeof the
types of information required agout and resulting asutputfor each of the processdsach
of the processes is specified as a component (for example, see FigBection3), which
is either composed or primitive, and is delegated to one or more agents.

The compositionrelation is specifiedby knowledgeof information exchangeand task
control knowledge. Knowledge of information exchangebetweenprocessedlefines the
types of information transferredbetweenprocessesFor each of the levels of process



abstractionjnformation exchangebetweenprocessess explicitly specifiedby information
links. For examples of information links, see the arrows in Figure 1.

Taskcontrolis explicitty modelledwithin componentdy task control knowledge Task
control knowledgeincludesnot only knowledgeof which tasksshould be activatedwhen
and how, but alsoknowledgeof the goalsassociatedvith task activationandthe extentto
which goals should be satisfied. Componentsmay be either continually capable of
processing new informatioaake or conditionally capable girocessingnew information
(activg, depending on task control knowledge. Comparatiyrmation links may be either
continually capableof transferringnew informationor conditionally capableof transferring
new information, depending dask control knowledge.As a resultthe needfor parallelor
sequential processing may be determined dynamically.

Knowledge composition

Knowledge compositionincludesknowledgeof how information typesare specified and
structured(accordingto knowledgeabstractiorievels),and knowledgeof how knowledge
basesare specified and structured (according to knowledge abstraction levels). The

informationtypes, requiredasinput or generatedas output of a process,are specifiedby

explicit naming. The same holds for the knowledge structures (information typkaanh

edge bases) used internally in a comporieating knowledgeacquisitionappropriatecom-

positionalstructuresor domainknowledgeare devised:information types and knowledge
basescanbe composedo informationtypes and knowledgebasesat a higher knowledge
abstraction level. Compositionlahowledgestructuresand compositionalprocessstructures
in principle are definedindependentlyTheir relationis specifiedby referencesithin each
process or task to the knowledge structures to be used.

Within a knowledgestructure,conceptsdentify objectsandrelationsdistinguishedin a
domain ¢lomain-oriented ontologybut also to express the methods and strategies employe
to perform a task (task-orientedontology. In detailed design, conceptsand relations
between concepts are defined basedrder-sorted predicate logidJnits of informationare
represented by the grouatbmsdefined by the information type. The rafdormation plays
within reasoningis indicated by the level of an atom within a component:different
(meta)levels may bdistinguishedIn a two-level situationthe lowestlevel is termedobject
level and the secondlevel meta-level Meta-level information containsinformation about
objectlevel informationandreasoningprocessesfor example for which atomsthe values
are still unknown (epistemicinformation). Similarly, processesvhich include reasoning
about other processesre modelled as meta-levelprocesseswith respectto object level
processes. Often more than two levels of information and reasoning occur, resutigtg-in
meta-...-level information and reasoning.

2.2. Knowledge Acquisition: the Role of Generic Models

Genericagentand taskmodelsare usedto structureknowledgeacquisition. Thesemodels
aregenericwith respectto both the task and the domain, and as such can be refined by
defining more specific task structurepécialisationby extending the task hierarchy) and by
defining specific domain knowledge (instantiation by adding detailed specifications of
knowledge structures). The generic model of design presengsttion3 is an exampleof
a generic task model.

A specifictaskmodelis mostoften the resultof negotiationwith an expertand user: a
sharedtask modelis acquiredon the basisof existinggenericmodelsof the type of tasks
required.The sharedtask model,a mediatingmodel[9] usedboth to structureknowledge
acquisition(in the developmenphase)andthe interactionbetweenthe userandthe system
(when the system is used),as agreedmodel:a modelagreedio be applicableby both the
systemdesignerand the user. In general, three different levels of interaction can be
distinguished [10]:



» object level interaction,
 interaction at the level of strategic preferences, and
 interaction at the level of task modification.

Objectlevel interactionis not uncommonto knowledge-basedystemsit entailsinterac-
tion about factual information, for example, specific facts ab@iNen world situation.The
factors on which designdecisionsare basedare often, however, of a slightly different
nature. Strategic preferences refer to, for example, dualsistics,and assumptionsSuch
information is meta-information with respect to the factofdrmation on which objectlevel
interactionis based.Oncea modelhasbeendesigned(i.e. tasksand knowledgestructures
defined, interaction,delegationand control specified),a user may decide that the model
needs adaptation. Interaction about the redesign of a task model is known as interaction a
level of task modification.

3.A GENERIC MODEL OF DESIGN

Analyses of design processes are often based on models of design tasks, desigmasgstem
designers’approachegsee, for example,[3,11,12,13,14,15]).In this paper,a generic
model of design introduced by [16] is used to analysedlesof strategicknowledgewithin
designprocessesRefinedandimprovedversionsof this modelhavebeenusedto analyse
different types of design (sub-)tasksin a number of domains;for example, conflict
managementin design [17], re-design of knowledge-basedsystems [18], elevator
configuration design [19] and design rationale [20]. This generic model of design, as
Oshuga’s model of design [3], distinguisheasoningaboutrequirementsfeasoningabout
design object descriptions and reasoning about the design process as a whole.

