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Summary
Microcomputer based interactive programmable drafting programs and analysis packages are setting new
standards for design support systems in architectural offices. These programs allow the representation and
performance simulation of design proposals with one tool, but they lack the ability to represent
knowledge concerning relations between design and artifact. While they can expediate the traditional
design and analysis process, they do not fundamentally improve it. We shall describe three
computationally related approaches which could be a step towards a necessary paradigm change in
developing design software. These approaches deal with expert design generators and evaluators,
function oriented programming, and fractal design machines.

1. EXPERT SYSTEMS IN DESIGN GENERATION AND EVALUATION
Background
Expert systems are an evolving class of architectural design tools. At present, they are primarily a vehicle
for programmers to externalize hidden and implicit knowledge used in design (Schmitt 1986b). Although
architectural expert systems are well suited for the solution of large scale ill structured analysis problems
in architecture and other disciplines, they can be more readily applied to generative problems. Crucial
parts of architectural expert systems are the inference engine, the knowledge acquisition module, the
knowledge base, and the explanation module. Particular to architectural expert systems is the necessity of
graphics in the knowledge acquisition and explanation modules (Schmitt 1986a). The practical
applicability of expert systems in architecture is limited mainly due to three reasons: the lack of effective
methods for architectural knowledge acquisition and representation, the lack of a widely accepted design
methodology, and hardware and software technology related restrictions. The following examples stress
the importance of a graphical user interface for knowledge acquisition and feedback. The first two deal
with the generation of design, the third with the analysis and evaluation of design.

The Mies van der Rohe Generator
Mies van der Rohe's Barcelona pavilion and his court house projects are prime examples
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of a particular type of language: panel architecture. The notion of language is introduced here to explore
the parallels between architectural and natural language, although the author is aware of the shortcomings
of this comparison (Coyne 1986). We will relate the nouns, verbs, and grammar of natural language to
symbols, relationships between symbols, and design rules in architectural language, respectively. The
knowledge acquisition of the Mies generator is graphical: the symbols (panels) are defined by drawing
them on the screen. The relationship between the panels is established by placing two panels, each in
specific relation to each other (by moving and rotating previously drawn panels). The design rules are
expressed in recursive functions that apply to the panels. The knowledge base consists of a set of design
elements (building slab, roof, and panels) and functions that contain the possible relations between these
elements. The design rules determine the order in which these elements will be combined (the control
structure). A LISP interpreter is used as the inference engine. The explanation module combines visual
feedback and the ability to list and trace back the functions that perform the operations.
A typical session with the Mies generator would begin with the user defining the slab of the building and
then graphically defining different kinds of panels or selecting them from a database. In a second step, the
possible relations between panels must he established graphically, or again selected from a database.
After this, the inference engine is initiated and will place the panels according to the rules established in
the control structure. If panels cannot be placed because they would extend over the slab or intersect with
another panel, the length of the panel will automatically be reduced, and another placement attempt will
be made. If consecutive attempts are unsuccessful, another placement rule is invoked. This process
continues to a user defined recursion level depth. The program is completely interactive, and is
implemented in AutoLlSP as part of the AutoCAD drafting program. At any given stage, the generation
process can be interrupted and manual editing may begin. If desired, the automatic generation and the
manual editing are mixed. Figure I shows the result of a typical working session.

The Richard Meier Generator
Richard Meier's early residential designs are characterized by a consistent application of a limited set of
rules. While these rules were not the only determinants in designing the Smith House, the Saltzman
House, and the Douglas House, a well defined set of rules can be extracted from all three of the
residences. These rules arc:
(1) there is always a private part of the building, defined by wall architecture, and there is always a more
public part of the building, defined by column architecture,
(2) the location of the fireplaces is predictable,
(3) the placement of the windows in relation to the columns is predictable, and so is the placement of the
mullions in the windows.
These observations were integrated into a program that interactively generates buildings according to
these rules. In addition to these rules, the program takes into consideration orientation, optimum view,
and the number of inhabitants. The knowledge necessary to create a designs is represented in the form of
procedures and rules. The high degree of procedural knowledge representation resulted from the
observation of the three buildings
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where many relations were constant and thus could be expressed algorithmically; only the relations that
varied were expressed in rule form. This contributes to the efficiency of the program and guarantees that
all solutions bear a strong visual resemblance to the original Richard Meier residences. In addition to the
well defined building structure generator, the Meier Generator also includes a generate-and-test program
for the layout of the private part of the residences. In a typical session, the student would begin by
drawing the site and by defining the optimum view, the number of inhabitants, and idiosyncratic
information about the project. The program will then begin to build the residence on the site as a three
dimensional model without further user interaction. Once completed, the student is able to perform all
graphical editing on the model as desired. The user can also invoke a local function editing mode and
change parts of the building or the entire setup. Depending on the user's expertise, the editing may be
performed graphically or by selecting new parameters for the functions under consideration. Once the
major structure is established, the layout generator can be invoked to offer a range of possible layouts for
the private part of the building, that is, the location and size of kitchen, bathrooms, bedrooms, and
corridors. The layout generator, also implemented in LISP, enumerates a set of possible choices based on
user input. Figure 2 represents three buidings proposed by the Meier Generator.

