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Abstract

A case-based design functionality is a natural and intuitive addition to a design tool that can augment human capabil-
ities and help designers remember and retrieve appropriate cases. SEED-Config, a design environment for conceptual
building design, was developed to incorporate a case-based reasoning functionality to provide designers with initial
potential solutions. The case representation in SEED-Config is the BENT information model, which records design
knowledge, supports the hierarchical decomposition of design cases, offers multiple views, and encapsulates the out-
come of the design in addition to the problem specification and the design solution. The case library was implemented
in an object-oriented database management system to accumulate cases automatically and to provide efficient query
facilities. The case retrieval aspect of SEED-Config offers three different methods to find the most useful cases stored
in the case library: task-based, lineage-based, and customized. Case retrieval responds to the exploratory nature of the
design process and supports versatile case retrieval by providing multiple paths to each case. The case adaptation
aspect, which adjusts the selected case to the new problem to provide a complete solution, uses an adaptation method
called derivational replay. The case-based design capabilities are completely integrated within the design environment
from which the cases originate.

Keywords: Building Design; Case-Based Reasoning; Derivational Replay; Design Environment; Object-Oriented
Database

1. INTRODUCTION A case-based reasoniit@BR) system is a tool that can
store previous experiences in a case library, find experi-
Experienced designers rely extensively on past experiencesces that are similar to a given problem, and adapt the most
to solve new design problems. The problems they face reappropriate one to solve that problem. Because designers
mind them of similar prior experiences, or cases, that theynay forget or remember the wrong cases, a CBR system
have encountered before. Such previous cases are a souksguld help them perform better reasoning by expanding their
of inspiration on the basis of which more relevant solutionsmemories with cases that they may have forgotten or that
to the problems at hand can be develoeénves et al., originated from other designefkolodner, 1991 A collec-
1995. By using concepts that have been proven effective irtion of prior designs would thus be made available to them.
past situations, designers save both time and effort. ACtuA CBR system can provide support for storing and using
ally, experienced designe(sr expertg can be recognized the collective memory of a design firm. Such a system could
by the ease with which they recall just the right prior expe-become highly specialized, and even idiosyncratic, as it gath-
riencesto helpthemsolve the currentprob(&thank, 1982  ers design cases. In the long run, it would reflect a firm’s
design practice and style. This type of design tool is expand-
able, as new cases can be added, and it is modifiable through
R_eprint requests_to: H_ugues Rivarq, Departn_]ent of Building,_ Civilandjtg adaptation mechanism, so that it can support changes in
Environmental Engineering, Concordia University, 1455 de Maisonneuve .
Blvd. West, Montreal, Quebec H3G 1M8, Canada. E-mail: rivard@alcor.pracnce(Fenves’ 1995 Hence, a CBR system could record
concordia.ca a firm’s expertise, facilitate knowledge exchange between
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designers, and allow novice designers to tap into a largevhich can, in turn, be further divided until smaller and more
source of design experience. manageable tasks are obtained. This “divide-and-conquer”
This article presents a CBR system developed for constrategy results in a hierarchical decomposition of the de-
ceptual building desig(Rivard, 1997. The research project sign problem. An example of a hierarchical decomposition
described here is part of SEED-Config. SEEBoftware  for a building project is shown in Figure 1. The retrieval of
Environment to support the Early phases of building De-past solutions must be supported at any level of such hier-
sign) is a multidisciplinary project that intends to provide archical problem decompositioGBlemming & Woodbury,
computer support for the preliminary design of buildings 1995. This requires that the case representation provide easy
(Flemming & Woodbury, 1996 The emphasis is on sup- access to parts of a case and that each part be indexed in-
porting early design exploration, that is, the fast generatiomependently from the global case by the indexing scheme
of alternative design concepts and their rapid evaluatioriKolodner, 1993.
against a broad spectrum of criteria. SEED-Config is the
module within SEED that supports the design of three-
dimensional building models in terms of spaces, subsysz'2
tems, and physical elemerit#/oodbury & Chang, 19951t Each designer involved in the building design prodesg.,
is intended to support decisions on the overall form of they chitect, mechanical engineer, interior designer) s a
building and the structural, enclosure, mechanical, electrigifferent view of the final product. Hence, a CBR system
cal, and interior systems. The goal is to implement a t00koy hyjilding design should integrate the multiple views of a
that supports human designers by augmenting their creativsjding. This requirement ensures the retrieval of cases with
ity and expertis¢Fenves, 1996 multiple functions. For instance, a case for an exterior walll
CBR systems have four major aspects: case represeniggyd have a structural functidie., load-bearing capabil-
tion, case accumulation, case retrieval, and case adaptatigjes) as well as an enclosure functiéire., protection of the
Case representatioraddresses the issues of how the infor-jnqoor environment from outdoor weather conditipri&en
mation is represented, recorded, and accesSase accu-  though SEED-Config currently addresses only three disci-
mulation provides the support for learning; itis responsible yjines i.e., massing, structural, and enclosure desitre

for storing solutions to new problems as cases in the casgent is to append additional disciplines in the future.
library. The next two aspects form the problem-solving pro-

cess of CBR systemg&ase retrievalis responsible for find-
ing the most useful cases stored in the case library that ca?3. Capture of evaluation
address the current problem, aodse adaptationtrans-
forms the selected case into a solution for the problem
hand.

. Integration of multiple views

a‘{he outcome of a case represents the results of implement-
ing the solution in the actual world by reporting the perfor-
This article describes the four major aspects of the cr"ance of the d?s'gn and the degree to which it fulfilled the
goals set forth in the problem statement. The outcome in-

functionality of .SEED_CO.nﬁg in the above ordgr. This is forms the designer whether a case should be selected. Cur-
preceded by a list of requirements and by a review of a se-

lection of CBR systems found in the literature.