The generic model of design assumes the existeregrablemstatementn the form of
a set ofrequirementsnd qualificationsof requirementgincluding requirement$asedon a
client's needsanddesires),in additionto knowledgeof the manipulationof requirements,
knowledge of the domain, knowledgé the manipulationof designobjectdescriptionsand
knowledge of design strategidn. a designprocess designobjectdescriptiongDODs) are
devised orthe basisof requiremengualification sets(RQSs).In otherwords, requirement
qualification sets guide the development of design object descriptions by limiting theéspace
be explored.

In the generic model,r@quirementis a statementiboutnecessarpr desiredcharacteris-
tics of the artefactto be designed whetherformulatedabstractly(e.g. in termsof needs,
desires or wishes) or concretely (e.g. in termshservableor measurablgropertiesof the
artefact).Requirementganoften be groupedinto setsof requirementswvhich are directly
related to a specificiew of the artefact to be designed.

Requiremengualificationsmay be usedto define criteria with which a (partial) design
object description can be evaluated (e.g. human-friendliness,robustness,modularity,
environment-friendlinesstc.). Requiremengualificationscanalso be usedto define pref-
erenceson requirementsexpressingthe relative importanceof theserequirementsFor
example, requirements may be qualified as hard, which means they must always be satisi
or, for example, as soft, which means that their satisfaction is desired but not essential.

Requirement®ften changeduring the processof design.Which requirementsare con-
sideredwhen dependson the designstrategyemployedwith respecto the manipulationof
requirements and their qualifications. Arampleof a strategyfor requiremengualification
set manipulation is to focus first @etsof requirementexpectedo havethe largestimpact
on the design of the artefact.

A completely different strategy will most often be employedfercreationof the design
objectdescription:which factorsto considerwhenis determinedby the strategyfor design
object description manipulation. Partial design object descriptions are extended during des



on the basisof additionalknowledgeandintegrationof sub-solutionsThe designstrategy
with respectto the manipulationof design object descriptionsdetermineshow this is
approached. An example of a design strategy for design object desamipigoulationis to
follow the problem-solving method generate-and-test.

Figure 1 shows the flows of information between requirement qualification set
manipulation (RQSM)designobjectdescriptionmanipulation(DODM) and designprocess
co-ordination (DPC), which is responsiblefor the co-ordination of the overall design
strategy (se¢l6]). The figure alsoshowsthe flows of informationthat representhe input
and output of a designprocess.The functionality of the three main componentsof the
generic model, requirement-qualification-set-manipulation (RQSM), design-object-description-
manipulation (DODM) anddesign-process-coordination (DPC), is described below.
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Figure 1. Top-level of the generic model of design.

3.1. Requirement Qualification Set Manipulation

To choose the most relevant subset of requiremgivisn a currentsetof requirementand

their qualifications,entailsconsideratiorof the relevance jmportance,and strengthof the
individual requirements anithe relationsbetweernrequirementsFor example hardrequire-
ments must, by definition, hold for the final design object descrifidare not necessarily
imposed continually during design. For instareearchitectmay decideto pay attentionto

the customer’srequirementsfirst before taking building regulationsinto account. The
strategy chosen for the determination of the set of requirements to be considered are base
knowledge of preferences between requirements.

Explicit ranking criteria betweenpreferredsetsof requirementsre sometimesavailable,
but often also other types of strategic knowledge are required. One global strébemake
a distinction betweenthe sourcesof a requirement:requirementsbased on customer
preferencesnay be given higher priority thanrequirementdasedon default assumptions,



which in turn may be given higher priority than requiremevtigch were the deductivecon-
sequence of previous requirements (i.e. the approach described by [21]).

3.2. Design Object Description Manipulation

Creatinga designobject descriptionon the basisof the requirementamposedinvolves a
dynamically determined strategy. A possible strategy is to focus on a given number of rela
elementsof the designobject(for example,a specificview; e.g., the electricalwiring of a
building), on the basisof a set of relatedrequirementsand using the domain knowledge
availableto adaptthe (partial) designobjectdescription resultingin a new (partial) design
object description. This process may be repeated for anotherdondhe designobject,and

the resulting design object descriptions assessed and compared.

3.3. Co-ordination of the Design Process

The co-ordination of the design process includes determinatiord{inaamicmanner)of the
overall design strategynonitoringthe progressof the designprocess decidingwhetherto
continue or not and if so, where to continlibus, designprocessco-ordinationdetermines
the course of a design process and decides when to interrupt or stop the process.

