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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

Experienced designers rely extensively on past experiences
to solve new design problems. The problems they face re-
mind them of similar prior experiences, or cases, that they
have encountered before. Such previous cases are a source
of inspiration on the basis of which more relevant solutions
to the problems at hand can be developed~Fenves et al.,
1995!. By using concepts that have been proven effective in
past situations, designers save both time and effort. Actu-
ally, experienced designers~or experts! can be recognized
by the ease with which they recall just the right prior expe-
riences tohelp themsolve thecurrentproblem~Schank,1982!.

A case-based reasoning~CBR! system is a tool that can
store previous experiences in a case library, find experi-
ences that are similar to a given problem, and adapt the most
appropriate one to solve that problem. Because designers
may forget or remember the wrong cases, a CBR system
could help them perform better reasoning by expanding their
memories with cases that they may have forgotten or that
originated from other designers~Kolodner, 1991!. A collec-
tion of prior designs would thus be made available to them.
A CBR system can provide support for storing and using
the collective memory of a design firm. Such a system could
become highly specialized, and even idiosyncratic, as it gath-
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
its adaptation mechanism, so that it can support changes in
practice~Fenves, 1995!. Hence, a CBR system could record
a firm’s expertise, facilitate knowledge exchange between
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designers, and allow novice designers to tap into a large
source of design experience.

This article presents a CBR system developed for con-
ceptual building design~Rivard, 1997!. The research project
described here is part of SEED-Config. SEED~Software
Environment to support the Early phases of building De-
sign! is a multidisciplinary project that intends to provide
computer support for the preliminary design of buildings
~Flemming & Woodbury, 1995!. The emphasis is on sup-
porting early design exploration, that is, the fast generation
of alternative design concepts and their rapid evaluation
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, subsys-
tems, and physical elements~Woodbury & Chang, 1995!. It
is intended to support decisions on the overall form of the
building and the structural, enclosure, mechanical, electri-
cal, and interior systems. The goal is to implement a tool
that supports human designers by augmenting their creativ-
ity and expertise~Fenves, 1995!.

CBR systems have four major aspects: case representa-
tion, case accumulation, case retrieval, and case adaptation.
Case representationaddresses the issues of how the infor-
mation is represented, recorded, and accessed.Case accu-
mulation provides the support for learning; it is responsible
for storing solutions to new problems as cases in the case
library. The next two aspects form the problem-solving pro-
cess of CBR systems:Case retrievalis responsible for find-
ing the most useful cases stored in the case library that can
address the current problem, andcase adaptationtrans-
forms the selected case into a solution for the problem at
hand.

This article describes the four major aspects of the CBR
functionality of SEED-Config in the above order. This is
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
SEED’s specifications, whereas others originated from ob-
servations of the building design environment.

2.1. Problem decomposition

Buildings are rarely similar enough to justify the construc-
tion of the same design twice. Although the complete de-
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,

which can, in turn, be further divided until smaller and more
manageable tasks are obtained. This “divide-and-conquer”
strategy results in a hierarchical decomposition of the de-
sign problem. An example of a hierarchical decomposition
for a building project is shown in Figure 1. The retrieval of
past solutions must be supported at any level of such hier-
archical problem decompositions~Flemming & Woodbury,
1995!. This requires that the case representation provide easy
access to parts of a case and that each part be indexed in-
dependently from the global case by the indexing scheme
~Kolodner, 1993!.

2.2. Integration of multiple views

Each designer involved in the building design process~e.g.,
architect, mechanical engineer, interior designer, etc.! has a
different view of the final product. Hence, a CBR system
for building design should integrate the multiple views of a
building. This requirement ensures the retrieval of cases with
multiple functions. For instance, a case for an exterior wall
could have a structural function~i.e., load-bearing capabil-
ities! as well as an enclosure function~i.e., protection of the
indoor environment from outdoor weather conditions!. Even
though SEED-Config currently addresses only three disci-
plines~i.e., massing, structural, and enclosure design!, the
intent is to append additional disciplines in the future.

2.3. Capture of evaluation

The outcome of a case represents the results of implement-
ing the solution in the actual world by reporting the perfor-
mance of the design and the degree to which it fulfilled the
goals set forth in the problem statement. The outcome in-
forms the designer whether a case should be selected. Cur-

Fig. 1. Example of a hierarchical decomposition of a building.
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rently, lessons learned on a construction project have limited
or nonexistent feedback to subsequent projects~Sanvido
et al., 1992!. There is a need for communicating concerns
and consequences from the construction or implementation
phase directly to those making design decisions. Cases would
provide a logical place to record such concerns and conse-
quences, because those outcomes would automatically be
made available to the designers when they intend to use a
retrieved case, thus becoming part of the collective mem-
ory of the design firm.

2.4. Automatic case accumulation

The main purpose of SEED-Config is to aid designers in
designing. Any overhead beyond the normal design effort
for indexing or processing before storing a case should re-
main hidden from the designers as much as possible, so that
cases are accumulated as a side effect of normal design ac-
tivities ~Flemming & Woodbury, 1995!. The idea is to elim-
inate any effort that may make designers reluctant to add
potentially useful cases to the case library.