2. REQUIREMENTS FOR BUILDING DESIGN

A list of seven requirements was formulated to guide the
development of the CBR functionality of SEED-Config. This

list defines the features required in a CBR system for the
elaboration of a user-friendly conceptual building design en-

vironment. Some of these requirements originated from |1 Senondont Stractural Vol Fumctional S 1
SEED's specifications, whereas others originated from ob- L-—petct- > TUCura YOUTe SncHong opace g 3 %

servations of the building design environment.

| Structural Systeml lEnclosure System—l ¢ o0

lHorizontal Subsystem] |Foundation Subsystem| LA A

2.1. Problem decomposition

Buildings are rarely similar enough to justify the construc- [Floor] ; Roof l ce e
tion of the same design twice. Although the complete de- “——=5 3

sign of a building cannot be reused as a whole, parts of the
design such as concepts, details, styles, elements, and sub-
systems may be reused. Complex design problems are typ-
ically broken down by designers into sets of subproblems, Fig. 1. Example of a hierarchical decomposition of a building.
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rently, lessons learned on a construction project have limitetivo reasons. First, designers can adapt retrieved cases using
or nonexistent feedback to subsequent projéSmnvido the form generation and editing capabilities of the same de-
et al., 1992. There is a need for communicating concernssign environment used to create the initial designs, and sec-
and consequences from the construction or implementatioand, adding new cases in stand-alone systems requires
phase directly to those making design decisions. Cases wousignificant effort(Flemming, 1994; Fenves, 199&BR sys-
provide a logical place to record such concerns and conséems are also either automatic or interacti\lodner,
qguences, because those outcomes would automatically d993. Automatic CBR systems are capable of synthesizing
made available to the designers when they intend to use asolution by themselves. Interactive systems require input
retrieved case, thus becoming part of the collective memfrom designers throughout the process. The latter are more
ory of the design firm. appropriate for design because design problems are usually
large and complex, value or aesthetic judgments are neces-
sary, considerable knowledge is used, the knowledge in-
volved is difficult to define, and designers may be legally
The main purpose of SEED-Config is to aid designers inresponsible for the solutions proposed.

designing. Any overhead beyond the normal design effort

for .ind(.axing or processing before storing a case .should '3 REVIEW OF CASE-BASED REASONING

main hidden from the designers as much as possible, so that SYSTEMS

cases are accumulated as a side effect of normal design ac-

tivities (Flemming & Woodbury, 1996 The ideais to elim-  Several CBR systems have been developed for civil engi-

inate any effort that may make designers reluctant to add@eering and architecture. A selection of these systems is pre-
potentially useful cases to the case library. sented below in a chronological order. This selection is not

intended to be exhaustive, but rather as a sampling of sys-
tems that were found to be relevant to this research. Each of
these systems is evaluated in terms of the SEED-Config re-
The bu||d|ng design process is exp|0rat0ry in nature. |ni_quirement5. For additional information, readers are referred
tially, the problem specification is incomplete and the rele-to a detailed review of CBR systems for building design
vant features of the design problem manifest themselves onfat compares different systems based on the issues of case
as the design proceeds. Then, the domain of design posdepresentation, retrieval, presentation, and adaptéiiat-
bilities is explored by synthesizing, evaluating, and com-son & Perera, 1997

paring several design alternatives until a satisfactory solution
emerges. Hence, a CBR system should support the fact that
only incomplete problem specifications are available ini- . I . .
tially, that specifications may evolve dynamically, and that domain of building desigfiZhao & Maher, 1988 Itis

several design alternatives may need to be considéed a stand-alone system that Proposes structural subsys-
her et al., 1995 tems(at the top level of abstraction onlyrom past

experiences based on a problem description. The goal
is to reduce the design space to a subset of structural
2.6. Versatile case retrieval subsystems and then to pass it on to a synthesis pro-

People can remember useful cases quickly because their long gram such as HI-RISEMaher, 1984,

term memory resembles a large library where the informa- DDIS (Design-Dependent and -Independent System

tion is stored by subject, is generously cross-referenced, and ~ an integrated design environment for designing beam-
has a sophisticated index that gives direct access through ~columns. Itintegrates case-based and rule-based knowl-
multiple entries to the subjectSimon, 1996. Similarly, a edge, called design-dependent and design-independent
CBR system should be equipped with a versatile case re- knowledge, using a blackboard architect(véang &
trieval mechanism that provides several ways of accessing Howard, 1991 Design plans are sequences of design
and retrieving cases. For instance, a query could entail a  Steps, each of which is modeled as a rule in the knowl-
problem statement, a design solution, a design evaluation, a €dge base. A design problem is solved by trying to re-

design process used, or a combination of these. enact a selected design plan on the current situation.
DDIS supports problem decomposition, and new de-

sign cases are automatically processed, indexed, and

2.4. Automatic case accumulation

2.5. Design exploration

STRUPLE (STRUctural PLanning from Experiencis
an early attempt to implement a CBR system in the

2.7. Integrated design environment added to the case library. DDIS does not, however, sup-
CBR systems for design can be categorized as either stand- Port design exploration explicitly, and the user is re-
alone systems, which uniquely rely on the CBR methodol- ~ sponsible for selecting the most relevant design from

ogy to design, or as integrated design environments, which ~memory because no retrieval mechanism is provided.
integrate CBR with other design generation and editing ca- ARCHIE is an interactive system for conceptual archi-
pabilities. Integrated design environments are preferred for  tectural desigr{Pearce et al., 1992It provides sug-
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gestions and warnings during design synthesis and
evaluation. It can retrieve cases similar to the current
problem based on a problem description and a solution
description, both of which can change and evolve. Ar-

chie is not integrated with a design environment but it

lets architects explore previous cases for ideas and in-
spirations. The library of design cases was obtained
from the literature and entered in the system before it
could be used. New cases cannot be automatically
added.

CADSYN integrates design cases and generalized knowl-
edge in a design synthesis environment that assists de-
signers during the conceptual structural design stage

H. Rivard and S.J. Fenves

namoorthy et al., 1993 Expert systems are used to
establish the search conditions, to set weights for rank-
ing, to adapt cases, to verify compatibility between ele-
ments, to critique designs, and to control the CBR
process(Kumar & Krishnamoorthy, 19965 CASE-
TOOL is integrated with a design environment, decom-
poses problems, accumulates cases automatically, and
records case evaluations, but does not support design
exploration.

CBDEC (Case-Based Design of Envelope Components

is a CBR system integrated in a knowledge-based en-
vironment to assist in the design of the building enclo-
sure(Gowri et al., 1995. Itis an extension of an earlier

(Maher & Zhang, 1998 CADSYN relies on a decom-
position hierarchy, which contains generalized knowl-
edge about the design of building structures. Design
methods attached to each node of the hierarchy deter-
mine the attribute values. The decomposition hierar-
chy can be used to generate a new design or to adapt
an inconsistent solution. CADSYN adds new cases au-
tomatically but does not specifically support design
exploration.