Design process co-ordination can provide guidance to the design progesg different
ways. For example, it may prescripeeciselywhat hasto be doneduring the manipulation
of requirement qualification sets or design object descriptions. A less dictatorial sisaitegy
merely describethe desiredresultsof the manipulationprocessesand to suggestways to
achieve those results.

4 .STRATEGIC KNOWLEDGE

To supportdesignersa designsupportsystemneedsto provide at leasttwo of the three
levels of interactiondistinguishedin Section2: object level interactionand strategiclevel
interaction. Designers needle ableto influencea designprocessy providing both facts
and strategicconsiderationge.g., preferencesand objectives).In fact, analysisof design
tasks in a number afomainsof applicationhasshownthat strategiclevel interactionrefers
to a broad spectrumof interaction.Different levels of strategicinteraction can be distin-
guished;theselevelsof interactioncorrespondo the differentlevelsof reasoning,and the
corresponding knowledge, modelled in the generic model of design described above.

In this model, four levels of knowledge are distinguishedhaiowestlevel, not visible
in Figure 2, the objectlevel reasoningand knowledgeis defined. At the next three higher
levels, strategicreasoningand strategicdesignknowledgeare specified. Theselevels are
meta-levelswith respectio eachother; eachof the threemeta-levelshasa semanticghat is
based, in part, on the processes at the lower IBigalre 2 showsthe threemeta-levelsand
the information types within the interfaces of the three main components of the generic mo
of design.

The objectlevel (hiddenwithin componenDoODM andthereforenot visible in Figure 2)
includes facts expressimgyopertiesof a given designobjectand domainknowledgeon the
type of objectsto be designedand their environment. The first meta-level includes
knowledge of requirements and their qualifications, and meta-descriptitms@ODs. The
secondmeta-leveincludesknowledgewith which to reasonabout DODs, RQSsand their
modifications and about the relations between DODs and RQSs. The third meta-level
includesknowledgewith which to reasonaboutoverall design strategies:overall design
strategies for the entire design process and overall strategies fanR@&ulationand DOD
manipulation, respectively.

In the following sections, specification$ strategicknowledgeand reasoningduring the
designof a house, given client requirements.environmentalrequirementsand designer
requirementsare presentedThis exampleis basedon a practical caseof designin the



Netherlands.Strategic knowledge for the overall design process(at meta-level 3) is
presentedn Section5, more specific strategicknowledgefor requirementqualification set
manipulation (at meta-level2) in Section6 and strategic knowledge for design object
description manipulation (at meta-level 2) in Section 7.
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Figure 2. Levels of strategic knowledge in the generic task model of design.

5.STRATEGIC KNOWLEDGE FOR THE OVERALL DESIGN PROCESS

In the generictask model of design, the componentdesign-process-coordination receives
information aboutthe designprocessitself: designprocessobjectives (including require-
mentson the designprocess),statusinformation about the requirementqualification set
manipulationprocess and statusinformation aboutthe designobjectdescriptionmanipula-
tion process. It determines an ovesdiategyfor the designprocess.n this section,exam-
plesof strategicknowledgedefinedfor this purposeare describedand specified. The fol-
lowing example is used.

Example

The amountof time availablefor a designprocesss assumedo affectthe overall strategy
employed. If more than 100 houage (still) available,somecreativefreedomis possible;if
less timeis available,a more practicalapproachs needed.The amountof time allocatedto



the design process (a requirement on the dgsigeess)andthe amountof time still avail-
able are used to determine the overall design strategy.

5.1. Strategic Reasoning about the Overall Design Process
Part of the knowledge used to specify the overall strategy is the following:

if is_objective(max_processing_time(T1: Time_Stamp))
and is_time_currently_spent(T2: Time_Stamp)
then is_time_currently_left(T1: Time_Stamp - T2: Time_Stamp);

if is_time_currently_left(T: Time_Stamp)
and T: Time_Stamp < 100:00:00
then is_possible_design_strategy(to_be_practical);

if is_time_currently_left(T: Time_Stamp)
and T: Time_Stamp > 100:00:00
then is_possible_design_strategy(to_be_explorative);

if is_possible_design_strategy(S: Overall_Design_Strategy)
and not is_rejected_design_strategy(S: Overall_Design_Strategy)
then is_best _design_strategy(S: Overall_Design_Strategy);

if is_best_design_strategy(S: Overall_Design_Strategy)

then is_current_design_strategy(S: Overall_Design_Strategy);

Dependingon the input provided, this knowledgebasedeterminesthe current overall
design strategy. If, for example, the input includes:

is_objective(max_processing_time(200:00:00))
is_time_currently _spent(20:00:00)

not is_rejected_design_strategy(to_be practical)
not is_rejected_design_strategy(to_be_explorative)

then the output includes:

is_current_design_strategy(to_be_explorative).