2.5. Design exploration

The building design process is exploratory in nature. Ini-
tially, the problem specification is incomplete and the rele-
vant features of the design problem manifest themselves only
as the design proceeds. Then, the domain of design possi-
bilities is explored by synthesizing, evaluating, and com-
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-
tially, that specifications may evolve dynamically, and that
several design alternatives may need to be considered~Ma-
her et al., 1995!.

2.6. Versatile case retrieval

People can remember useful cases quickly because their long
term memory resembles a large library where the informa-
tion is stored by subject, is generously cross-referenced, and
has a sophisticated index that gives direct access through
multiple entries to the subjects~Simon, 1996!. Similarly, a
CBR system should be equipped with a versatile case re-
trieval mechanism that provides several ways of accessing
and retrieving cases. For instance, a query could entail a
problem statement, a design solution, a design evaluation, a
design process used, or a combination of these.

2.7. Integrated design environment

CBR systems for design can be categorized as either stand-
alone systems, which uniquely rely on the CBR methodol-
ogy to design, or as integrated design environments, which
integrate CBR with other design generation and editing ca-
pabilities. Integrated design environments are preferred for

two reasons. First, designers can adapt retrieved cases using
the form generation and editing capabilities of the same de-
sign environment used to create the initial designs, and sec-
ond, adding new cases in stand-alone systems requires
significant effort~Flemming, 1994; Fenves, 1995!. CBR sys-
tems are also either automatic or interactive~Kolodner,
1993!. Automatic CBR systems are capable of synthesizing
a solution by themselves. Interactive systems require input
from designers throughout the process. The latter are more
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
responsible for the solutions proposed.

3. REVIEW OF CASE-BASED REASONING
SYSTEMS

Several CBR systems have been developed for civil engi-
neering and architecture. A selection of these systems is pre-
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-
quirements. For additional information, readers are referred
to a detailed review of CBR systems for building design
that compares different systems based on the issues of case
representation, retrieval, presentation, and adaptation~Wat-
son & Perera, 1997!.

STRUPLE ~STRUctural PLanning from Experience! is
an early attempt to implement a CBR system in the
domain of building design~Zhao & Maher, 1988!. It is
a stand-alone system that proposes structural subsys-
tems ~at the top level of abstraction only! from past
experiences based on a problem description. The goal
is to reduce the design space to a subset of structural
subsystems and then to pass it on to a synthesis pro-
gram such as HI-RISE~Maher, 1984!.

DDIS ~Design-Dependent and -Independent System! is
an integrated design environment for designing beam-
columns. It integrates case-based and rule-based knowl-
edge, called design-dependent and design-independent
knowledge, using a blackboard architecture~Wang &
Howard, 1991!. Design plans are sequences of design
steps, each of which is modeled as a rule in the knowl-
edge base. A design problem is solved by trying to re-
enact a selected design plan on the current situation.
DDIS supports problem decomposition, and new de-
sign cases are automatically processed, indexed, and
added to the case library. DDIS does not, however, sup-
port design exploration explicitly, and the user is re-
sponsible for selecting the most relevant design from
memory because no retrieval mechanism is provided.

ARCHIE is an interactive system for conceptual archi-
tectural design~Pearce et al., 1992!. It 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
~Maher & Zhang, 1993!. 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 design~Maher & Bal-
achandran, 1994!. Existing building structures are stored
as cases with symbolic data~used to index the case!
and graphics~used to visualize the case!. CASECAD’s
advantages are that it can decompose problems into hi-
erarchies, record the outcome, and manage multi-
media data~Maher et al., 1995!. 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-
tural layout of a building~Bailey & Smith, 1994; Bharat
et al., 1995!. CADRE provides two transformation ad-
aptation methods. Dimensional adaptation involves
finding a solution for a set of linear and nonlinear
constraints on the parameters used to describe the
building, whereas topological adaptation modifies
the topology so that a new dimensional model with
its corresponding constraints can be generated. The con-
straints required for adaptation are either obtained
interactively from the user or generated automatically
from the geometrical model. CADRE addresses the
multidisciplinary nature of building design, but does
not provide case retrieval, recording of outcomes,
and support for problem decomposition or design
exploration.

CASETOOL is an extension to an expert design system,
called DEKBASE~for Development Environment for
Knowledge-Based Systems in Engineering! ~Krish-

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, 1995!. 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!. It is an extension of an earlier
implementation of the building enclosure design pro-
cess in an expert system called BEADS~Gowri, 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 examples~RBEX! ~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.

None of the CBR systems presented here satisfy all the
requirements for SEED-Config. A summary of the evalua-
tion of these systems is shown in Table 1. The table does
not include STRUPLE because it is only a front end to an
expert system. Most systems support problem decomposi-
tions ~except for ARCHIE and CADRE!, accumulate new
cases automatically~except for ARCHIE, CADRE, and
CASECAD!, and are integrated design environment~ex-
cept for ARCHIE and CASECAD!. There seems to be a
consensus that hierarchical problem decomposition is nec-
essary in breaking down a complex system into simpler
problems to allow searches to be done at the system level,
as well as at the level of its parts. CADRE is the only
system that accounts for the multidisciplinary aspects of
design. Only three systems, ARCHIE, CASECAD, and
CASETOOL, record design evaluation. Only ARCHIE sup-
ports design exploration as specified in the SEED-Config
requirements and only CASECAD provides versatile case
retrieval mechanisms.
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4. CASE REPRESENTATION

The first of the four major aspects of CBR systems is the
representation of cases. A case describes a past problem-
solving situation. Case representation organizes the infor-
mation that defines a problem along with its solution, its
outcome, and, optionally, the manner in which the problem
was solved. This aspect of a CBR system delimits the ca-
pabilities of the system and influences other aspects such as
indexes, organizational structures, retrieval algorithms, and
adaptation mechanisms.