CASECAD is a stand-alone system that assists structural
designers during conceptual desigMaher & Bal-
achandran, 1994Existing building structures are stored
as cases with symbolic datased to index the case
and graphicgused to visualize the cas€€ASECAD's
advantages are that it can decompose problems into hi-
erarchies, record the outcome, and manage multi-
media data(Maher et al., 199p It also provides a
flexible indexing system with multiple access paths to
cases. Its drawbacks are that adding new cases re-
quires significant effort, design exploration is not ex-
plicitly supported, and adaptation is currently not
implemented.

CADRE is a CBR system in which a case is a geometric

model of both the structural system and the architec- None of the CBR systems presented here satisfy all the
tural layout of a buildingBailey & Smith, 1994; Bharat  requirements for SEED-Config. A summary of the evalua-
etal., 1993. CADRE provides two transformation ad- tjon of these systems is shown in Table 1. The table does
aptation methods. Dimensional adaptation involvesyot include STRUPLE because it is only a front end to an
finding a solution for a set of linear and nonlinear expert system. Most systems support problem decomposi-
constraints on the parameters used to describe thﬁons(except for ARCHIE and CADRE accumulate new
building, whereas topological adaptation modifies czges automaticallyexcept for ARCHIE, CADRE, and
the topology so that a new dimensional model with CASECAD), and are integrated design environméex-
its corresponding constraints can be generated. The CORept for ARCHIE and CASECAD There seems to be a
straints required for adaptation are either obtainecttonsensus that hierarchical problem decomposition is nec-
interactively from the user or generated automaticallyessary in breaking down a complex system into simpler
from the geometrical model. CADRE addresses theyroplems to allow searches to be done at the system level,
multidisciplinary nature of building design, but does g5 well as at the level of its parts. CADRE is the only
not provide case retrieval, recording of outcomes,system that accounts for the multidisciplinary aspects of
and support for problem decomposition or designdesign_ Only three systems, ARCHIE, CASECAD, and
exploration. CASETOOL, record design evaluation. Only ARCHIE sup-
CASETOOL is an extension to an expert design systemports design exploration as specified in the SEED-Config
called DEKBASE(for Development Environment for requirements and only CASECAD provides versatile case
Knowledge-Based Systems in Engineepiriilrish-  retrieval mechanisms.

implementation of the building enclosure design pro-
cess in an expert system called BEASowri, 1990.

A breadth-first search is used to retrieve a set of cases
that are then filtered using a pattern-recognition tech-
nique to evaluate the similarity of their physical sig-
nature to the current situation. CBDEC does not record
outcomes, but supports problem decomposition, is in-
tegrated with a design environment, and indexes cases
automatically before they are added to the case library.

CADREM is a CBR system that proposes structural lay-
outs for buildings(Kumar & Raphael, 1997 CAD-
REM uses a case-retrieval approach called retrieval
based on exampléRBEX) (Raphael & Kumar, 1996
The retrieval mechanism tries to match the main task
specified in the problem specification with similar tasks
specified in design methods within cases. Adapting past
solutions to new problems is done by reusing retrieved
design methods. CADREM is an integrated design en-
vironment that decomposes problems into hierarchies
of subproblems; however it does not specifically sup-
port design exploration and does not record design
evaluation.
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Table 1. Assessment of some CBR systems with respect to SEED-Config requirements

Case-based reasoning systems

SEED-Config requirements DDIS ARCHIE CADSYN CASECAD CADRE CASETOOL CBDEC CADREM

Problem decomposition Yes No Yes Yes No Yes Yes Yes
Multiple view integration No No No No Yes No No No
Capture of evaluation No Yes No Yes No Yes No No
Automatic case accumulation Yes No Yes No No Yes Yes Yes
Design exploration No Yes No No No No No No
Versatile case retrieval No No No Yes No No No No
Integrated design environment Yes No Yes No Yes Yes Yes Yes
4. CASE REPRESENTATION description used principally for reasoning about its geom-

The first of the four major aspects of CBR systems is theetry and its topological relationships with other entities, and

representation of cases. A case describes a past probler@—’ a few secondary geometric representations, which are

solving situation. Case representation organizes the inforqomam specific. Th|§ represe.ntatlo.n scheme Te"es °T‘.the
mation that defines a problem along with its solution, itsPremise that topological relationships of physical entities

outcome, and, optionally, the manner in which the problemare invariant with respect to their domain-specific second-

was solved. This aspect of a CBR system delimits the ca@ly repres_entatlonSZam_aman & Fen_vef, _199.4The”pr|-
ary spatial representation of the entity “First Floor,” shown

abilities of the system and influences other aspects such 482" . . . .
b y b Figure 2, is a plane that defines its extent as well as its

indexes, organizational structures, retrieval algorithms, an{f' toni A le of d tri
adaptation mechanisms. ocation in space. An example of a secondary geometric rep-

Cases and designs in SEED-Config are represented aFesentation for this entity is a steel reinforcement bar layout.

cording to a generic information model called the Building
Entity and TechnologyBENT) model(Rivard & Fenves, 4.2, Taxonomy
2000. The information model consists of a set of basic con- o ) ) ] )
structs, built on top of an object-oriented model, enablinga‘ class_lfler instance is a label a_\SS|gned to clas_sn‘y a build-
the organization of data about design cases in a logical an§9 €ntity. It also serves as an index for querying the case
structured manner. The goals of this information model ardiPrary and retrieving cases. Classifier instances provide ac-
to store design data as they are generated, to share data am&3gS 10 building entities independently from the design se-
design participants, and to support CBR. guence that gener_a}teq them.Agwer! bU|Id|ng_ent|ty typ|call_y
In the BENT model, the building is represented as an ashas sever_al classifier mstance; assigned tc_) it, each of whlch
sembly of entities. A building entity is something that can Offérs a different means to retrieve that entity. The building
be distinctly identified in a building design, and about which €Ntity “First Floor,” shown in Figure 2, has been assigned a
data are accumulateEastman & Fereshetian, 1994 classifier mrste'mce, which §peC|fles the'structural material
building entity represents a concept meaningful to designto be used in its construction as “Cast-in-place Concrete.”
ers and can be a system, a subsystem, a part, a feature of a
part, a space or a joir{Gielingh, 1988. The BENT model 4.3, properties
represents each building entity as a generic container that
encompasses its geometry, taxonomy, properties, relatiofin attribute-value pair is a named property of a building
ships, and the design knowledge that generated it. Each &ntity. In the BENT model, the attribute-value pairs are or-
these aspects is C|ear|y de”neated in the mode| SO that effganized in two hiel’arChical |eVeIS. At the h|ghest IeVel, data
cient and independent tools can be used to manipulate therf® grouped into three subsets. The functional (Fit) in-
Figure 2 shows an idealized representation of a building encludes properties representing intended purposes, require-
tity called “First Floor,” along with portions of its data. Each Ments, and constraints on the entity; it can be seen as a
box is an instance of a class identified in bold letters in thedesign-problem statemef@ielingh, 1988. The design unit
upper section of the box. The constructs of the building en{DU) includes properties representing all the material and
tity are described below. For more information, please refeghape characteristics that define the actual design of the en-
to Rivard & Fenveg2000. tity; it can be seen as a solution alternative to the design
problem. The evaluation uniEU) represents the behavior
of the entity and includes the response to stimulation asso-
ciated with different design conditions. It can also be used
Abuilding entity is geometrically described by a unique pri- to record the concerns and consequences of a design that
mary spatial representation, which is the entity’s high-levelhas been implemented, thus providing support for the re-