If the input, however, includes a different objective:

is_objective(max_processing_time(100:00:00))

then the output includes:

is_current_design_strategy(to_be_practical).

Note that the information and knowledgeon which this reasoningprocessis based,is
positioned at meta-level 3 in Figure 2. The implications of the choieghar being practical
or being explorative for the manipulation of requirement qualification set$pamdanipula-
tion of designobject descriptions,are determinedby additional strategicknowledge,dis-
cussed in Sections 5.2 and 5.3.

5.2. Reasoning about the Overall Strategy for Manipulation of Requirement
Qualification Sets

An implication of being practical for the manipulatiohrequirementjualification setscould
be to ignore a client’s soft requirementsand only take the client’s other requirementsnto
account.An implication of being explorative could be to re-negotiaterequirements.This



exemplarystrategicknowledge which can be usedwithin the componentRQsSM at meta-
level 3 (see Figure 2), is specified as follows:

is_supported_by RQSM_strategy(to_be_practical,
to_exclude_requirements_with_qualification(glf(client, soft)));
is_supported_by RQSM_strategy(to_be_explorative, to_renegotiate_requirements);

if is_current_design_strategy(S1: Overall_Design_Strategy)

and is_supported_by RQSM_strategy(S1: Overall_Design_Strategy, S2: RQSM_Strategy)
and not is_rejected_ RQSM_strategy(S2: RQSM_Strategy)

then is_best RQSM_strategy(S2: RQSM_Strategy);

if is_best RQSM_strategy(S: RQSM_Strategy)

then is_current_ RQSM_strategy(S: RQSM_Strategy);

If the overall design strategy is to be practitia&nthe outputof strategicreasoningwith
the above specified strategic knowledge includes:

is_current_ RQSM_strategy(to_exclude_requirements_with_qualification(glf(client, soft))).

Otherwise, if the overall design strategy is to be explorative, then the output includes:

is_current_RQSM_strategy(to_renegotiate_requirements).

5.3. Reasoning about the Overall Strategy for Manipulation of Design Object
Descriptions

The implicationsof beingpracticalor beingexplorativefor the manipulationof the design
objectdescriptionare also determinedby additionalstrategicknowledge.An implication of
being practical could be to use an existilggign.An implication of being explorativecould
be to generate a new design from scratch. This exemplary strategic knowledge, whieh car
used within the componenbDM at meta-level 3 (see Figure 2), is specified as follows:

is_supported_by DODM_strategy(to_be_practical, to_try reusing_an_earlier_design);
is_supported_by DODM_strategy(to_be_explorative, to_generate_a_design_from_scratch);

if is_current_design_strategy(S1: Overall_Design_Strategy)
and is_supported_by DODM_strategy(S1: Overall_Design_Strategy, S2: DODM_ Strategy)
and not is_rejected_DODM_strategy(S2: DODM_ Strategy)

then is_best DODM_strategy(S2: DODM_Strategy);

if is_best DODM_strategy(S: DODM_Strategy)
then is_current_ DODM_strategy(S: DODM_Strategy);

If the overall design strategy is to be practitia&nthe outputof strategicreasoningwith
the above-specified strategic knowledge includes:

is_current_DODM_strategy(to_try_reusing_an_earlier_design).

Otherwise, if the overall design strategy is to be explorétnes) the outputof strategicrea-
soning with the above-specified strategic knowledge includes:

is_current_DODM _strategy(to_generate_a_design_from_scratch).

5.4. Evaluation of the Overall Design Strategy

After the overall design strategy has been determined and has provideirthetmanipu-
lation of requirementgualification setsand for the manipulationof designobject descrip-



tions, the resulting process is evaluated, and, if required, modifiduisispecificexample,
this includes knowledge to determine whether the allocated arabtinte hasbeenusedor
not, as well as knowledge to determine whether the culesignstrategyhasprovedto be
successfulThis exemplarystrategicknowledge which canbe usedwithin the component
DPC, is specified as follows:

if is_objective(max_processing_time(T1: Time_Stamp))
and is_time_currently_left(T2: Time_Stamp)
and T2: Time_Stamp = 00:00:00
and is_objective(is_RQS_to_be used(S1: RQS_Name))
and is_result_of RQS_modification_to(S2: RQS_Name, S1: RQS_Name)
and is_solution_for(D: DOD_Name, S2: RQS_Name)
then is_fulfilled(max_processing_time(T1: Time_Stamp));

if is_objective(O: Design_Objective)

and is_fulfilled(O: Design_Objective)

and is_current_design_strategy(S: Overall_Design_Strategy)

then is_successfully_handled_by(O: Design_Objective, S: Overall_Design_Strategy);

6.STRATEGIC DECISIONS FOR THE MANIPULATION OF REQUIRE-
MENT QUALIFICATION SETS

Strategicdecisionsrelatedto the manipulation(determinatiorof foci and modifications)of

requirement qualification sets are model@adl specifiedexplicitly. In this sectionan exam-
ple is used to illustrate a few of the types of strategic knowledge invimiweasoningabout
the modification ofrequiremengualificationsets.How this knowledgeis useddependon

the overall design strategy determineddagignprocessco-ordination.The exampleshows
a case,in which strategicknowledgeis requiredfor the selectionof one of the alternatives
generated for modification of the current RQS.