Cases and designs in SEED-Config are represented ac-
cording to a generic information model called the Building
Entity and Technology~BENT! model ~Rivard & Fenves,
2000!. The information model consists of a set of basic con-
structs, built on top of an object-oriented model, enabling
the organization of data about design cases in a logical and
structured manner. The goals of this information model are
to store design data as they are generated, to share data among
design participants, and to support CBR.

In the BENT model, the building is represented as an as-
sembly of entities. A building entity is something that can
be distinctly identified in a building design, and about which
data are accumulated~Eastman & Fereshetian, 1994!. A
building entity represents a concept meaningful to design-
ers and can be a system, a subsystem, a part, a feature of a
part, a space or a joint~Gielingh, 1988!. The BENT model
represents each building entity as a generic container that
encompasses its geometry, taxonomy, properties, relation-
ships, and the design knowledge that generated it. Each of
these aspects is clearly delineated in the model so that effi-
cient and independent tools can be used to manipulate them.
Figure 2 shows an idealized representation of a building en-
tity called “First Floor,” along with portions of its data. Each
box is an instance of a class identified in bold letters in the
upper section of the box. The constructs of the building en-
tity are described below. For more information, please refer
to Rivard & Fenves~2000!.

4.1. Geometric description

A building entity is geometrically described by a unique pri-
mary spatial representation, which is the entity’s high-level

description used principally for reasoning about its geom-
etry and its topological relationships with other entities, and
by a few secondary geometric representations, which are
domain specific. This representation scheme relies on the
premise that topological relationships of physical entities
are invariant with respect to their domain-specific second-
ary representations~Zamanian & Fenves, 1994!. The pri-
mary spatial representation of the entity “First Floor,” shown
in Figure 2, is a plane that defines its extent as well as its
location in space. An example of a secondary geometric rep-
resentation for this entity is a steel reinforcement bar layout.

4.2. Taxonomy

A classifier instance is a label assigned to classify a build-
ing entity. It also serves as an index for querying the case
library and retrieving cases. Classifier instances provide ac-
cess to building entities independently from the design se-
quence that generated them. A given building entity typically
has several classifier instances assigned to it, each of which
offers a different means to retrieve that entity. The building
entity “First Floor,” shown in Figure 2, has been assigned a
classifier instance, which specifies the structural material
to be used in its construction as “Cast-in-place Concrete.”

4.3. Properties

An attribute-value pair is a named property of a building
entity. In the BENT model, the attribute-value pairs are or-
ganized in two hierarchical levels. At the highest level, data
are grouped into three subsets. The functional unit~FU! in-
cludes properties representing intended purposes, require-
ments, and constraints on the entity; it can be seen as a
design-problem statement~Gielingh, 1988!. The design unit
~DU! includes properties representing all the material and
shape characteristics that define the actual design of the en-
tity; it can be seen as a solution alternative to the design
problem. The evaluation unit~EU! represents the behavior
of the entity and includes the response to stimulation asso-
ciated with different design conditions. It can also be used
to record the concerns and consequences of a design that
has been implemented, thus providing support for the re-

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
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quirement of capture of evaluation specified in Section 2.
At the lower level of data aggregation, the attribute-value
pairs are combined into small cohesive subsets, each of which
is called a component~Phan & Howard, 1993!, so that closely
related attributes may be found together. For instance, a de-
sign unit component for structural engineering called “Con-
crete Characteristics”~see Fig. 2! may contain the following
attribute-value pairs: compressive strength, water–cement
ratio, air content, and maximum aggregate size. Compo-
nents allow building entities to be refined in staged steps by
adding sets of attribute-value pairs to the entity as they are
generated in the design process. In this manner, there is no
need to define every attribute that may be needed in a build-
ing entity at the outset. Furthermore, the complexity of the
building entity can be abstracted to the user with partial views
displaying only the relevant components. The sharing of
components among different building design domains sat-
isfies the requirement of multiple view integration.

4.4. Relationships

Relationships among building entities fall into two catego-
ries: containment relationships~also known as aggregation
relationships!, which capture the links between an entity and
its parts; and domain-specific relationships~DSRs!, which
describe other relationships of interest. A composite object
is modeled as a building entity linked by containment rela-
tionships to other building entities that represent the parts.