4.1. Geometric description
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20 m (66 fi)

Building Entity: First Floor
Geometric Description / / 10m
Primary Spatial Representation—— (33 ft)
Scecondary Geometrical Representatior
Classifier Instance
Taxonomy -
Classifier Instances » Categnry: Structural Material
Classifier: Cast-in-place Concrete
Properties
Functional Unit Components DU Component
Design Unit Components—————————p» .
Evaluation Unit Components Name : Concrete Characteristics
Comp. strength  : 28 MPa (4000 ps1)
Relationships Water-cement ratio: 0.40
Containment Relationships Alr-content - 16% o
Domain-Specific Relations}h\ Max aggregate size: 20 mm (3/4 in)
Design Knowledge \»
Technology Tags Building Entity: Beam 1
[ ] L] L]

Technology Tag
-

Tech. node: Concrete One-Way

Fig. 2. An example of a building entity and a portion of its data.

quirement of capture of evaluation specified in Section 2.The containment relationship is used to model the hierar-
At the lower level of data aggregation, the attribute-valuechical decomposition of design problems as specified in the
pairs are combined into small cohesive subsets, each of whighroblem decomposition requirement of Section 2. DSRs store
is called a componeiriPhan & Howard, 1993 so that closely  other essential relationships such as “Support” and “Con-
related attributes may be found together. For instance, a deect” in structural engineering. Spatial relationships, such
sign unit component for structural engineering called “Con-as “above,” “adjacent,” “next to,” and “spatially contained
crete Characteristicgsee Fig. 2may contain the following in,” are not stored explicitly in this information model be-
attribute-value pairs: compressive strength, water—cememause they can be obtained directly from the geometric
ratio, air content, and maximum aggregate size. Compomodeler. The building entity “First Floor” of Figure 2 is de-
nents allow building entities to be refined in staged steps byomposed into a set of subentities comprising a slab and
adding sets of attribute-value pairs to the entity as they arbeams linked together through containment relationships
generated in the design process. In this manner, there is fonly one beam subentity is depicted in Figune &2 wall
need to define every attribute that may be needed in a buildentity located below could be linked to the “First Floor”
ing entity at the outset. Furthermore, the complexity of theentity by a DSR “Support” to define a load pdtiot shown
building entity can be abstracted to the user with partial viewsn Figure 2.

displaying only the relevant components. The sharing of

components among different building design domains sat- )

isfies the requirement of multiple view integration. 4.5. Design knowledge

Atechnology tag is a reference to a particular reasoning step
4.4. Relationships or operator, ca_\llgd tech_nology node, that was used in de-

signing the building entity. Technology nodes encapsulate
Relationships among building entities fall into two catego-design knowledge. Each node represents a known design
ries: containment relationshigalso known as aggregation alternative, the constraints that determine its applicability,
relationshipg which capture the links between an entity andand the computational steps necessary to assign values to
its parts; and domain-specific relationshifid3SR9, which  the attributés) defining that alternative. Technology nodes
describe other relationships of interest. A composite objecare arranged into a technology graph representing all pos-
is modeled as a building entity linked by containment rela-sible design alternativéfivard et al., 1996; Gomez, 1998
tionships to other building entities that represent the partsA designer may select a technology node and apply it to the
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current building entity when it is applicable in the current BENT model in UniSQL and in @+ (for the SEED-
context. Technology nodes refine the design of a buildingConfig design environmeht

entity by adding design unit components, classifier in-
stances, and domain-specific relationships to the entity, oL
by creating new entities contained in the current building
entity. Figure 2 shows a technology tag indicating that theA building entity by itself is a self-contained case because it
“First Floor” entity has been designed with the technologyincludes its problem stateme(the functional unix, the de-
node “Concrete-One-Way,” which, among others, detersign solutionthe design unjt the design procegghe tech-
mines the supporting elements and defines the direction afology tags that provide a reference to the design knowledge
the design spans. The technology concept is further elabatsed, and the outcome of the desigtine evaluation unijt
rated in GomeZz1998), in terms of the development of a Furthermore, a case is already indexed as the technology
representation for technology nodes, the elaboration of iteodes that were applied to the entity during the design pro-
functionalities, and the creation of a user interface that supeess have assigned classifier instances to it.

ports the generation of technology nodes interactively. Of To add a new case, the designer selects a building entity
the systems surveyed in Section 3, DDIS, CADSYN, CASE-in the hierarchical decomposition and instructs SEED-
TOOL, and CADREM all have knowledge representationsConfig to archive it in the case library. These are the only
similar to the one used in SEED-Config. two actions required, thus satisfying the main requirement
pertaining to case accumulation, established in Section 2,
that stipulates minimal effort on the part of the designer.
The designer can select the building entity at any level of
The second major aspect of CBR systems is case accumthe hierarchical decomposition. To archive the whole project,
lation. CBR systems have the ability to learn by accumu-the designer selects the root of the projéa., the entity
lating new solutions as cases in the case library. They arlocated at the top of the hierarchical decompositidrhe

thus able to solve problems to the extent of coverage oépplication then copies the selected building entity and all
their knowledge, but as their knowledge grows through thets constituents as a case into the case library.