Expert Systems in Design Evaluation
Evaluation of design describes judgement applied to the results of design analysis. Expert systems in
architectural design evaluation may be applied in three major ways: to facilitate rule-of-thumb
estimations, to provide intelligent front ends to algorithmic programs, and to improve the accuracy of
large simulation programs. Evaluation expert systems are typically of hybrid character. They contain an
algorithmic analysis part, and a rule based or frame based judgement component. The judgement
component is implemented as a production system, a semantic network, object oriented systems, or of a
combination of these, depending on the application. First-time developers of small scale expert systems
will typically enter the domain knowledge necessary to solve an ill structured problem into an expert
system shell or into a production system. If complex calculations are required as input to the expert
system or during its execution, the few mathematical functions built into most shells and production
systems will quickly impose unwanted restrictions. Programs such as OPS83 attempt to solve this
dilemma by including a procedural option.
In practice, evaluation expert systems are, by order of magnitude, more difficult to develop than
generative expert systems. The knowledge base necessary to successfully simulate actual building
performance is immense, and the correct representational framework for this knowledge is not known.
Abstractions applied to model building performance, for example energy performance, may reflect the
artifact's performance accurately in one aspect, but the overall assessment of the building's performance
may be completely wrong (Mill 1986). While generative expert systems are generously complemented
with human interpretation of the potential of such systems (Hemming 1986; Gero 1985; Stiny 1986),
expert systems for building evaluation may he validated against the measured performance of the
building.
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Our experience in developing knowledge based systems for design and performance evaluation has
shown that for architectural applications the availability of a flexible language that adapts to different
applications is essential. We therefore produce most programs in LISP, as this language allows us the
integration of graphics, algorithmic, rule based, frame based, and object oriented knowledge
representation. For classification and rule intensive problems, we use programs such as OPS5. Large rule
intensive systems were developed for the selection, sizing, and operation of HVAC systems in small
office buildings (Schmitt 1986a). These programs demonstrate the importance of graphic feedback. The
impact of HVAC related decisions on the building require immediate visualization. We therefore attempt
to visually relate changes in building architecture and performance evaluation results. This coupling can
be tight - all decisions are reflected visually immediately, or loose - the visual impact appears only on
request or if and when the system detects major changes.
The role of evaluation expert systems to facilitate rule-of-thumb estimations is most useful in the
conceptual design phase. This involves two major activities: monitoring of the user's design activity and
giving feedback and advice on the impact of decisions. We built simple systems in AutoLISP for the
design of residences. They monitor the user by keeping track of the building elements that are assembled
and by storing them in a database. This database also contains other qualitative information about the
building under design. At any time during the design process, the user can activate the "Evaluate"
function which will immediately plot a performance chart of the building. Based on comparisons of the
building's simulated performance versus the required performance as defined in various threshold
numbers, the system can then give advice on how to change the building design or to change the
thresholds. At this moment, expertise has been encoded only for the areas of first cost, heating load,
circulation ratio, window percentage, and electricity costs. Figure 3 shows the results of two typical
working sessions, employing rule-of-thumb performance estimation.
The second most important application of evaluation expert systems is the provision of intelligent front
ends to algorithmic analysis programs. Often, a first time user of analysis programs cannot understand the
impact of input design decisions until a full simulation is performed. Knowledge based systems can help
in this respect to explain the possible consequences of each input decision. The expert system acts as a
consultant in this case and contains an extensive explanation module.
The third application under exploration is improving the accuracy of large scale simulations with expert
systems, that is, to monitor and evaluate the input and output of simulation programs. An example is the
energy simulation program DOE-2.1.C. If the correct input is provided, this program will accurately
predict the energy consumption of a building, temperature levels, and daylighting levels. problems arises
when few users, except for the developers of the program and a limited number of individuals with
extensive experience, provide the appropriate input, resulting in simulation variations of up to 200% for
the same building. The DOE-2 related expert system will therefore contain a large number of rules for
different building types and possible cases. The user is then guided through the input procedure and
consulted at the appropriate times.
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The above examples indicate that generative and evaluative expert systems will occupy an important
place in the development of new architectural design tools. They will not replace, but complement
traditional algorithmic drafting and analysis programs. In combination with new programming
techniques, they will bring the designer closer to a high level and useful interaction with the computer.