The containment relationship is used to model the hierar-
chical decomposition of design problems as specified in the
problem decomposition requirement of Section 2. DSRs store
other essential relationships such as “Support” and “Con-
nect” in structural engineering. Spatial relationships, such
as “above,” “adjacent,” “next to,” and “spatially contained
in,” are not stored explicitly in this information model be-
cause they can be obtained directly from the geometric
modeler. The building entity “First Floor” of Figure 2 is de-
composed into a set of subentities comprising a slab and
beams linked together through containment relationships
~only one beam subentity is depicted in Figure 2!. A wall
entity located below could be linked to the “First Floor”
entity by a DSR “Support” to define a load path~not shown
in Figure 2!.

4.5. Design knowledge

A technology tag is a reference to a particular reasoning step
or operator, called technology node, that was used in de-
signing the building entity. Technology nodes encapsulate
design knowledge. Each node represents a known design
alternative, the constraints that determine its applicability,
and the computational steps necessary to assign values to
the attribute~s! defining that alternative. Technology nodes
are arranged into a technology graph representing all pos-
sible design alternatives~Rivard et al., 1996; Gomez, 1998!.
A designer may select a technology node and apply it to the

Fig. 2. An example of a building entity and a portion of its data.
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current building entity when it is applicable in the current
context. Technology nodes refine the design of a building
entity by adding design unit components, classifier in-
stances, and domain-specific relationships to the entity, or
by creating new entities contained in the current building
entity. Figure 2 shows a technology tag indicating that the
“First Floor” entity has been designed with the technology
node “Concrete-One-Way,” which, among others, deter-
mines the supporting elements and defines the direction of
the design spans. The technology concept is further elabo-
rated in Gomez~1998!, in terms of the development of a
representation for technology nodes, the elaboration of its
functionalities, and the creation of a user interface that sup-
ports the generation of technology nodes interactively. Of
the systems surveyed in Section 3, DDIS, CADSYN, CASE-
TOOL, and CADREM all have knowledge representations
similar to the one used in SEED-Config.

5. CASE ACCUMULATION

The second major aspect of CBR systems is case accumu-
lation. CBR systems have the ability to learn by accumu-
lating new solutions as cases in the case library. They are
thus able to solve problems to the extent of coverage of
their knowledge, but as their knowledge grows through the
addition of cases, the range of problems they can solve ex-
pands~Kolodner, 1993!. This section describes the case li-
brary and the archival process implemented in SEED-Config.

5.1. The case library

A case library is the memory of the CBR system. It must
provide powerful and efficient mechanisms for searching
and accessing cases. The case library is implemented in an
object-oriented database management system~OODBMS!
to take advantage of the object-oriented schema constructs,
persistence, and query capabilities it offers. OODBMSs are
a fusion between the semantic richness of object-oriented
languages and the practical features of relational database
management systems. The OODBMS UniSQL was se-
lected by the SEED team because it best satisfies the re-
quirements specified for the database system, fully supports
relational database constructs, has multi-database capabili-
ties, and is compliant with SQL, the standard relational lan-
guage supported by most database systems on the market
~Snyder et al., 1995!. UniSQL is actually an extended rela-
tional database management system, because it provides
object-oriented concepts on top of the relational data model.
It offers a superset of SQL, called SQL0X, that has addi-
tional features for dealing with complex objects, values, and
methods. It also comes with a C11 interface that provides
access to the database. The BENT model is implemented as
a database schema in UniSQL by defining every class in the
model in SQL0X. This database schema defines the case
library. A translation mechanism is necessary because of im-
portant differences between the implementations of the

BENT model in UniSQL and in C11 ~for the SEED-
Config design environment!.

5.2. Archiving new cases

A building entity by itself is a self-contained case because it
includes its problem statement~the functional unit!, the de-
sign solution~the design unit!, the design process~the tech-
nology tags that provide a reference to the design knowledge
used!, and the outcome of the design~the evaluation unit!.
Furthermore, a case is already indexed as the technology
nodes that were applied to the entity during the design pro-
cess have assigned classifier instances to it.

To add a new case, the designer selects a building entity
in the hierarchical decomposition and instructs SEED-
Config to archive it in the case library. These are the only
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 hierarchical decomposition. To archive the whole project,
the designer selects the root of the project~i.e., the entity
located at the top of the hierarchical decomposition!. The
application then copies the selected building entity and all
its constituents as a case into the case library.

The archiving algorithm consists of a main function that
recovers the initial data and manages the database, and a
recursive 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
the root of the project. This component is attached to the
case and all its subentities. Its purpose is to describe the
project for which the case was developed at retrieval time
and it contains information such as the name of the project,
the name of the owner, the address of the project, and the
date the project was begun. Next, the database is opened
and initialized. The “Project Description” is then saved in
the database, and the recursive function “SaveBE” is called
to archive the selected building entity and all its subentities.
Finally, the transaction is committed and the database is
closed.

The purpose of the function “SaveBE” is to copy data
from the C11 implementation of the BENT model into the
UniSQL database schema. First, the function saves the pri-
mary spatial representation of the building entity into a sum-
marized representation containing its dimensionality~i.e.,
point, line, plane, or volume! and extent. Next, the function
copies the technology paths~i.e., sequence of technology
tags!, thus storing the design knowledge used in refining
the building entity. It also stores the classifier instances
~which act as indexes!, the secondary geometrical represen-
tations, and all the functional unit, design unit, and evalua-
tion unit components. Finally, the function stores DSRs. Only
the DSRs that relate subentities of the case root are stored
in the case library. Figure 3 illustrates which DSRs from a
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project are stored in the case library. The DSRs with enti-
ties lying outside the case must be reestablished during the
adaptation process. Finally, the function is called recur-
sively for all the subentities of the building entity.