addition of cases, the range of problems they can solve ex- The archiving algorithm consists of a main function that
pands(Kolodner, 1993. This section describes the case li- recovers the initial data and manages the database, and a
brary and the archival process implemented in SEED-Configrecursive function that copies building entities. The main
archiving function is initiated with the building entity se-
lected and performs the following actions. First, the func-
tional unit component “Project Description” is obtained from

A case library is the memory of the CBR system. It mustthe root of the project. This component is attached to the
provide powerful and efficient mechanisms for searchingcase and all its subentities. Its purpose is to describe the
and accessing cases. The case library is implemented in gmoject for which the case was developed at retrieval time
object-oriented database management sys@@DBMS) and it contains information such as the name of the project,
to take advantage of the object-oriented schema constructie name of the owner, the address of the project, and the
persistence, and query capabilities it offers. OODBMSs are@late the project was begun. Next, the database is opened
a fusion between the semantic richness of object-orientednd initialized. The “Project Description” is then saved in
languages and the practical features of relational databaske database, and the recursive function “SaveBE” is called
management systems. The OODBMS UniSQL was seto archive the selected building entity and all its subentities.
lected by the SEED team because it best satisfies the ré-inally, the transaction is committed and the database is
quirements specified for the database system, fully supportsosed.

relational database constructs, has multi-database capabili- The purpose of the function “SaveBE” is to copy data
ties, and is compliant with SQL, the standard relational lanfrom the C+ + implementation of the BENT model into the
guage supported by most database systems on the markehiSQL database schema. First, the function saves the pri-
(Snyder et al., 1995UniSQL is actually an extended rela- mary spatial representation of the building entity into a sum-
tional database management system, because it providesarized representation containing its dimensiondiify.,
object-oriented concepts on top of the relational data modepoint, line, plane, or volumeand extent. Next, the function

It offers a superset of SQL, called SQX, that has addi- copies the technology patlise., sequence of technology
tional features for dealing with complex objects, values, andags, thus storing the design knowledge used in refining
methods. It also comes with aiCt interface that provides the building entity. It also stores the classifier instances
access to the database. The BENT model is implemented @awhich act as indexgsthe secondary geometrical represen-
a database schema in UniSQL by defining every class in th@ations, and all the functional unit, design unit, and evalua-
model in SQL/X. This database schema defines the caseion unit components. Finally, the function stores DSRs. Only
library. Atranslation mechanism is necessary because of inthe DSRs that relate subentities of the case root are stored
portant differences between the implementations of then the case library. Figure 3 illustrates which DSRs from a

.2. Archiving new cases

5. CASE ACCUMULATION

5.1. The case library
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Root of project Root of case

A4 DSR archived with the case

& ~ #_ DSR not archived

—— Archived case hierarchy

Fig. 3. Archiving a case with domain-specific relationships from within the hierarchical decomposition of a design problem.

project are stored in the case library. The DSRs with enti6.1. The overall retrieval process
ties lying outside the case must be reestablished during the
adaptation process. Finally, the function is called recur-The overall retrieval process implemented in SEED-Config
sively for all the subentities of the building entity. is depicted in Figure 4. The control flow of the retrieval

A case is considered incomplete until its outcome is refrocess is informal in the sense that the designer is in con-
corded. In the building industry, the outcome can only betrol of all steps. The opposite would be the formal approach
assessed several months, or even several years, after the ¢feat handles the retrieval automaticaliaher & Pu, 1997.
sign has been finalized, because it relies exclusively o he informal approach was preferred because it provides
feedback from people involved in its construction, use, maingreater control and flexibility during the search definition.
tenance, and renovation. SEED-Config allows the storagdhe steps in Figure 4 that require inputs from the designers
of incomplete cases and provides facilities to add their outare rendered as rectangles with dashed lines. Some automa-
comes once they become available. tion and graphical user interfaces are provided to facilitate

Most CBR systems described in the literature need to béhe designer’s work.
seeded before they can be used. The seeding of the case li-The designer initiates the CBR process by first selecting
brary involves the insertion of an initial set of cases thata building entity(typically, the building entity currently be-
forms the necessary foundation for solving the most freing designegland then activating the case retrieval process.
quent or important problem@#olodner, 1993. This foun-  Two search windows are automatically initialized based on
dation is then extended as new problems are encounterediie current problem statement of the selected building en-
resolved, and added to the case library. SEED-Config doetity. These dialog windows are provided to help the de-
not require an initial set of cases because it is a self-sufficiergigner in generating a query statement and are described in
design environment. Of course, the CBR capability of SEED-detail in the next subsection. Each allows the designer to
Config cannot be used at first because of its empty case liswitch from one to the other or to reset it to its initialized
brary, but as designs are generated using SEED-Configeontent. The minimum information required for case re-
design capabilities and added as cases in its case library, thiéeval is the design problem statement, which is obtained
CBR system becomes more and more powerful. from the functional unit of the building entity. The problem
statement for a structural entity describes the type of the
element(e.g., beam, column, slab, or framehe loads,
6. CASE RETRIEVAL boundary conditions, constraints, and so on. The designer
The third major aspect of CBR systems is case retrievalcan modify the problem statement provided by adding or
Case retrieval involves the formulation of a query based orediting parameters in a search window. Once the designer
the current design problem statement and the search of thes approved the specification in one of the search win-
case library. The result of the retrieval is a set of the mostlows, a SQI/X query is automatically generated. The de-
useful cases that can potentially help the designer in solvsigner can edit the resulting query. Once the query is
ing the current problem. This section describes the impleeompleted, the UniSQL database is opened and the query is
mentation of case retrieval in SEED-Config. There are foumprocessed. If no case is found, the retrieval process is re-
subsections: the first focuses on the overall retrieval prostarted until a case is found or the process is cancelled. If
cess; the second describes the available options for prepahe query finds a set of cases, they are presented in a dialog
ing queries; the third discusses the use of semantic networkgindow. The designer is responsible for browsing through
in generalizing and specializing queries; and the final subthe cases and for selecting the most appropriate one to solve
section evaluates the approach implemented. the problem at hand. If a case is selected, it is translated

https://doi.org/10.1017/50890060400145068 Published online by Cambridge University Press


https://doi.org/10.1017/S0890060400145068

SEED-Config 423

r T 1
| User selects a building entity

and activates case retrieval | START

T e

Initialize search windows |

r .
Search windows

— > | Task-based - P Lincage-based |

IGenerate query l |Provide basic query |

\/

ro- —. — = Cancelled
I_Dlsplay query for editing T ® EXIT

OK

No case found

Process
| I

One or more cases found

r———v——"w Cancelled
l_Display cases found ; e p EXIT

A case is selected

\

ADAPTATION

Fig. 4. Control flow for retrieving a case.

