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Abstract. We discuss the special demands for representation and reasoning posed by cross-
disciplinary communication in collaborative conceptual building design. These needs are not
well addressed by existing software technology. By building upon design theory literature
and observations of a case study of an actual building design project, we are identifying and
devising computational strategies for addressing these needs. Our conceptualization suggests
that designers propose a shared form model, interpret the form model into discipline models,
critique the discipline form models to derive behavior and compare it to function, and explain
the results to other members of the team. We present this propose-interpret-critique-explain
paradigm as a communication cycle for collaborative conceptual building design. We are
exploring and testing the conceptualization by modeling it with an experimental software
prototype, ICM, that integrates graphic representations of, and AI reasoning about, the
evolving building design.

1. Characteristics of Collaborative Conceptual Building Design

Case study observations. Our case study is a classroom and laboratory building for the
Stantbrd campus. We have observed the project throughout the design phase. The project has
been undertaken by a multi-disciplinary team of owner representatives and professional
designers. Our observations are summarized below.

In the conceptual design stage the members of the design team were focused upon the choice
of layout and the identification of building systems. They based their decisions upon
incomplete information and qualitative reasoning before full details were available. These
decisions often have far-reaching and unanticipated impacts at later stages. The designers
iterate through the following distinct activities during conceptual building design:

¯ Propose. The designers propose concepts for the building using drawings and sketches.
¯ Interpret. Each team member interprets the paper drawings into a domain-specific

representation in order to extract information to be used in reasoning.
¯ Critique. Each member of the team critiques the evolving design, applying different

crltella.
¯ Explain. Team members explain their reasoning to other members of the team. The

resolution of interdisciplinary conflicts is negotiated among the team members.

Proposals, interpretations, criteria, and explanations change throughout this process in an
iterative cycle until a satisficing solution is achieved.
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Problems. There are problems in the typical conceptual design process that can lead to
delays and decreases in design quality. These problems that occur during this iterative
process of design include:

¯ Representing new proposals using paper drawings is a time-consuming activity.
¯ Interpreting the paper drawings for each discipline is error-prone and time-consuming

due to inadequate support for representing and editing interpretations.
¯ Reasoning about multiple discipline criteria is a difficult task. Conventional methods of

critique can neither be applied quickly or frequently, nor can designers address enough
criteria to evaluate completely all proposals.

¯ Explaining interdisciplinary issues is prone to misunderstanding due to the diversity of
idioms used in different disciplines.

Theory. In addition to the direct observations of designers at work, we have drawn heavily
upon design theory literature, especially works by Asimow, Chandrasekaran, and Luth.
Designers engage in three fundamental activities: synthesis, analysis and evaluation, and
employ three conceptual models: form, behavior and function. (Asimow 1962) (Luth 1991)
In the synthesis stage, the designer or design team suggests a form for the artifact in response
to a desired function. This form must be analyzed to determine its predicted behavior under
particular environmental conditions. The behavior must be evaluated by comparing it back to
the desired function. In the context of collaborative design, these activities can be seen as
proposing a design to the members of a design team who must then critique it and modify it as
necessary. (Chandrasekaran 1990)

Figure 1 summarizes the cycle of synthesis, analysis and evaluation. A building design is
synthesized into a single form model in response to functional requirements of different
disciplines (e.g., architecture, structural engineering, mechanical engineering). The building
design is then interpreted into multiple symbolic models for analysis in each discipline. The
behaviors derived by analyses are then evaluated against the functions to initiate a repetition
of the cycle. The cycle can be verbalized in terms of the three conceptual models by
extending Louis Sullivan’s famous dictum "Form follows function," to become: form follows
function follows behavior follows form.

t
Synthesis

~ EvaluaUon

Figure 1. Form Follows Function Follows Behavior Follows Form

This discussion of design models and activities leads to an insight into the particular problem
in the development of computational tools for supporting design. The form of the building
design is most easily proposed, portrayed, and manipulated using graphic tools, while the
function and behavior are most easily represented and manipulated by symbolic tools. A
computer system for design must achieve the proper degree of integration between graphic
and symbolic representations.
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2. Research Approach

We conjecture that a software environment for conceptual design may accelerate the
conceptual design process by reducing turn-around time for critiques, improve the quality of
conceptual design by applying design critiques that address more criteria more rigorously, and
smoothen the transition between conceptual design and later stages by integrating efforts in a
shared electronic medium.

Existing Computer Support. Graphic 3D CAD systems provide a form modeler and a
visualization tool for proposing and modifying a design. However, they have no symbolic
modeling capabilities to critique the design. Knowledge-based systems provide symbolic
modelers that can reason about function and behavior. They are useful for critiquing the
design, but do not provide a graphic means for modeling form.