A case is considered incomplete until its outcome is re-
corded. In the building industry, the outcome can only be
assessed several months, or even several years, after the de-
sign has been finalized, because it relies exclusively on
feedback from people involved in its construction, use, main-
tenance, and renovation. SEED-Config allows the storage
of incomplete cases and provides facilities to add their out-
comes once they become available.

Most CBR systems described in the literature need to be
seeded before they can be used. The seeding of the case li-
brary involves the insertion of an initial set of cases that
forms the necessary foundation for solving the most fre-
quent or important problems~Kolodner, 1993!. This foun-
dation is then extended as new problems are encountered,
resolved, and added to the case library. SEED-Config does
not require an initial set of cases because it is a self-sufficient
design environment. Of course, the CBR capability of SEED-
Config cannot be used at first because of its empty case li-
brary, but as designs are generated using SEED-Config’s
design capabilities and added as cases in its case library, the
CBR system becomes more and more powerful.

6. CASE RETRIEVAL

The third major aspect of CBR systems is case retrieval.
Case retrieval involves the formulation of a query based on
the current design problem statement and the search of the
case library. The result of the retrieval is a set of the most
useful cases that can potentially help the designer in solv-
ing the current problem. This section describes the imple-
mentation of case retrieval in SEED-Config. There are four
subsections: the first focuses on the overall retrieval pro-
cess; the second describes the available options for prepar-
ing queries; the third discusses the use of semantic networks
in generalizing and specializing queries; and the final sub-
section evaluates the approach implemented.

6.1. The overall retrieval process

The overall retrieval process implemented in SEED-Config
is depicted in Figure 4. The control flow of the retrieval
process is informal in the sense that the designer is in con-
trol of all steps. The opposite would be the formal approach
that handles the retrieval automatically~Maher & Pu, 1997!.
The informal approach was preferred because it provides
greater control and flexibility during the search definition.
The steps in Figure 4 that require inputs from the designers
are rendered as rectangles with dashed lines. Some automa-
tion and graphical user interfaces are provided to facilitate
the designer’s work.

The designer initiates the CBR process by first selecting
a building entity~typically, the building entity currently be-
ing designed! and then activating the case retrieval process.
Two search windows are automatically initialized based on
the current problem statement of the selected building en-
tity. These dialog windows are provided to help the de-
signer in generating a query statement and are described in
detail in the next subsection. Each allows the designer to
switch from one to the other or to reset it to its initialized
content. The minimum information required for case re-
trieval is the design problem statement, which is obtained
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 frame!, the loads,
boundary conditions, constraints, and so on. The designer
can modify the problem statement provided by adding or
editing parameters in a search window. Once the designer
has approved the specification in one of the search win-
dows, a SQL0X query is automatically generated. The de-
signer can edit the resulting query. Once the query is
completed, the UniSQL database is opened and the query is
processed. If no case is found, the retrieval process is re-
started until a case is found or the process is cancelled. If
the query finds a set of cases, they are presented in a dialog
window. The designer is responsible for browsing through
the cases and for selecting the most appropriate one to solve
the problem at hand. If a case is selected, it is translated

Fig. 3. Archiving a case with domain-specific relationships from within the hierarchical decomposition of a design problem.
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back into the C11 BENT model and transferred to the ad-
aptation process described in the next section.

The control flow supports the typical trial and error as-
pect of situation assessment. Situation assessment is the analy-
sis of the current problem statement to ensure the retrieval
of useful cases that are similar to the problem at hand. Ini-
tially, the problem is usually not fully defined and infer-
ences from the designer are required to complete the problem
statement. If the result of the retrieval is inappropriate, the
situation can be reassessed. Hence, situation assessment is
an incremental process that provides increasingly more ac-
curate problem statements as the understanding of the cur-
rent situation is refined~Kolodner, 1993!.

6.2. Case query options

The designer has three options for preparing a query: based
on task, based on lineage, or customized. The first option

focuses on the building entity selected, whereas the second
one supports retrieval based on the hierarchical decompo-
sition of the case. These two options provide dialog win-
dows to assist the designer in automatically generating a
query statement and are exclusive~i.e., only one or the other
can be used in a retrieval!. The third option, which lets the
designer prepare the query directly in SQL0X, can be used
in conjunction with one of the first two. Each of these op-
tions is described below.

6.2.1. Task-based search
A task-based search focuses on the specific building en-

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,
shown in Figure 5, are grouped into three sections: primary
spatial representation, classification, and component. The

Fig. 4. Control flow for retrieving a case.
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first section defines the dimensionality of the case to be re-
trieved and can take one of five values: point, line, plane,
volume, or no restriction. The second section defines the
set of indexes that classifies the case. The type of building
entity is displayed first, and the view underneath displays
the list of classifier instances associated with the building
entity. Each classifier instance is shown with its category
first, followed by its classifier name, and its unit type. The
third section specifies a list of attribute-value pairs. Each
attribute is shown with the name of its component, fol-
lowed by the attribute name, and a field that is used to spec-
ify its value. This field can be used by the designer to set
ranges of acceptable values.