back into the G-+ BENT model and transferred to the ad- focuses on the building entity selected, whereas the second
aptation process described in the next section. one supports retrieval based on the hierarchical decompo-
The control flow supports the typical trial and error as- sition of the case. These two options provide dialog win-
pect of situation assessment. Situation assessmentis the anadpws to assist the designer in automatically generating a
sis of the current problem statement to ensure the retrievajuery statement and are exclusiue., only one or the other
of useful cases that are similar to the problem at hand. Iniean be used in a retrieyalThe third option, which lets the
tially, the problem is usually not fully defined and infer- designer prepare the query directly in SQ{ can be used
ences from the designer are required to complete the probleim conjunction with one of the first two. Each of these op-
statement. If the result of the retrieval is inappropriate, theions is described below.
situation can be reassessed. Hence, situation assessmerléig 1 Task-based search
an incremental process that provides increasingly more ac-"“"

curate problem statements as the understanding of the cur- task-based search focuses on the specific building en-
rent situation is refinedkolodner, 1993, tity in the hierarchical decomposition that constitutes the

designer’s current task and does not involve related entities.
This is the search window that appears by default.

The search parameters of the task-based search window,
The designer has three options for preparing a query: baseshown in Figure 5, are grouped into three sections: primary
on task, based on lineage, or customized. The first optiospatial representation, classification, and component. The

6.2. Case query options
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to initialize the search window, the designer can add design
and evaluation unit components.

The search parameters provided by default may either be
expanded or restricted. Continuing the example, the struc-
tural engineer may expand the search by editing the field
value of the load magnitude to be between 3.0 and 5.0 kPa
instead of equal to 4.0 kPa. He may restrict the search by
selecting the type of decking to be of corrugated steel by
o : adding the classifier “Type of decking Corrugated steel.”
e-way O) L ; The engineer may restrict the search further by adding an

’ ' : ' evaluation unit component for the construction cost with a
limit of $70 per square meter or less. When the engineer
presses the “Retrieve” button, the search specifications are
automatically translated into a S@K query and presented
in the Query Edit window. This window allows the de-
signer to inspect and modify the S@QX query generated
before proceeding with the retrieval process as described
earlier.

3 | material
lab action: Oni

6.2.2. Lineage-based search

A lineage-based search takes into consideration related
entities in the hierarchical decomposition of the case. This
type of search relies on containment relationships, hence
the term lineage for parent—child relationships. Example que-
ries restricted by building entities that are related through
containment relationships are:find a roof design in a build-
ing that encloses an indoor swimming poo);fihd a roof
first section defines the dimensionality of the case to be redesign made primarily of steel and that has open-web steel
trieved and can take one of five values: point, line, planejoists; and 3 find a roof design of a building with floors
volume, or no restriction. The second section defines thenade primarily of steel. The first example is shown in Fig-
set of indexes that classifies the case. The type of buildingire 6 with only the relevant portion of the hierarchical de-
entity is displayed first, and the view underneath displayscomposition. Thearget entity is the building entity currently
the list of classifier instances associated with the buildingbeing designed; here the roof. Tietated entity is the build-
entity. Each classifier instance is shown with its categorying entity in the hierarchical decomposition used to limit
first, followed by its classifier name, and its unit type. The the search; here the functional space with its occupancy cat-
third section specifies a list of attribute-value pairs. Eachegory limited to swimming pool. In this example, the target
attribute is shown with the name of its component, fol- entity is connected to the related entity through three con-
lowed by the attribute name, and a field that is used to spedainment relationships according to the hierarchical decom-
ify its value. This field can be used by the designer to seposition of Figure 1. The window for lineage-based search
ranges of acceptable values. has two sections: the first section defines the target entity,

The functionality of this window is explained through an which is initialized with the entity currently being de-
example. A structural engineer is designing a roof. His cursigned, and the second section is used to specify the related
renttaskis to design the slab. When he activates the retrievahtity.
process, the window is initialized based on the selected build- When the designer has completed defining the query in
ing entity and appears as shown in Figure 5. The dimensiorthe search window, a function automatically generates the
ality is obtained from the primary spatial representation of thecorresponding SQLX query. The function first computes
entity and is set to plane. The type of building entity and thethe levels of the target and related entities in the hierarchi-
classifiers are set according to the classifier instances cucal decomposition and determines which one is higher in
rently assigned to the building entity. This entity has been parthe hierarchy. In the example, the higher one is the related
tially classified as depicted in the second section with the typentity “Functional space” and the lower one is the target en-
of building entity “Slab element” and two classifier instances:tity “Roof.” Next, the function finds theoot of the query,
“Structural materiat Steel,” and “Slab actios One-way.”  whichis the closest parent of both entities in the hierarchical
The third section shows that a functional unit component hasiecompositior{see Figure & The algorithm checks if the
been assigned to the entity defining a uniformly distributedhigher entity is the parent of the lower one. Ifitis, then it is
load with magnitude of 4.0 kPa. Although only the func- also the root. If it is not, then the algorithm moves up to the
tional unitcomponents of the selected building entity are usedext level until a common parent is found. In the case when

Fig. 5. Task-based search dialog window.
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Fig. 6. Alineage-based search.

the two entities are at the same level, one of them is selected o

arbitrarily, and the algorithm moves up its lineage. Once the
root of the query is determined and the numbers of levels be-
tween the root and both the target and the related entities are
computed, a SQLX query can be generated.

Because the case accumulation process records a sum-
marized geometrical representation of the building
entity, it is possible to create queries based on dimen-
sionality and extent. For instance, the designer can look
for the design of a concrete floor of 10 by 20 meters.

Success of the lineage-based search depends on the grane A query can focus on the domain-specific relationship

ularity of the cases stored. Because cases can be stored at
different levels of the hierarchical decomposition, cases with
roots at low levels of the hierarchy will not be accessible to
lineage-based searches requiring a root located higher in
the hierarchy, because archiving a portion of the building
decomposition detaches the case from the context of the
project.