Example

A houseis to be built on a plot with a roadto its west. During preliminary designof this
house one of the aspedsnsidereds the volume of the house.The client specifieshis/her
needs and desires with respect to floor space and cost. In interaction with the architect, th
translated into a requirement for a volume of between 2526Hd°. (Dutch architectsuse
requirements focubic meters ratherthansquaremeters,asa basisfor their designs.)An-
other aspect is the position of the front door. Given the locatitimedfouse,the client indi-
cates a preference for the front door to face west (to provide easy access for Hueks).
aspect for which the client provides input, concerns the outer walls: the outer walis tare

be built from synthetic material.

The architect,knowing that the prevailingwind comesfrom the west, would prefer the
front door to face south. The two options for the position of the frontaleselatedto two
different criteria: the criterion of accessibility (initially put forward by the client) and the crite-
rion of protection against out-door conditions (put forwauding the designprocessby the
architect). According to the first criterion, the best option would béhiront door to face
west. According to the secormtiterion, the bestoption would be for the front door to face
south. To make a strategic decision, knowledge is heededwabimit optimisationcriterion
is preferred. The architect has a preference for the critefipnotection.For the materialof
the outer walls the architect takes two criteria into account: durability and aesthetidalue.
materialbrick scoresbeston durability, wood scoresbeston aestheticvalue. The architect
has a preference for durability above aesthetic value.

In this example, the requirement initially imposed by the environment is the following:

is_qualified_requirement(QROO, glf(environment, hard), road_west)



The requirements initially pdorward by the client are expressedsfollows (wherecriteria
are modelled as qualifications of the empty requirement tijple

is_qualified_requirement(QRO1, glf(client, hard), volume_is_between_255 and_265m3)
is_qualified_requirement(QRO02, glf(client, hard), not(synthetic_outer_walls))
is_qualified_requirement(QRO03, glf(client, soft), front_door_west)
is_qualified_requirement(QRO04, glf(client, accessibility _optimality), [ ])

The requirements put forward by the designer during the design process are expressed a:

is_qualified_requirement(QRO5, glf(designer, soft), front_door_south)
is_qualified_requirement(QRO06, glf(designer, protection_optimality), [ ])
is_qualified_requirement(QRO7, glf(designer, accessibility_optimality), [ ])
is_qualified_requirement(QRO08, qglf(designer, preferred_over),

[protection_optimality, accessibility _optimality])
is_qualified_requirement(QR09, glf(designer, durability_optimality), [ ])
is_qualified_requirement(QR10, glf(designer, aesthetic_value_optimality), [ ])
is_qualified_requirement(QR11, glf(designer, preferred_over),

[durability optimality, aesthetic_value_optimality])

The strategic knowledge needed to implenteatwo designstrategiedor the manipula-
tion of requirementgualification setsdescribedabovein Section5, namelyto ignore the
client’s soft requirementsgspectivelyto re-negotiateand extendthe client’s setof require-
ments, are described below in more detail.

6.1. A Practical Approach to Requirement Qualification Set Manipulation

The strategic knowledge specified in Secttofor a time-constrainedlesignprocess trans-
lated the overall strategy to Ipeacticalinto the strategyfor the manipulationof requirement
qualification setsto ignore all soft requirementgput forward by a client. All environmental
requirementand designemrequirementsare consideredThe strategicknowledgeneededo
implement this approach is straight-forward.

From the set of initial qualified requirements imposed by the dhierhe designprocess,
the subsetof soft requirementss determinedand explicitly markedas rejected.When the
current requirement qualification set manipulation strategy includes:

is_current_ RQSM_strategy(to_exclude_requirements_with_qualification(glf(client, soft)))

then the following knowledge suffices to exclude soft client requirements:

if to_exclude_requirements_with_qualification(qlf(S: Source, Q: Qualification))
and is_current_qualified_requirement(QR: Qualified_Requirement,

glf(S: Source, Q: Qualification), T: Requirement_Tuple)
then is_rejected_qualified_requirement(QR: Qualified_Requirement);