The functionality of this window is explained through an
example. A structural engineer is designing a roof. His cur-
rent task is to design the slab. When he activates the retrieval
process, the window is initialized based on the selected build-
ing entity and appears as shown in Figure 5. The dimension-
ality is obtained from the primary spatial representation of the
entity and is set to plane. The type of building entity and the
classifiers are set according to the classifier instances cur-
rently assigned to the building entity.This entity has been par-
tially classified as depicted in the second section with the type
of building entity “Slab element” and two classifier instances:
“Structural material5Steel,” and “Slab action5One-way.”
The third section shows that a functional unit component has
been assigned to the entity defining a uniformly distributed
load with magnitude of 4.0 kPa. Although only the func-
tional unit components of the selected building entity are used

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
adding the classifier “Type of decking5 Corrugated steel.”
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 SQL0X query and presented
in the Query Edit window. This window allows the de-
signer to inspect and modify the SQL0X query generated
before proceeding with the retrieval process as described
earlier.

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: 1! find a roof design in a build-
ing that encloses an indoor swimming pool; 2! find a roof
design made primarily of steel and that has open-web steel
joists; and 3! find a roof design of a building with floors
made primarily of steel. The first example is shown in Fig-
ure 6 with only the relevant portion of the hierarchical de-
composition. Thetarget entity is the building entity currently
being designed; here the roof. Therelated entity is the build-
ing entity in the hierarchical decomposition used to limit
the search; here the functional space with its occupancy cat-
egory limited to swimming pool. In this example, the target
entity is connected to the related entity through three con-
tainment relationships according to the hierarchical decom-
position of Figure 1. The window for lineage-based search
has two sections: the first section defines the target entity,
which is initialized with the entity currently being de-
signed, and the second section is used to specify the related
entity.

When the designer has completed defining the query in
the search window, a function automatically generates the
corresponding SQL0X query. The function first computes
the levels of the target and related entities in the hierarchi-
cal decomposition and determines which one is higher in
the hierarchy. In the example, the higher one is the related
entity “Functional space” and the lower one is the target en-
tity “Roof.” Next, the function finds theroot of the query,
which is the closest parent of both entities in the hierarchical
decomposition~see Figure 6!. The algorithm checks if the
higher entity is the parent of the lower one. If it is, then it is
also the root. If it is not, then the algorithm moves up to the
next level until a common parent is found. In the case when

Fig. 5. Task-based search dialog window.
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the two entities are at the same level, one of them is selected
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 SQL0X query can be generated.

Success of the lineage-based search depends on the gran-
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

Customized search is used to define SQL0X queries 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:

• The technology nodes used in expanding an entity rep-
resent a good alternative means of selecting a set of
cases because they record the design process as well as
the knowledge involved. For instance, the designer can
look for cases that have been designed with a specific
technology node such as “Open web joist.”

• 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.

• A query can focus on the domain-specific relationship
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 material5 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

The classifying and indexing approaches of SEED-Config
provide a method for generalizing and specializing queries.
SEED-Config uses the faceted classification scheme. In this
scheme, a building entity has associated with it a set of cat-
egories~or facets!, in which each category defines a spe-

Fig. 6. A lineage-based search.

SEED-Config 425

https://doi.org/10.1017/S0890060400145068 Published online by Cambridge University Press

https://doi.org/10.1017/S0890060400145068


cific aspect of the entity. A category consists of a group of
classifiers arranged hierarchically. An example of a cat-
egory in structural design is “Structural Material,” which
has four classifiers: “Steel,” “Concrete,” “Timber,” and “Ma-
sonry.” Each of these classifiers can be specialized further,
for instance, “Concrete” can be specialized into “Cast-in-
place Concrete” and “Precast Concrete.” Hence, classifiers
are arranged in a subsumption hierarchy. Subsumption is
the process of recognizing a narrower concept~or classi-
fier! to be part of a broader one. Classifiers are more spe-
cific as one travels down and more general or abstract as
one travels up the hierarchy. A building entity is classified
by selecting one classifier from each of its associated cat-
egories and by assigning the corresponding classifier in-
stance to the entity. Each classifier instance, described in
Section 4, corresponds to one classifier from the classifica-
tion. A software module of SEED-Config, called the Clas-
sification Reference Manager, allows the designer to define,
modify, manage, infer about, and query the classification
that defines the domain of all legal categories and classifiers.

Classification hierarchies are in fact semantic networks,
which provide an efficient mechanism for supporting rea-
soning about the generalization or specialization of con-
cepts. This is an essential capability for widening the space
of applicable cases when a query results in a limited num-
ber of matches. Continuing the example shown in Figure 6,
the initial query is specified as “Occupancy5 Swimming
pool.” The category “Occupancy” and its partial classifica-
tion hierarchy is shown in Figure 7. If the query is unsuc-
cessful because there are no such cases in the case library,
the query can be generalized through the semantic network
~i.e., the classification hierarchy!, to sport facilities or even
to halls, possibly finding the design of an auditorium that
could be reused. Hence, a second, more general query can
be specified as “Occupancy5Hall,” which subsumes “Sport
facility,” “Entertainment,” and their respective specializa-
tions. This capability applies to all three options available
for defining a query.

