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A Conceptual Framework

for Integrating Morphological

and Thermal Analyses inthe Generation
of Orthogonal Architectural Designs

SAMIR §. EMDANAT, EMMANUEL-GEORGE VAKALé,

BACKGROUND

Firstand foremost, architectural designisconcerned withthe
making of useful form. Almost two thousand years ago,
Vitruvius defined architectural design as a process of ar-
rangement and selection with the purpose of making forms
that satisfy thecriteriaof commodity, firmness, and delight.
In contemporary terms, it is reasonabl eto think of Vitruvius

criteriaasconstraintsthat buildingshaveto satisfy. Accord-
ingly, form may be conceived as the common denominator
of al thefactorsthat influenceadesign. A changeinthestate
of one of these factors will be reflected in a change in the
morphological structure of the design, which, in turn, will

affect thestateof all other factors. Asaway ofunderstanding
the rules and structures that underlie architectural form
without limiting creativity, form-making focuses on inves-
tigating its structure, the nature of its attributes, and the
impact its determinants have on it. It ams to provide
designers with tools for exploring and testing their form-
making ideas without specifying a particular procedure for
arriving at these idess.

Formrmaking is distinguished from design. It entails
making decisions about (architectural) forms and their gen-
eration. Itsstudy involves the establishment of explicit and
systematic links between the structure of architectural form
(the elements of form and their relations), its attributes
(compositional principlessuch assymmetrical balance), and
its determinants (behavioral, natural, legal, and technologi-
cal). In addition to form-making, design is concerned with
processes and considerationsthat precede and follow deci-
sionsrelated to form. Form-making studiesaim to enhance
the competenceof architectsby furthering their understand-
ing of thestructureof architectural formand itsrelationtoits
attributes and determinants. In turn, this understanding,
facilitates the exploration and evaluation of form-making
decisions.

Theframework proposed hereisviewedasfulfilling these
objectives by helping designers assess systematically and
efficiently the relation between the architectural form they
are making and its determinants. This framework will
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constitute the foundation for formulating a computer-based
system which will initially integrate morphology and ther-
mal design.

COMPUTATION AND MORPHOLOGY

Morphology, or the study of form, was used originaly in
biology to derive and compare the forms of plants and
animals (Thompson, 1961). In architecture, morphological
analysisaims to discover the structure underlying architec-
tural form. Steadman (1976) proposed that one aspect of
morphology is the study of possible structures of which
actua formsrepresent particular cases. A simple reason for
the interest in morphological studies is that whatever is
produced by architectsis constrained by what is geometri-
caly or topologicaly possible (Steadman, 1983).
Typically, applicationsof computersto architecture have
targeted its production aspects (e.g., creating computer-
aided drafting tools). These applications do not address
fundamental form-making problems such as the reasoning
about morphological attributes and relations. Further, com-
puters have rarely been used for analyzing the structure of
architectural form. In most cases, morphological studies
have been conducted manually. Thiscan beattributed totwo
reasons. Fird, the people who have been interested in
conducting such studies traditionally have not been com-
puter-literate. Second, available computer technologies as
well as programming techniques made the use of computers
in the conduct of such studies cumbersome, if at al possible.
During the past two decades there have been noticeable
advancesin both computer technology and knowledge rep-
resentation techniques. Of particular interest to the authors
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Fig.1. Example of a Morphological Analysis Technique.
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are the advancements in the area of artificial intelligence.
Artificial intelligence problem-solving and knowledge rep-
resentation techniques make possible the exploration of
solutionsfor complex activitiessuch as form-makingwhere
traditional approaches cannot be employed. There are two
reasonsfor this. On one hand, they reducethespaceand time
complexity issues involved in solving such complex prob-
lems. On the other, they can derive solutions to complex
problemsby facilitating the exploration of thestructureof an
object through knowledge representation techniques.

Morphological analysis can be enhanced considerably
through the use of such techniques. Once an adequate
representational language for the attributes of a form is
achieved, it will be possible to create integrated knowledge-
bases that describe the relations between the morphological
attributesof an architectural form such as symmetry, hierar-
chy, and axidity, and its determinants such as therma
behavior and structural performance.

COMPUTATION AND THERMAL DESIGN

In thermal design, computers have been used primarily to
conduct simulations. Computer simulations aimed at opti-
mizing the thermal performance of a building require con-
structing amodel of the building's envelope and subjecting
it to analysis that will determine its performance (Tham,
1990). In most cases, the results of these computer-based
simulations have not been directly applicable to form-
making.