When the current requirement qualification set manipulation strategy also includes:

to_include_requirements_with_source(environment)
to_include_requirements_with_source(designer)

thenthe following knowledgecan be usedto selectall environmentalrequirementsand all
designemrequirementgwith applicationof the ClosedWorld Assumptionon the predicate

is_rejected_qualified_requirement):

if to_include_requirements_with_source(S: Source)
and is_current_qualified_requirement(QR: Qualified_Requirement,



glf(S: Source, Q: Quialification), T: Requirement_Tuple)
then is_potentially_selected_qualified_requirement(QR: Qualified_Requirement);

if is_potentially_selected_qualified_requirement(QR: Qualified_Requirement)
and not is_rejected_qualified_requirement(QR: Qualified_Requirement)
then is_selected_qualified_requirement(QR: Qualified_Requirement);

Qualified requirements are marked‘pstentially selectedfirst, asat the sametime (and
for other reasons) they mayso havebeenmarkedasrejected.This knowledgeis usedfor
reasoning at meta-level 2 in Figure 2 within the compoRresty, the levelat which knowl-

edgeaboutstrategicdecisionson specific choicesbetweenqualified requirementss speci-
fied.

6.2. An Explorative Approach to Requirement Qualification Set Manipulation

The strategicknowledgespecifiedin Section5 for a non time-constrainedlesignprocess,
translated the overaflesignstrategyto be explorativeinto the strategyfor the manipulation
of requirement qualification sets to re-negotiate (qualified) requirent@ntsethe client and
the designerdo not agreein their preferenceaboutthe position of the front door, these
requirements are good candidates for re-negotiation.

Reasoning about the choicerefjuirementst a given point in a designprocessequires
knowledge specified at meta-level 2. lexample the strategicknowledgethatif an overall
best option (considering all relevant criteria) exists it is to be selected, can be spedified as
lows (with a Closed World Assumptionon the predicateis_disqualified_criterion and by
defining the sortriterion as a subsort of the saytalification):

if to_renegotiate_requirements
and is_current_qualified_requirement( QR: Qualified_Requirement, C: Criterion, [])
then is_potentially_relevant_criterion(C: Criterion);

if is_potentially_relevant_criterion(C: Criterion)
and not is_disqualified_criterion(C: Criterion)
then is_relevant_criterion(C: Criterion);

if to_renegotiate_requirements
and is_qualified_requirement( QR: Qualified_Requirement, Q: Qualification,
T: Requirement_Tuple)
and T: Requirement_Tuple # []
then is_potentially_selected_qualified_requirement(QR: Qualified_Requirement);

if is_potentially_selected_qualified_requirement(QR1: Qualified_Requirement)
and is_potentially selected_qualified_requirement(QR2: Qualified_Requirement)
and is_relevant_criterion(C: Criterion)
and entails_qualified_requirement_selection_ranking(C: Criterion,

[QR1: Qualified_Requirement, QR2: Qualified_Requirement])
then is_rejected_qualified_requirement(QR2: Qualified_Requirement);

Here the knowledgeaboutcomparisorof qualified requirementdor a given criterion is
assumedo be providedby an RQS assessmergub-task.Application of the ClosedWorld
Assumption tathe predicateis_rejected_qualified_requirement providesa setof non-rejected
candidatedor ‘overall bestoption’. If this setis not empty, an overall best option can be
selected from this set (by means of the knowledge specifibeé ahd of Section6.1). If an
overall bestoption exists,thenby strategicreasoningwith the knowledgespecifiedabove,
an option will bedeterminedhatis optimal with respecto all relevantcriteria. Note thatin
this case no knowledge on preferences between criteria is required.



If no optimal option exists (i.e., if each option is beaten by another omtiableastone
relevantcriterion), then only a pareto-optimaloption can be selected(i.e., an option for
which no other option exists which beats it &teastone criterion and which is not beaten
on all other criteria). Strategic knowledge to determine syzdreto-optimabption cantake
into account preferences between criteria, as is specified below:

if is_potentially_selected_qualified_requirement(QR1: Qualified_Requirement)
and is_potentially selected_qualified_requirement(QR2: Qualified_Requirement)
and is_potentially_relevant_criterion(C1: Criterion)
and is_potentially_relevant_criterion(C2: Criterion)
and is_current_qualified_requirement(
QR: Qualified_Requirement, preferred_over, [C1: Criterion, C2: Criterion])
and entails_qualified_requirement_selection_ranking(C1: Criterion,
[QR1: Qualified_Requirement, QR2: Qualified_Requirement])
and entails_qualified_requirement_selection_ranking(C2: Criterion,
[QR2: Qualified_Requirement, QR1: Qualified_Requirement])
then is_disqualified_comparison_criterion_for(C2: Criterion,
QR1: Qualified_Requirement, QR2: Qualified_Requirement);