6.4. Evaluation of the case retrieval approach

The case retrieval process described above satisfies the re-
quirement for design exploration, stated in Section 2, by al-
lowing the search specifications to change and expand as
design progresses. The incomplete search specification used
to initialize the search windows can be used to search for
cases or can be expanded to get more specific searches.
Hence, a retrieved case satisfies the requirements set forth
in the initial search specifications as well as the specifica-
tions that emerge during the design process.

The requirement for versatile case retrieval is satisfied
by providing multiple paths to each case, because the entire
design is recorded in a case and can be queried. Case que-
ries are not limited to design problem statements~function-
al units! only. The design solution, design process steps,
outcome, problem decomposition, relationships, and as-

pects of the geometry can all be searched. Furthermore, clas-
sifier instances~i.e., indexes! are obtained from classifier
hierarchies that allow generalization and specialization of
queries. All of these means provide flexibility to the de-
signer in searching the design knowledge stored in the case
library. The goal is to ensure that cases are accessible every
time they are needed.

The search windows described above represent a first at-
tempt at providing the basic functionality for preparing case
queries. They are proofs of concept showing that search win-
dows could be developed to assist the designer in preparing
task-based and lineage-based queries. This initial attempt
could be improved in several ways: the two search windows
could be merged into a more general search window; the
SQL0X query could be kept hidden, thus concealing a level
of complexity; and customized searches could be integrated
into a general search window by supporting the specification
of queries based on technology nodes, geometric extents,
domain-specific relationships, and multifunctional cases.

Currently all cases that satisfy the query are retrieved and
displayed in alphabetical order in a window. To provide bet-
ter assistance to the designer, the cases could be evaluated
and ranked to suggest which ones are considered best suited.
Ranking is the process of ordering partially matching cases
according to the quality of the match or the usefulness of
the case~Kolodner, 1993!. Because SEED-Config deals
mostly with hierarchies of building entities, Flemming’s hi-
erarchical matching method would be ideal~Flemming,
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
on their overall score. The goal of using such a ranking mech-
anism is not to select automatically the best matching case,
but to rank the set of retrieved cases for the designer to
browse. It is the designer’s responsibility to select the most
appropriate case for adaptation.

7. CASE ADAPTATION

The last of the four major aspects of CBR systems is case
adaptation. Once a suitable case has been identified, it needs
to be adjusted~or adapted! to the current problem to pro-
vide a complete solution. This adaptation is required be-
cause old situations never exactly match new ones. Case
adaptation solves the current problem by either reusing parts
of the past solution or by adjusting the past solution so that

Fig. 7. The “Occupancy” category and its partial classification hierarchy.
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it fits the current context. This section first discusses the
adaptation method selected for SEED-Config. This is fol-
lowed by a description of how the adaptation process is
implemented.

7.1. The adaptation method

Most adaptation methods described in the literature auto-
matically fix a retrieved case to fit the new situation. In con-
trast, recomputing a new solution using the same procedures
that were used to obtain an old solution is a more appropri-
ate and intuitive adaptation method for designers. Students,
for instance, typically reuse procedures; whenever they face
a new problem, they try to find a similar example in their
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 used
to produce the retrieved case in the new situation~Carbon-
ell, 1986!. Each reasoning step is validated in the new sit-
uation and reenacted when found to be applicable. This
adaptation method is particularly useful when the solution
of a case is computed and depends on some parameters that
vary from one problem to another.

Implementing derivational replay in SEED-Config is
straightforward because of the way design knowledge is re-
corded in technology nodes, described in Section 4, which
are arranged in a technology graph. Technology nodes record
complex design decisions, represent every step of the de-
sign process, and can be reenacted, whenever needed, in a
new context. A building entity~i.e., a case in SEED-Config!
refers to the set of technology nodes that were used to de-
sign it. This set represents a path in the technology graph.
This path, which records the set of applicable alternatives
that were selected by the designer, can be reenacted in a
new design situation. During case adaptation, past design
decisions are reassessed in the new design context by ex-
amining each technology node in the path. If the range of
applicability of a technology node is satisfied in the new
design context, then the technology is applied to the current
building entity, thus extending it, and matching continues
to the next level in the path~Rivard et al., 1996!. Other-
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
various constructs directly~e.g., building entities, compo-
nents, and classifier instances!; interactive, 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
design environment, thus satisfying the corresponding re-
quirement specified in Section 2.

An example of a design path in a technology graph for
the design of structural slabs is illustrated in Figure 8~Rivard
et al., 1996!. The design path consists of the bold technol-
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
not applicable when the original designer was in his0her
design session. The remaining nodes represent alternatives
that were applicable but were not selected. When this path
is retrieved and reenacted in the new design context, “Con-
crete Double-Tee” becomes inapplicable due to the vio-
lations of some constraints. Therefore, to conclude the
adaptation process, the designer only needs to complete the
design by selecting another alternative, say, for example,
“Concrete-Hollow-Core.”