2. FUNCTION ORIENTED PROGRAMMING
Background
Based on the observation that neither algorithmic nor knowledge based programs alone or in combination
will respond satisfactorily to complex design problems, the search for another form of acquiring,
representing, and manipulating architectural knowledge becomes an important task. It seems only
computer experts will be able to program architectural design systems with the present control structures
and user interfaces. These experts have, in the fewest cases, real world architectural experience. New user
interfaces and new programming techniques are therefore necessary which can deal more effectively with
the complexity of design problems, in addition to their ill structured and computation intensive qualities.
We explored function oriented programming as a possibility.

Abstraction and Representation of Design
Historically, abstraction is linked to the level of complexity of the artifact and was subsequently
developed along the paradigm change from making buildings to planning buildings. Abstraction relies on
the existence of a model that both the creator of the abstraction and the interpreter of the abstraction agree
upon. Abstractions are traditionally derived from observing an object or an action, explaining it, and then
representing it with a simplified method that captures the essence of the object or action according to the
planned purpose of the abstraction. An example is graphical language as proposed by Laseau (Laseau
1980). The graphical language abstraction builds on analogies between the linguistic paradigm and the
architectural design process. As the only true representation of an object is the object itself, abstraction is
ideal for representing architectural ideas quickly. It exposes the underlying structure of an entire system
by highlighting only the significant parts, thus freeing the designer from extrenuous drawing tasks while
manipulating symbols representing entities. Architecture has developed probably the most complete and
exciting method of abstractions. Its representations are recorded on an external medium such as paper,
and are both sequential and parallel. The computer offers a completely different medium for developing
and recording architectural abstraction. Though similar in use to the traditional approach where all the
semantics on plans must be supplied by the viewer, on the computer all the entities represented can
contain semantic information. Drawings appearing on machines may and will have knowledge attached;
the image on the screen is merely the external representation of this semantic knowledge. The screen
symbols represent objects and functions which are a part of the computer's knowledge base. So it
becomes the responsibilty of the objects and functions, not the architect, to maintain order
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and relations between objects. In the next logical step, the architect will communicate directly with these
objects and functions, rather than with syntactic primitives such as points, lines, polygons, and volumes.
The power and danger of this approach is the absence of limits to the level of complexity and control the
objects can acquire. We are experimenting with a set of those objects and functions to study their
applicability to design. Object oriented languages, for example Smalltalk, Common LOOPS, C+ +, and
object oriented extensions to Common LISP, are ideal test vehicles. Objects in object oriented languages
contain per definition data and operations to perform on these data. Objects, communicating via
messages, may send different messages to the same object having the same result, and the same message
sent to different objects may have different results, that is, objects can possess local intelligence. Objects
do not necessarily represent only physical objects such as doors or plumbing devices or entire massing
models, but they can also represent design ideas and necessary building functions (in which case we name
them functions). Therefore, the local intelligence may be supplemented by higher level control objects
which contain major control and procedural design knowledge.