6.2.3. Customized search N

Customized search is used to define S@lqueries that
cannot be automatically generated by the two search win-
dows provided. With this option, the designer can either write
a specialized query or edit the queries automatically gener-
ated in the Query Edit window. Customized search can be
used to create four types of specialized queries: queries on
applied technologies, on geometrical extents, on domain-
specific relationships, and on multifunctional cases. An ex-
ample illustrating each one is given below:

that exists between two entities. For instance, the de-
signer can search for the design of a roof that is sup-
ported by a concrete wall. In this example, the query
searches for a DSR of type “Support,” whose “support-
ing” role is filled by a “wall” entity classified with the
classifier “Structural materiat Concrete,” and whose
“supported” role is filled by the “roof” entity, the tar-
get of the query.

Because the case representation, described in Sec-
tion 4, supports the retrieval of cases with multiple func-
tions, the designer is able to retrieve an entity that
complies with two or more functions. For instance, a
structural designer can look for a case representing the
design of an exterior wall that has both structural and
enclosure functions and that has specified thermal
properties.

6.3. Generalization and specialization of queries

e The technology nodes used in expanding an entity rep-

resent a good alternative means of selecting a set ofhe classifying and indexing approaches of SEED-Config

cases because they record the design process as well@®vide a method for generalizing and specializing queries.
the knowledge involved. For instance, the designer caltsEED-Config uses the faceted classification scheme. In this
look for cases that have been designed with a specifischeme, a building entity has associated with it a set of cat-

technology node such as “Open web joist.”
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cific aspect of the entity. A category consists of a group of Swimming pool
. : . Sport facility< .

classifiers arranged hierarchically. An example of a cat- Gymnasium

egory in structural design is “Structural Material,” which Hall . Theater

has four classifiers: “Steel,” “Concrete,” “Timber,” and “Ma-  Occupancy Entertainment <Auditorium

sonry.” Each of these classifiers can be specialized further, cee

for instance, “Concrete” can be specialized into “CaSt__!n_Fig. 7. The “Occupancy” category and its partial classification hierarchy.
place Concrete” and “Precast Concrete.” Hence, classifiers
are arranged in a subsumption hierarchy. Subsumption is
the process of recognizing a narrower conc@ptclassi-
fier) to be part of a broader one. Classifiers are more spepects of the geometry can all be searched. Furthermore, clas-
cific as one travels down and more general or abstract asifier instancegi.e., indexes are obtained from classifier
one travels up the hierarchy. A building entity is classifiedhierarchies that allow generalization and specialization of
by selecting one classifier from each of its associated catqueries. All of these means provide flexibility to the de-
egories and by assigning the corresponding classifier insigner in searching the design knowledge stored in the case
stance to the entity. Each classifier instance, described ilibrary. The goal is to ensure that cases are accessible every
Section 4, corresponds to one classifier from the classificatime they are needed.
tion. A software module of SEED-Config, called the Clas- The search windows described above represent a first at-
sification Reference Manager, allows the designer to defindempt at providing the basic functionality for preparing case
modify, manage, infer about, and query the classificatiorqueries. They are proofs of concept showing that search win-
that defines the domain of all legal categories and classifiergdows could be developed to assist the designer in preparing
Classification hierarchies are in fact semantic networkstask-based and lineage-based queries. This initial attempt
which provide an efficient mechanism for supporting rea-could be improved in several ways: the two search windows
soning about the generalization or specialization of concould be merged into a more general search window; the
cepts. This is an essential capability for widening the spac&QL/ X query could be kept hidden, thus concealing a level
of applicable cases when a query results in a limited numef complexity; and customized searches could be integrated
ber of matches. Continuing the example shown in Figure 6into a general search window by supporting the specification
the initial query is specified as “OccupaneySwimming  of queries based on technology nodes, geometric extents,
pool.” The category “Occupancy” and its partial classifica- domain-specific relationships, and multifunctional cases.
tion hierarchy is shown in Figure 7. If the query is unsuc- Currently all cases that satisfy the query are retrieved and
cessful because there are no such cases in the case libratjsplayed in alphabetical order in a window. To provide bet-
the query can be generalized through the semantic networtler assistance to the designer, the cases could be evaluated
(i.e., the classification hierarchyto sport facilities or even and ranked to suggest which ones are considered best suited.
to halls, possibly finding the design of an auditorium thatRanking is the process of ordering partially matching cases
could be reused. Hence, a second, more general query cagcording to the quality of the match or the usefulness of
be specified as “OccupaneyHall,” which subsumes “Sport  the case(Kolodner, 1993. Because SEED-Config deals
facility,” “Entertainment,” and their respective specializa- mostly with hierarchies of building entities, Flemming’s hi-
tions. This capability applies to all three options availableerarchical matching method would be idé&lemming,
for defining a query. 1994). It compares the hierarchy of the current problem state-
ment with the hierarchy of the retrieved case by consider-
ing each of the constituents and determining an overall
matching score. The retrieved cases are then ordered based
The case retrieval process described above satisfies the ren their overall score. The goal of using such a ranking mech-
guirement for design exploration, stated in Section 2, by alanism is not to select automatically the best matching case,
lowing the search specifications to change and expand dsut to rank the set of retrieved cases for the designer to
design progresses. The incomplete search specification usbdowse. It is the designer’s responsibility to select the most
to initialize the search windows can be used to search foappropriate case for adaptation.
cases or can be expanded to get more specific searches.
_Hence_, g_retrleved case _s_at|s_f|es the requirements se_t_fort;? CASE ADAPTATION
in the initial search specifications as well as the specifica-
tions that emerge during the design process. The last of the four major aspects of CBR systems is case
The requirement for versatile case retrieval is satisfiedadaptation. Once a suitable case has been identified, it needs
by providing multiple paths to each case, because the entit® be adjustedor adapteglto the current problem to pro-
design is recorded in a case and can be queried. Case quade a complete solution. This adaptation is required be-
ries are not limited to design problem statemdfisction-  cause old situations never exactly match new ones. Case
al unitg only. The design solution, design process stepsadaptation solves the current problem by either reusing parts
outcome, problem decomposition, relationships, and asef the past solution or by adjusting the past solution so that