7.2. Implementation of the adaptation process

We can distinguish two kinds of technology nodes: nodes
that have built-in procedures to generate all the required val-
ues~e.g., the “Steel one-way” technology automatically de-
termines the design span as the shorter span of a slab!, and
nodes that need to request data from the designer~e.g., the
“Deck-on-joists” technology requests the joist spacing from
the designer!. The second type of technology node, labeled
interactive, has two design modes depending on when it is
used. During a normal design session, the technology node
interacts directly with the designer. During a case-adaptation
session, the technology obtains the data from the case in-
stead of interacting with the designer. The advantage of the
second mode is that it spares the designer’s time as it reuses
previous design values. The designers can always change
those values afterward.

The adaptation process is illustrated with an example that
is depicted in Figure 9. For simplicity’s sake, the example
focuses on the instantiation of design unit components and
subentities only, and does not discuss the instantiation of
other constructs. A structural engineer is designing the roof
of an indoor swimming pool. The building entity represent-
ing the roof has already been created and two technology
nodes have been applied to it: “Horizontal” and “Steel-

Fig. 8. A design path in a technology graph~Rivard et al. 1996!.
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Horizontal.” The structural engineer concludes the case re-
trieval process by selecting a case representing the design
of an auditorium roof. The adaptation process iterates through
the design path of the retrieved case until it finds “Steel one-
way” as the first technology node that has not been applied
to the current building entity. Once “Steel one-way” is found
to be applicable, it is applied to the current building entity,
thus automatically instantiating the “Design-Span” compo-
nent. The process then moves to the next technology node
in the path and finds “Deck-on-joists” to also be applicable.
This technology node, which normally requires the spacing
from the designer, reads the value from the retrieved case
and instantiates the “Joist-Spacing” component. The tech-
nology node creates a set of joists and a slab as subentities
of the roof. Only one joist is shown in Figure 9. The adap-
tation process moves to the next technology node and de-
termines that “Steel-Joist” is also applicable in the current
design context. The technology is applied and obtains the
strength of the steel from the retrieved case to instantiate
the “Steel-Strength” component in the current entity. The
process ends when a constraint of the technology node
“Open-Web-Joist” is violated. As explained above, the struc-

tural engineer can complete the design of the roof either by
initiating a new case-based retrieval at this more detailed level
or by selecting a different branch in the technology graph.

Hence, a case in SEED-Config contains both design in-
formation and references to procedures. The design infor-
mation stored in the building entity is used to retrieve cases
and to obtain data usually acquired interactively. The pro-
cedures are technology nodes that support the reenactment
of the design sequence and represent the reusable part of a
case. The capability of reusing both design information and
procedures is in sharp contrast with most other CBR sys-
tems that reuse either one or the other but not both.

8. CONCLUSIONS

SEED-Config is a design environment for conceptual build-
ing design with a case-based reasoning functionality so that
designers do not have to start from scratch for each new
design. The development of this system began with the cre-
ation of a list of seven requirements for CBR systems in-
tended for conceptual building design. None of the CBR
systems reviewed from the literature satisfied all these re-

Fig. 9. Example of case adaptation.
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quirements. This list guided the development of the case-
based reasoning functionality.

The case representation in SEED-Config is the BENT
information model. It supports the hierarchical decompo-
sition of design cases. The parts of a case are as simple to
access as the actual global case, because each part is stored
as a whole and is indexed independently. The case repre-
sentation also supports multiple views by aggregating small
cohesive sets of attribute-value pairs into components which
may be shared among different views. Moreover, the case
representation encapsulates the outcome in addition to the
problem specification and the design solution.

A case library was implemented in an OODBMS for ac-
cumulating cases and for providing efficient query facili-
ties. The case accumulation aspect was developed to provide
automatic archiving capabilities. The only effort required
from the designer is the selection of a building entity in the
hierarchical decomposition and the activation of the pro-
cess through a menu command.

The case retrieval aspect of SEED-Config offers three
different methods to create a query based on the current
problem statement: task-based, lineage-based, and custom-
ized. The case retrieval process described here supports
the exploratory nature of the design process by supporting
incomplete initial problem statements and by allowing them
to change and expand as design progresses. The case re-
trieval process can rely on multiple paths to find a case.
Case queries are not limited to problem statements be-
cause the design solution, the design process steps, the eval-
uation, the relationships, and aspects of the geometry are
all searchable. This provides flexibility for the designer in
querying the design knowledge stored in the case library.

The case adaptation aspect was elaborated with an adap-
tation method called derivational replay that reenacts the
set of reasoning steps used to produce the retrieved case in
the new situation. The case-based design capabilities are
completely integrated with the design environment from
which the cases originate.

The outcome of this research was a prototype imple-
mented to demonstrate the approach. The prototype was a
proof of concept and was tested in laboratory conditions
only. It successfully demonstrated that the case-based de-
sign capabilities of SEED-Config satisfies the seven spec-
ified requirements. However, additional research efforts are
required to further assess the performance of the system,
to perfect the user interface, and, finally, to evaluate the
approach with user studies and on-site prototype evaluations.
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