Quantity Versus Quality Decisions
There were few attempts in the past to use computers to make quality decisions in architecture.
Computers were employed to speed up quantitative operations such as drafting and analysis. Expert
systems provide an excellent opportunity for integrating quality decisions in the design process. Yet, they
still require input and produce output in a rather mechanical fashion. Object and function oriented
programming seem to offer a better approach to integrate quantity and quality decisions in design. It is a
method not sufficiently explored in architectural programming and offers, as we found in our first
experiences, great promise. It is also a method unique in this form to the computer and will therefore
produce major innovations.
An application will clarify the previous statements: assume we attempted to build an intelligent high rise
office building design machine. This machine would contain five major functions:
(1) a site design, cost analysis, and massing study module,
(2) a preliminary structural design module,
(3) a circulation study module,
(4) a building function allocation module, and
(5) a user interface and graphical representation module.
Each of these modules can communicate with the others via messages and contain a set of sub-functions
and sub-objects. These sub-objects and functions inherit knowledge from the higher level function and
from each other where appropriate. An example of a set of subfunctions for the site design, cost analysis,
and massing study function would be the following:
(la) Total Building Area
(lb) Ground Floor Area
(1c) Total Building Cost
(1d) Cost Per Sqft
(le) Total Building Height
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(1f) Floor height
(1g) Number of Floors
Each one of these variables is treated as a separate object which maintains well defined relations to the
other objects. These objects perform as both receivers responding to certain messages from other
functions, and transmitters containing knowledge about objects that must be informed. Relative
importance may be assigned to these objects and functions, thus changing their behavior from variables to
constants or vice versa. If, for example, a high priority has been assigned to the total building cost, other
parameters such as building area and number of floors may be changed in case the cost per square foot
increases. If, on the other hand, a low priority is assigned to the total building cost, it will be changed
directly by an increase in cost per square foot without changing the building configuration.
Each of the five major functions will make decentralized decisions unless constraints established in other
major functions are violated. In this case, the user is prompted to reverse a decision or allow the program
to automatically adjust the problem. Typically, these conflicts must be solved with subjective quality
decisions, reflecting the user's experience.
The notion of computer resident objects and functions containing local design intelligence may be
frightening at first, but is a logical and necessary step in the development of serious design aids. Function
oriented programming can integrate the traditional algorithmic and expert systems in an environment that
is conceptually and computationally attractive. After all, it is the routine tasks of bookkeeping, database
operations, and compliance checking that hold up and inhibit designs and keep many architects from
exploring alternatives. Although this argument is not new, object and function oriented programming may
be the first feasible approach. Previously, algorithmic programs have solved only small subproblem in a
real design problem; they are feasible when the problem is limited. Expert systems are most applicable
when the problem domain is limited and well understood. Object and function oriented programming will
be useful in integrating and making decisions influenced by multiple problem domains, which is exactly
what is needed to solve architectural design problems. Function oriented programming may also be used
to test the validity of completely new and unprecedented design solutions created by automated programs.
A possible generator of innovative design and form ideas are fractal algorithms as a part of an idea
generation function in an integrated intelligent design system. Figure 4 shows part of the user interface of
the above described hi-Rise office design system and presents some of the circulation and massing studies
generated by design functions.

3. FRACTAL DESIGN MACHINES
Background
If the development of Computer Aided Design will continue at a comparable pace as in recent years,
fundamentally new design methods will replace the traditional ones. Applications will develop that take
advantage of the machines' capabilities rather than
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imitating the human design process. This development is natural and has occurred as a result of every
major technological change in the past. The term "Fractal Design Machines" suggests several possibly
controversial ideas in an architectural design context. Design Machines or Architecture Machines
(Negroponte 1970), a widely discussed issue in the late sixties and early seventies, never really lived up
to the expectations generated. Fractals, on the other hand, are best known for the visually striking images
created with fractal algorithms (Mandelbrot 1983). Finally, the description of creativity as a mechanical
activity (Shank 1986), let the term "Fractal Design Machine" appear less provocative. Generation of
fractals, however, is an interesting capacity unique to computers, and therefore of considerable interest
for the further development of Computer Aided Design.
Order, Self Similarity, and Disorder
Order, symmetry, and self similarity have been themes in architecture throughout history. Geometric
order is seen as an important principle of design independent from time (Palladio 1965), political order
(Petsch 1976) or culture. Researching architectural history books, the overwhelming majority of buildings
are composed of simple, self similar or even symmetric three dimensional shapes. By selecting extruded
rectangles, triangles, and half cylinders, and combining them in an intelligent fashion, most of the
buildings depicted in these books can be easily recreated. The previous examples of Mies and Meier
prove the validity of this statement for individual architects. However, these examples of order always
have their counterparts in disorder and apparent confusion, yet the architect will still claim that there is an
underlying ordering principle at work. Works by Frank Gehry and Peter Eisenman (Eisenman 1982) are
indications. Repeatedly, the relations between architecture, art, music, and the geometric laws found in
nature were investigated (Doczi 1981) and, in most cases, underlying mathematical relations were
discovered. The importance of the golden section and the square root of two in architecture and nature are
well described though there are many phenomena in architecture and nature that simple mathematical
abstractions cannot capture. Here, Sierpinski's (Sierpinski 1956) work and Benoit Mandelbrot's definition
of fractals are of particular interest. Mandelbrot defines the term natural fractals as "a natural pattern that
is usefully represented by a fractal set" (Mandelbrot 1983, pp. 5), and a fractal as "a set for which the
Hausdorff Besicovitch dimension strictly exceeds topological dimension" (Mandelbrot 1983, pp.15).
Both show that apparently highly complex and irregular figures can be recreated with compact
algorithms. This, in turn, may suggest how these structures actually developed or grew. If order,
symmetry, and self similarity in architecture are now trivial to simulate with computer aided design
systems, the same may apply to apparently confusing but yet ordered structures. Expert systems, as
described above, can control the degree of order and disorder desired.
Creativity
No single valid description of creativity exists. However, there is a tendency to describe creativity in
increasingly rational terms and to explain creativity as a combination of other, superior understood
activities (Hayes 1982). Robert Shank's statement "creativity is mechanical" is a recent example of this
approach (Shank 1986). If computers are to
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support the creative process or demonstrate some creativity of their own, we must externalize and
formalize our understanding of creativity. This process is beneficial because it facilitates the
understanding of our own creative processes. The programming of creativity depends on the degree of
randomness we allow to appear in the process. Fractal algorithms offer the opportunity to fine tune the
degree of randomness to our needs. Subsequently, interesting phenomenon occur that appear, to those
who do not understand the principle of recursion and fractal algorithms, to be the creative work of the
computer. This applies to apparently meaningless fractal figures which are compared to children's
drawings, but becomes more obvious if we assign architectural symbols to the recursively reproduced
fractal primitives. However, the machines will appear creative, even to the novice observer, for only a
short period of time. After this initial period, the limitations of the recursive process become obvious, and
the variations on the same theme become boring. The next logical step towards computer creativity is to
widen the domain from which it can take its context sensitive associations, preferably in interaction with
the user. As most of the low level search techniques such as generate-and-test, hill climbing, and means
end analysis are well understood and described, they are natural candidates for combinations with fractal
algorithms. The problem will shift from the generation of creative solutions to the selection of good
solutions which requires the immediate evaluation of solutions while they are created. Function oriented
programming and evaluation expert systems offer time saving options for this process. It appears, then,
that creativity as it is traditionally seen and described will be reproducable with computers. Once freed
from one task, the human mind becomes free to pursue a higher level task. Therefore, computers may
replace the traditional activity of creativity in a similar way as they will replace the traditional way of
drafting.