Note that the sort Criterion is alsodefinedas a subsortof the sort Requirement. To yield a
ranking of qualified requirements, the following knowledge candexl(with applicationof
a Closed World Assumptioon the predicates_disqualified_comparison_criterion_for andthe
predicateentails_qualified_requirement_selection_ranking):

if is_potentially_selected_qualified_requirement(QR1: Qualified_Requirement)
and is_potentially selected_qualified_requirement(QR2: Qualified_Requirement)
and not is_disqualified_comparison_criterion_for(C: Criterion,
QR2: Qualified_Requirement, QR1: Qualified_Requirement)
and not entails_qualified_requirement_selection_ranking(C: Criterion,
[QR2: Qualified_Requirement, QR1: Qualified_Requirement])
then is_as_least as_good_as(QR1: Qualified_Requirement, QR2: Qualified_Requirement);

To remove qualifiedequirementghat are ‘worse’ than others,the following knowledge
can be used (with application of a Closed World Assumptias a# least_as_good_as):

if is_potentially_selected qualified_requirement(QR1: Qualified_Requirement)
and is_potentially selected_qualified_requirement(QR2: Qualified_Requirement)
and not is_as_least_as_good_as(QR1: Qualified_Requirement,
QR2: Qualified Requirement)
then is_rejected_qualified_requirement(QR1: Qualified_Requirement);

If no overall best solution exists, strategic reasoning with this knowledgeh@kdowl-
edgespecifiedat the end of Section6.1) determinesas a solution a requirementthat is
assessed to deestfor a mostpreferredcriterion, given a choicebetweena numberof soft
requirements and a preference relation between the relevant criteria.

In the above example, initially three client requirements are considered: onevotuthe
of the house,one on the materialfor the outerwalls, andone on the position of the front
door. The environmental requirement the position of the plot andthe designer’'srequire-
mentsas specifiedin Section6.1 are also considered.The architect can re-negotiatethe
client’s preferenceon the basisof thesecriteria. In the exampleof the position of the front
door, the preference of protectiomer accessibilityis agreed so the outputof this negotia-
tion process is the architect’s preference, namely that the front door faces south.

Reasoningat meta-level2 determineghat the architect’'srequirementwith respectto the
position of the front door is selected:



is_selected_qualified_requirement(QRO05)

and that the client’s requirement with respect to the position of thedoamis dropped.All
other client requirements are selected.

7.STRATEGIC DECISIONS FOR THE MANIPULATION OF DESIGN
OBJECT DESCRIPTIONS

Strategicdecisionsrelatedto the modification (determinationof foci and modifications)of
design object descriptions are also modelled and specified explicithjisisectionthe same
example used above Section6 is usedto illustrate a few of the typesof strategicknowl-
edgeinvolved in reasoningaboutthe modificationof designobject descriptions.How this
knowledge is used depends on the ovetadlignstrategydeterminedoy designprocessco-
ordination.

The strategicknowledgeneededo implementthe two possibledesignstrategiesfor the
manipulation of design object descriptions described above in Section 5, namreslysean
existingdesign,if possible respectivelyto designfrom scratch(dependingon the design
process objectives), are described below in more detail.

7.1. A Practical Approach to Design Object Description Manipulation

The strategicknowledge specifiedin Section5 for a time-constraineddesign process,
translated the overall design strategy for the entire design process to be practicahiesualthe
to re-use an existindesign,if possible,for the manipulationof designobjectdescriptions.
This designstrategy togetherwith the requirementgderivedusinga strategyignoring the
client’s soft requirementssee Section6), are input for the DODM process.The strategic
knowledgeneededo implementthis strategycould rely on case-basedeasoningusingall
requirementsto index retrieval. In this example,however, for reasonsof explanation,
retrieval from thdibrary of existingdesignobjectdescriptionds basedon the environment
requirements only. On the basis of the environment requirement

is_qualified_requirement(QROO, glf(environment, hard), road_west)

an existing design is retrieved from the library tingieedhasthe right orientationfor a plot
with an adjacent road directly to its west. The following knowledge at meta-levak2dso
specify this choice:

if to_try reusing_an_earlier_design

and is_current_qualified_requirement(QR: Qualified_Requirement,
glf(environment, hard), [R: Requirement])

and exists(DOD1: DOD)

and satisfies(DOD1: DOD, R: Requirement)

then candidate_ DOD_to be_ retrieved(DOD1: DOD);

Existing designsare examinedone-by-oneto determinewhetheror not they fulfil the
otherrequirementsA numberof existingdesignsare found for houseswith a volume of
approximately 260 fbut not one for a house withvalume of approximately260 m® and
non-synthetic outer walls. The following possible modificatimtionsare generatedor the
first design of a house found with a volume of between 255 and 265 m

is_potentially_selected_DOD_option(is_made_of(outer_walls, wood))
is_potentially_selected_DOD_option(is_made_of(outer_walls, brick))

The choice of material depends on the preference relation between the criterion of maxir
durability andthe criterion of aesthetiovalue.In this examplethis choiceis madeusingthe



architect’s preference for durability, specified in Section 6, and relevant striategitedge.
Strategic knowledge that if an overall best option exists (i.e., balitrielevantcriteria) it is
to be selected, is specified using knowledge (and a clesdd assumptioron someof the
predicates) very similar to the knowledge depicted in Section 6.2.