Toenhance the conduct of simulations with an evaluative
component, severa studies took advantage of knowledge-
based systems that emerged out of the artificial intelligence
field. Notable among them are Gero and Qian (1992),
Papamichael and Selkowitz (1990), Degelman (1991),
Hitchcock (1991), McConkey and Case (1991 ), and Malkawi
(1994). The systems these authors proposed, do not act as
independent agents.  In other words, they are not intended
to replace human experts in a given situation. Rather, they
function asintelligent assistants augmenting or supplement-
ing human expertise while, at the same time, increasing
productivity. Theintegration of such systems with systems
that analyze and describe the morphological structure of
buildingswill allow designersnot only to exploretheir form-
making ideas, but also to get important feedback and advice
on the thermal performance of the architectural forms they
are considering.

EXISTING WORK

The integrated computer-based system builds on previous
work by theauthorsin areasof universal shape grammar and
thennal performance. Universal shape grammar extendsthe
descriptive power of shape grammar, originally introduced
by Stiny and Gips (1972). Shape grammars are formalisms
which specify a visua form independently from the form
itself. Thedefinitionof ashapegrammar requirestheprecise
specificationof shapesand their transformations. By provid-

ing systematicdescriptions of forms, shape grammars make
possible the explicit statement of the designer's intuitions
about a design as well as the systematic analysis of these
intuitionsand their consequences. Aswell, shape grammars
alow for the trand ation of descriptions of the structure and
functional requirements of forms to descriptions of their
symbolic significance and vice versa.

Generaly, a universal shape grammar describes a form
using two levels of abstraction. The first isthe level of the
geometric structure and the second, the level of the spatial
structure. Currently, universal shape grammar islimited to
describing orthogonal architectural plans. In this case, the
term geometric structure of a plan is equivalent to the term
parti, which is represented as a composition of lines that
definespaces. Among other things, it accountsfor the spatia
disposition of a program's functions on a given site. In
contrast, the spatial structure of a plan represents the rela-
tions between its constituent architectural elements. In
particular, it represents the wall-to-wall, wall-to-column,
and column-to-column relations.

The thermal performance of a building depends on the
therma properties (e.g., the heat resistance value) of its
components(e.g. walls, roof, floor, interior furnishings and
structural elements) and their interactions as well as the
difference in temperature between its interior and the out-
side. For example, the heat transferred through a roof slab
dependson thetemperature of the outside surface of the dab,
thetemperatureof'the insidesurface of thedab, thevariation
of these temperaturesover time, and the thermal properties
of the dab.

The system will employ and link three computer-based
frameworks, ANADER, AELI, and IBEDO, that weredevel -
oped independently to study various aspects of architectural
form and its thermal performance.

ANADER

ANADER (Analysis and Derivation) is a computer-based
framework that implements the two levels of abstraction of
a universal shape grammar for analyzing and deriving or-
thogonal architectural plans. ANADER makesuseof object-
oriented programming techniques such as data abstraction
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Fig. 2. ANADER’s Internd Representation of a Building Plan.
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and inheritance. Its underlying data structures are deter-
mined by two hierarchical frameworks: aclasshierarchy and
a component hierarchy. The class hierarchy describes the
elements of aplan and their relative locations. The compo-
nent hierarchy classifies the components of a plan according
to their inheritance relations (Liou, Vakalo, and Lee, 1992).

AELI

AELI (Automated Extraction of Line-based Images) is a
machine-vision system that extracts automatically geomet-
ric and spatial structure representations and morphological
properties(e.g., symmetry conditions, hierarchies, modular-
ity, and proportions) as well as topological relations (e.g.,
adjacencies) from line drawings of architectura plans. The
morphological information is extracted in thefollowing five
steps. First, using a thresholding and filtering routine, the
scanned image is transformed into black and white pixels.
Second, the centerlines of black areas are extracted using
contour growing and skeletonization algorithms. Third, a
contour following routine is used to find the boundaries of
rooms. Next, thecomersof the roomsare detected based on
this contour. Finally, the extracted shape information is
stored in the form of alinked list of shapes, segments, and
coordinates (Terzidis and Vakalo, 1994).

IBEDO

IBEDO (Intelligent Building Energy Design Optimization)
isacomputer-based system that simulates and evaluatesthe
thermal behavior of buildings. In its simulation mode, the
system analyzes a hierarchical representation of architec-
tural elements (e.g., walls and roofs) taking into account
possible interactions between and conflicts in the behavior
of these elements. Theoutput of the simulation is designed
to dynamically build associations with the inference process
and related knowledge sources. The inference process is
used to optimize the building's energy design. The system
uses the Blackboard model which is a model that facilitates
dynamic multi-knowledge interaction and conflict avoid-
ance within a problem-solving context (Makawi, 1994).

THE CONCEPTUAL FRAMEWORK

The framework integratesthe morphological attributes of an
architectural form with its thermal behavior. Universal
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Fg. 4. The Components of the IBEDO System.

shapegrammar formalismsare employed to build hierarchi-
cal representations for form-making alternatives. These
representationsmake up the state spacefor any form-making
process. In addition, mathematical simulation is used to
predict the thermal behavior of the generated forms. Desir-
able morphological attributes (e.g., symmetry, axiality) as
well as thermal performance specifications constitute ini-
tidly the criteria for evauating a particular form-making
solution.