6.4. Evaluation of the case retrieval approach
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it fits the current context. This section first discusses the An example of a design path in a technology graph for
adaptation method selected for SEED-Config. This is fol-the design of structural slabs is illustrated in Figu(&8/ard
lowed by a description of how the adaptation process it al., 1996. The design path consists of the bold technol-
implemented. ogy nodes and links in the graph; it represents the set of
decisions taken by the designer in the retrieved case. Tech-
nology nodes and links represented with dashed lines were
7.1. The adaptation method not applicable when the original designer was in/hisr
design session. The remaining nodes represent alternatives
Most adaptation methods described in the literature autothat were applicable but were not selected. When this path
matically fix a retrieved case to fit the new situation. In con-is retrieved and reenacted in the new design context, “Con-
trast, recomputing a new solution using the same proceduresete Double-Tee” becomes inapplicable due to the vio-
that were used to obtain an old solution is a more appropritations of some constraints. Therefore, to conclude the
ate and intuitive adaptation method for designers. Studentgdaptation process, the designer only needs to complete the
forinstance, typically reuse procedures; whenever they facdesign by selecting another alternative, say, for example,
a new problem, they try to find a similar example in their “Concrete-Hollow-Core.”
textbook and follow the procedure described to solve the
assigned problem. This adaptation method is called deriva-
tional replay, which reenacts the set of reasoning steps used2. Implementation of the adaptation process

to produce the retrieved case in the new situafi©arbon- Wi disti ish kinds of technol des: nod
ell, 1986. Each reasoning step is validated in the new sit- € can |st|_ng_ms two kinds of technology no €s: nodes
ghat have built-in procedures to generate all the required val-

uation and reenacted when found to be applicable. Thi he “Steel » technol icallv d
adaptation method is particularly useful when the solutionues((,a'g"t e "Steel one-way" technology automatically de-
fmines the design span as the shorter span of & slat

of a case is computed and depends on some parameters A .
vary from one problem to another. nodes that need to request data from the designgr, the

Implementing derivational replay in SEED-Config is “Deck-on-joists” technology requests the joist spacing from

straightforward because of the way design knowledge is reF—he designer The second type of technology node, labeled

corded in technology nodes, described in Section 4, Whicﬁnteractive, has two design modes depending on when it is

are arranged in a technology graph. Technology nodes recofbied' l?u(rjl_ng E:I nor_mzﬂ]dedag_n sesslgon_, the technol(;)gyt nt(_)de
complex design decisions, represent every step of the galteracts directly wi € designer. buring a case-adaptation

sign process, and can be reenacted, whenever needed, it ss(;onf, _the tec_hnolo_gr)]/ ﬁbtgmsf the d_?:]a frgm the casfe r']n'
new context. A building entityi.e., a case in SEED-Config stead o mteraptmg W't the esigner. e,a _vantaggo the
refers to the set of technology nodes that were used to dg_econd mode is that it spares the designer’s time as it reuses

sign it. This set represents a path in the technology graprprewous design values. The designers can always change

This path, which records the set of applicable alternativeighose values gfterward. . :

that were selected by the designer, can be reenacted in'aThe.adapj[athn Process s |I'Iustrla.ted with an example that
new design situation. During case adaptation, past desig depicted in F_lgure 9 Eor S|mpllgltys s_ake, the example

decisions are reassessed in the new design context by e ycuses on the instantiation of design unit components and

amining each technology node in the path. If the range O;:urlloentmes only, an does TOt d!scuss_ tze |_nst_ant|z?1t|on Off
applicability of a technology node is satisfied in the newOt er constructs. A structural engineer is designing the roo

design context, then the technology is applied to the currerﬁnc an indoor swimming pool. The building entity represent-
building entity, thus extending it, and matching continues'Y the roof has already been_cr?ateq and t,\,/vo tec“hnology
to the next level in the pathRivard et al., 1996 Other- nodes have been applied to it: “Horizontal” and “Steel-
wise, if a constraint of a technology node is violated, that
technology and all subsequent technologies in the path are
discarded. Once the adaptation is carried as far as it can be,
SEED-Config offers three methods to replace technologies
eliminated from the path and to complete the design of the ~
building entity: manual, where the designer instantiates the . T N g
various constructs directle.g., building entities, compo- ~ Horizontal -
nents, and classifier instangemteractive, where the de-
signer selects applicable technology nodes and applies them
to the current building entity; and case-based design, where
a new case retrieval is initiated at this more detailed level. ~
These three design methods are fully integrated in the same “conee™ ~
design environment, thus satisfying the corresponding re- ===~ =
quirement specified in Section 2. Fig. 8. A design path in a technology grapRivard et al. 1995

M Steel
Horizontal

Concrete-
Solid-Stab
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Fig. 9. Example of case adaptation.

Horizontal.” The structural engineer concludes the case retural engineer can complete the design of the roof either by
trieval process by selecting a case representing the designitiating a new case-based retrieval at this more detailed level
of an auditorium roof. The adaptation process iterates througbr by selecting a different branch in the technology graph.
the design path of the retrieved case until it finds “Steel one- Hence, a case in SEED-Config contains both design in-
way” as the first technology node that has not been appliefiormation and references to procedures. The design infor-
to the current building entity. Once “Steel one-way” is found mation stored in the building entity is used to retrieve cases
to be applicable, it is applied to the current building entity,and to obtain data usually acquired interactively. The pro-
thus automatically instantiating the “Design-Span” compo-cedures are technology nodes that support the reenactment
nent. The process then moves to the next technology nodef the design sequence and represent the reusable part of a
in the path and finds “Deck-on-joists” to also be applicable.case. The capability of reusing both design information and
This technology node, which normally requires the spacingorocedures is in sharp contrast with most other CBR sys-
from the designer, reads the value from the retrieved castems that reuse either one or the other but not both.

and instantiates the “Joist-Spacing” component. The tech-

nology node creates a _set_of joists Qnd a slab as subent|tl%§ CONCLUSIONS

of the roof. Only one joist is shown in Figure 9. The adap-

tation process moves to the next technology node and de&SEED-Config is a design environment for conceptual build-
termines that “Steel-Joist” is also applicable in the currening design with a case-based reasoning functionality so that
design context. The technology is applied and obtains thelesigners do not have to start from scratch for each new
strength of the steel from the retrieved case to instantiatdesign. The development of this system began with the cre-
the “Steel-Strength” component in the current entity. Theation of a list of seven requirements for CBR systems in-
process ends when a constraint of the technology nodeended for conceptual building design. None of the CBR
“Open-Web-Joist” is violated. As explained above, the strucsystems reviewed from the literature satisfied all these re-
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quirements. This list guided the development of the caseREFERENCES
based reasoning functionality.
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