Strategic knowledge also includesowledgethat specifiesthat if not one of the options
is the overall best option then the acceptableoptions are to be determined(basedon
preferences between criteria). This is also specified by knowledge very sontharknowl-
edge depicted in Section 6.2.

In this casethe choicefor durability resultsin the choicefor the option with brick outer
walls. Note thatin this variantof the designprocessno requirementsare imposedon the
position of the front door. The position of the front door is determinetidgosition of the
front door in the retrieved design; the door may, for example, face south.

7.2. An Explorative Approach to Design Object Description Manipulation

The strategicknowledgespecifiedin Section5, for a non time-constrainedlesignprocess,
translatedhe overall designstrategyto be explorativeinto the overall DODM strategyto
designfrom scratchfor the manipulationof designobject descriptions.The requirements
derived using the strategyto re-negotiaterequirementsin Section 6, are assumedio be
iImposed on this process.

During preliminary design a decision has to be made whethengalowor a two-storey
building is preferred.Given the requirementhat the total volume be between255 and 265
m?, the choiceis betweena bungalowwith a floor areaof 100 m* anda two-storey house
with a floor area of 50 A(in both cases assuming a floor height of 2.60 m).

The relative importanceof the two criteria involved, averagefloor space/roomand
insulationvalue, is crucial. If the first criterion is more important, the bestoption is the
bungalow (becausen a bungalowno spaceneedsto be reservedfor a staircase)lf the
second criterion is more important, the best option igvtleestoreyhouse(becausehe sum
of the outer wall areaand the roof areaof the two-storeyhouseis lessthan that of the
bungalow). To obtain information about these optimisation criteria and the preference
between them, the RQS manipulation process becomes atieéllowing (soft) designer
requirements are selected:

is_current_qualified_requirement(QR12, glf(designer, room_area_optimality), [1))

is_current_qualified_requirement (QR13, glf(designer, insulation_optimality, [1))

is_current_qualified_requirement (QR14, glf(designer, preferred_over,
[insulation_optimality, room_area_optimality]))

The strategicDOD modificationknowledgedeterminesin this case,that a bungalowis
preferred.

The only requirementwith respectto material choice,is the requirementthat the outer
walls be made from non-synthetic material. Given the strategic knowledge on ntueicel
and the architect’s preference for durability (see Se@)pthe choicefor brick outerwalls,
is made.

The requiredposition of the front door, namelyfacing south, is one of the main factors
involved in the process of determining the position of the building on the plot.

8.DISCUSSION

Design entails strategic reasoning at diffeterels, for example to determinerequirements
on the designprocesstself (designprocessobjectives),to determinepreferencesdetween
optionsand criteria, to assumevaluesfor specificattributesandto choosebetweendesign
options. Inadditionto object-levelinteraction,three(meta-)levelsf strategicreasoningare



distinguished in this paper. As strategic interaction with the designer may be desirable at e
of these levels, design support systems need to be designed to support such interaction.

At the highest level, design procesigectivesare determinedas arethe implicationsfor
the overall designstrategyfor the entire designprocess,the manipulationof requirement
qualification sets,and the manipulationof designobjectdescriptionsRequirementn the
design process, such as time constraints impbgedclient, may be acquiredin interaction
with the designer.

At the next level down, strategic reasonatgputrequirementgleterminesvhich require-
ments are to be considered, following a given overall RQS manipulation strategy (determir
one level higher). Interaction with tlikesigneris possibleon, for example preferenceela-
tions between requirements, inconsistent requirements, and a preferred focus.

The same strategic level determines which aspects of a design object are to be conside
following a given overall DOD manipulation strategy (determinedlewva higher)and a set
of requirement@ndtheir qualifications.Interactionwith the designemay include selection
of a most preferred design or a preferred focus.

Note that eachlevel of reasoningnfluencesthe lower levels of reasoning.The highest
level determinesthe overall design processstrategy and the implications for the overall
strategyfor RQS manipulationand DOD manipulation. The next level down determines
which (modifications of) requirementsand qualifications, and which (modifications of)
design object descriptions, are to be considered, given the overall RQS manisilateyy
and the overall DOD manipulation strategy.

The corresponding meta-levels of strategic knowledge are discussiidsiratedin this
paperfor the genericmodelof design.In the literature on meta-levelarchitecturessuch as
[22, 23, 24, 25], meta-levels in models of design tasks are not addressed. The compositic
approach DESIRE provides a means to explicitly model and specify such knowledge, as v
as the strategic reasoning involv&kamplesof strategicknowledgeat eachof theselevels
are specified, illustrating the flexibility that meta-representations provide.
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