Proposed Solutions. We believe that conceptual collaborative design can be supported by
software that integrates CAD graphics and knowledge-based critiquing tools. Such a software
environment must allow the designers to:

¯ explore and illustrate interactively the form of proposed designs using a 3D CAD
graphic system;

¯ add, remove, and alter interpretations of the design proposals interactively using
functions integrated with the CAD modeler;

¯ obtain computer-assisted critiques about the function and behavior of the evolving
design using symbolic models that address multiple criteria ;

¯ illustrate the results of critiques to support explanations across the discipline boundaries
of the various team members using formalized graphic idioms projected onto the CAD
model.

The key research issues are the second and fourth points. The interpretation step maps from
the form model expressed graphically to multiple behavior models expressed symbolically.
The explanation step maps behaviors and functions to graphic representations.

Formal Approach. Conceptual building design is viewed in this study as an incremental,
iterative, and collaborative process among the design team members. We suggest a propose-
interpret-critique-explain paradigm to formalize the communication cycle taking place in this
design process. The central activities and models defined tbr the development of a prototype
are:

¯ Building form model. A shared 3D graphic representation of a proposed design
consisting of the union of all discipline graphic models. These models contain primarily
information regarding the topological connectivity relations and the geometry of graphic
entities.

¯ D&cipline form model. A representation of the design attuned to the needs of a single
discipline resulting from the interpretation of the building form model and its
instantiation into a symbolic model.

¯ Interpretation. Semantic annotation of CAD graphic entities of the 3D building form
model that represents the meaning from the perspective of a discipline (e.g., architecture
or structural engineering). An interpretation is explicit and dynamic in the sense that the
annotations may be inspected, portrayed, manipulated and changed. Interpretations
provide a one-to-many relationship between a graphic entity and its instances in
multiple discipline models.

¯ Critique. A knowledge-based analysis and evaluation of a discipline model deriving
behavior from the form, and comparing the behavior to function. The behavior of a
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discipline model is derived by perfi~rming qualitative and quantitative analysis. The
function is determined by the designer and by discipline design requirements.
Explanation. An explanation consists of a symbolic trace of the causes that lead to a
performance problem identified in the critique stage, and their visualization in the
context of the building model.
Communication. An expression of the impact of design decisions and consequences
from one discipline onto another. Communication entails a full cycle of propose-
interpret-critique-explain activities.

Prototype. In order to support these activities and models for conceptual building design, we
are developing a prototype system, ICM (Interdisciplinary Communication Medium). The
prototype assists an architect and a structural engineer in communicating and negotiating
design concepts and decisions. The implementation of ICM employs AutoCAD to describe
the form of the building model and the graphic discipline models, and KEE and Prokappa as
knowledge engineering environments for symbolic modeling and reasoning about function
and behavior. ICM links form, function, and behavior by integrating the following modules:

1. Geometric and Graphic Modeler (i.e., AutoCAD), which supports the representation
of the building model form;

2. Interpretation Manager, which supports parsing the building model into graphic
discipline models and linking them to symbolic discipline models ;

3. Knowledge-Based Critiquing Tools, which support the representation of symbolic
discipline models and reasoning about these models to provide critiques about their
function and behavior (e.g., QLRS* reasoning tool developed in KEE (Fruchter 1992),
and Egl’css.~ reasoning tool developed in Prokappa);

4. Explanation Manager, which facilitates the composition of graphic function and
graphic behavior models based on the critique results, and the projection of these
models onto the building model;

Figure 2 shows a sample of these modules. Negotiation and communication between the two
team members is facilitated by use of the above modules in the iterative design process.

3. Implications

The ongoing research concentrates on enhancing the conceptual framework and the prototype
system by:

¯ raising the quality of knowledge-based critiques that are applied to the design proposals,
¯ exploring the use of graphical diagrams to explain the results of reasoning, and
¯ providing automated functions to identify interactions among interpretations of the

building form.

A key asset of the presented approach is that the users play an active role in the proposal of a
"design, while taking advantage of the computer support for evaluating design proposals and
communicating critique results across disciplines. By making interpretation explicit, ICM
accommodates the creative and personal use of graphic representations and innovative
mappings of form to behavior models. Furthermore, incorporating conceptual models in
electronic media should enable the use of these models in the later stages of design.

* QLRS is a critiquing tool for qualitative interpretation of lateral load resisting frame structures.
§ Egress is a critiquing tool for reasoning about circulation systems in an architectural model.
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Figure 2. Sample of tile Four Modules oflCM: (1) illustrates an architectural CAD model
of the building fonn, (2) shows the Interpretation Manager, (3) illustrates the symbolic objects

hierarchy of an egress critiquing system, (4) shows the Explanation Manager.
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