The framework will be implemented as a production
system. A production system consists of aset of production
rules stated as condition-action pairs, a working memory,
and acontrol structure. Compared to systematic state-space
search methods, production systemsprovide greater flexibil-
ity by representing multiple partial solutions simultaneously
(Luger and Stubblefield, 1993). Specifically, theframework
will be implemented using a blackboard model which was
originally used in speech understanding (Erman, 1980). This
moded uses a control structure that alows the working
memory to be organized into separate modules each corre-
sponding to adifferent subset of production rules. Thereby,
facilitating coordination between a number of different
sources of knowledge.

Theimplementation of the framework will consist of four
stages: (a) grammar formulation, (b) form-making and con-
flict resolution, (c) thermal performance integration, and (d)
attribute indexing and integration.
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Fig. 5. The Four Stagesof Implementing the Conceptud Frame-
work.

Grammar Formulation

The grammar to be used for describing the geometric and
spatial structures of orthogonal architectural plans will be
formulated. It is based on a representation of orthogonal
plans on the following levels of abstraction. At thelevel of
the geometric structure, the grammar will consist of four
shape rule schemata. The first rule will initialize a rectan-
gular shapethat representstheoutlineof abuildingplan. The
second two rules, will beusedtodividerecursively theinitial
and any subsequent shapes horizontally and vertically. The
final rulewill terminate the derivation sequence. Usingthis
grammar, it will be possible to describe and derive the
geometric structures of all possible orthogonal building
plans. At the level of the spatia structure, rules from
ANADER, will be used to derive systematically thewall-to-
wall, wall-to-column, and column-to-column relations that
characterize thederived geometric structure. The result will
be a tentative representation of a building plan. Both levels
congtitute the state-space for any form-making problem.

Form-making and Conflict Resolution

After the state-space is defined formally, the problem be-
comes one of finding a solution that satisfies specific mor-
phological attributes and thermal considerations. At this
stage, morphological and topological constraints such as
symmetry and adjacency relations expressed in the form of
rulesthat determine the performance measure for the search,
will be formulated. A control structure as well as rule
selection heuristics for conflict resolution will be imple-

mented. Those will be based on desired morphological
atributes(e.g., symmetry, axiality) and topological consid-
erations (e.g., adjacencies).

Thermal Performance I ntegration

The thermal performance of the building is another perfor-
mance measure that will be used to guide the search. The
IBEDO system of thermal simulation will be modified to
assessthe thermal performance of the generated forms. This
modificationwill be conducted in two steps. First, default
values for the evaluative component of the system will be
designedaslibrariesso that the simulation can be performed
with minimum input from the user. Among other things,
theselibrarieswill contain information about the geographic
location and the thermal properties of construction materi-
als. Second, the structure of the system will be modified to
read the elementsand attach attributes to them interactively.

Attributelndexing and I ntegration.

At this stage, evaluation procedures that will link the mor-
phological attributes of aform with itsthermal behavior will
be formulated. The blackboard model employed in the
IBEDO system will be used. This model will allow the
different constraints to use a common data structure to
communicate and solve any conflicts that might arise.

KNOWLEDGE REPRESENTATION

Asaresult of the different modules and knowledge sources
that will be used, the system will employ a combination of
tworepresentations. A schemarepresentation that allowsthe
rules to have inheritance properties will be used to imple-
ment the grammar. It will be augmented by a rule-based
model that employsstatistical reasoning for plan generation
and thermal performance prediction. This will alow the
system to model expert advice and decision-making pro-
Cesses.

CONCLUSIONS

The framework aims to formulate explicit representations
for the structure of architectural form and to facilitate its
systematic analysisand derivation. It isanticipated that the
framework will hel p designers examine the relation between
the architectural form they are making and its determinants.
In addition, by incorporating knowledge about the thermal
performance of a design early in the form-making process,
designers and design students can get immediate feedback
onthethermal performanceof theformsthey are considering
before being committing themselves to one formal solution
or another.

The system that will be developed on the basis of the
proposed framework is likely to contribute methodologi-
caly to the systematic and efficient derivation of architec-
tural form. Specifically, the system will constitute an initia
attempt to build high level descriptions for languages of
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architectural form. This will entail building an intelligent
integrated computational system capable of recognizingand
reasoningabout sel ected morphological attributes and deter-
minants. Thiscanhelp designersand design studentsexplore
and test their form-making ideas. Moreover, thesystemwill
integrate uniquely morphology and thermal performance.
It is anticipated that the system will affect particular
aspects of architectural practice, research, and education.
Specifically, itisenvisioned that, ultimately, the systemwill
result in auseful, robust, and efficient tool that can be used
by practitioners, researchers, educators, students, critics,
and othersnotonly to analyze themorphological structureof
buildings but also to explore their thermal behavior.
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