Fin d'Ou T Hou S
"Fin d'Ou T Hou S" is the title of a publication about Peter Eisenman's work and describes a particular
approach towards design. Although rather abstract, it is important in this context because it goes beyond
describing buildings as the result of following the rules of simple geometry. " Fin d'Ou T Hou S" as an
approximation of decomposition starts from a configuration which is stable in topological terms but
unstable in Euclidian terms. Eisenman has proposed the el (L) shape as transitional object, suspended
between classical stability and some 'other' state. The point of departure for Fin d'Ou T Hou S is an
artificial origin consisting of two els, interjacent in such a way that they share a topological axis of
symmetry. The decomposition process will consist of moves along an asymptotic vector approaching a
state of transformation from this cube. Each move will transform the form, leaving a record of its
previous state. Three decompositional objects are presented, one selected from each of the three
continuous decompositional moves" (Eisenman 1986). "The object, as an initial state of complexity, and
the process, as the will to simplify, are played out in the architecture. They endlessly celebrate a process
which they cannot complete" (Eisenman 1984). Certainly Eisenman is not an un-creative architect. And
although his designs are seemingly more abstract than other recent architecture, he takes care in
explaining the process in rational terms which in turn has prompted useful reflections on his method
(Flemming 1981). He also considers the computer as a welcome tool to the designer, although he
personally has not used it. Given the description of the
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design of the Fin d'Ou T Hou S, and its apparent relation to the description of fractals, visual comparison
of objects resulting from Eisenman's process and from the implementation of a fractal algorithm are of
special interest. Figure 5 is an example for a design exercise using two basic elements, the ci and the
cube, as primitives for a fractal algorithm. The illustrations show only three of many thousand possible
composition sets.

4. CONCLUSIONS
Though seemingly unrelated, expert systems in design generation and evaluation, the use of function
oriented programming, and the application of fractal algorithms in the description and generation of
design are important steps in understanding the design process. While they can explain parts of the design
process, they do not address all the decisions inherent the design of a building. If we accept the diversity
of the design process and the various techniques used within it, we will eventually recognize these
programs developed in different disciplines as building blocks for a general design tool with some
creativity and intelligence of its own. To take full advantage of this tool, the parts described in this paper
must be further formalized and integrated into a compiled program environment that offers each one of
them as high level intelligent functions. The future research challenge is not to model design programs
after the human design process, but to take advantage of the particular strengths of computational
methods.
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