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Résumé. RUOST estia premiérc version d'un systéme expert genérateur de plans de batiments, pouvant
s'appliquer a différentes sortes de problémes. Le systéme ne reproduit pas la demarche des designers,
mais plutdt cherche a compléter leur action grace d ses moyens de recherche systematique
d'alternatives et d sa capacité a prendre en compte un nombre important de paramétres de design. Le
déeveloppement du systéme vise a fournir un apergu de I'applicabilite des techniques de I'Intelligence
Artificielle d I'aménagement de I'espace et d la conception de bitiments en général. Le systéme est basé
sur une stratégie de généralion puis test. Ses composantes principales sont un générateur
d'alternatives, un module de test ct une structure de contrdle (qui pourra étre ameéliorée afin de devenir
un véritable module de planification). Les €léments que le générateur juxtapose sont des rectangles.
Les relations spatiales, au-dessus, au-dessous, d-gauche, a-droite, s'appliquent aux paires d'éléments
intervenant dans le plan et sont les variables de base permettant de ditférencier les solutions et de
produire les différentes alternatives. Le générateur agit independamment de toute contexte, et engendre
toutes les fagons possibles de disposer un nombre donné d'éléements. Le module de test, au contraire,
est lié au type de probléme rencontré et contient des informations relatives d la forme de plan demandée.
Le systéeme peut s'appliquer d plusieurs domaines en ulilisant le module de test adéquat et
éventuellement une structure de contrdle spécifique. La structure de contréle guide la recherche de
solutions, en activant alternativement le g'en’erateur et le module de test. Plusieurs versions du systéme,
de complexité croissante, vont étre développées. Chacune sera congue selon une architecture claire et
précise, et nous_comptons évaluer chaque architecture en termes de possibilites potentielies et
limitations relativement a divers domaines. Cet article décrit la premiére version du systéme.

Abstract. ROOSI is the-first version of a generative expert system for the design of building layouts that can be
adapted to various problem domains. ‘T'he system does not reproduce the behavior of human designers; rather, it
intends to complement their performance through (a) its ability to systematically search for alternative solutions
with promising tradc-offs; and (b) its ability to take a broad range of design concerns into account. Work on the
system also aims at providing insights into the applicability of Artificial Intelligence techniques to space planning
and building design in genecral.  The system is based on a general gencrate-and-test paradigm. Tts main
components arc a generator, a tester and a control strategy (which is to be expanded later into a genuine planner).
The generator is restricted to the allocation of rectangles. The spatial relations above, below, to the left and to the
right are defined for pairs of objects in a layout and serve as basic design variables which define differences
between solutions and govern the cnumeration of alternatives. Within the class of layouts it is able to produce,
the generator is completely general and able to gencrate all realizable sets of spatial relations for a given number
of objects. In contrast, the tester is domain-specific and incorporates knowledge about the quality of layouts in a
specific domain. The system can be applicd to various domains by running it with the appropriate tester and,
possibly, the appropriate control strategy. ‘I'he control strategy itself mediates between planner and tester and,
when cxpanded into a planner, is able to streamline the scarch for alternatives. ‘The system will go through a
sequence of versions with increasing complexity. FEach version will have a conceptually clean and clear
architecture, and it is our intention to cvaluate cach architecture explicitly in terins of its promises and limitations
with respect to various domains. The first of these versions is desciibed in the present paper.
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1 Goals of Project
‘I'he project pursues two major goals:

1. to develop the prototype of a system capable of complementing the performance of human designers
through its ability

o (0 systematically enumerate alternative solutions which are distinguished by particular trade-
offs

’:
!
E

o to take, at the same time, a broad and diverse spectrum of design concerns, performance criteria,
guidclines or principles of good design into account

‘The underlying assumption is that the human cognitive apparatus is not particularly well-suited to
perform cither of these tasks.

2. to gain insights into the applicability of Artificial Intelligence techniques and paradigms to problems
in architecture and building design.

We sclected the arca of space planning or layout design as our focus for several reasons: through work that
has been going on for almost twenty years, it is better understood than some other aspects of building design; it
permeates building design at most of its stages and thus provides a rich context for the definition and
investigation of problem domains with various degrecs of complexity; and it allows to cstablish connections with
other disciplines that also deal with layout design.

2 General Approach

The genceral approach we pursuc is based on the gencrate-and-test paradigm ( [6] pages 71-72 and 99-102),
which scparates the generation of a solution from its evaluation. In particular, we take advantage of a formal
theory that cstablishes a generator for which we are able to prove soine fundamental properties:

e closure (that is, cvery object produced by the generator belongs to the class of objects we are
interested in)

e completeness (that is, every member of that class is gencrated); and

e non-redundancy (that is, the gencration of cvery object is unique).

To make such a theory possible, we accepted the restriction that we can deal only with layouts composed of
rectangles that arc pairwise non-overlapping and arc placed in parallel to the axes of an orthogonal system of
Cartesian coordinates; we call such layouts loosely-packed arrangements of rectangles. But within this restriction,
the gencrator is completely general and enables us to investigate the design of layouts in various domains, such as
buildings on a site, rooms on a floor, or furniture in a room.

Any rectangle, z, in a layout is completely described by the coordinates of its lower left corner, (xz. yl). and by
the coordinates of its upper right corner, (X,. Y,). "I'he spatial rclations above, below, to the left and (o the right
can then be defined on sets of rectangles as follows. If ¢ and zare two rectangles, then |

Tz (read c is above ) <= y 2 Yz . )
z] ¢ (rcad zis below ) <=>cTz 9)
ce—z(rcad cisto theleflof )<=> X < x, ®)
z— c(rcad zis to the right of ) <= ¢ + 2. )

cand z do not overlap if at least onc of the relations (1) to (4) holds between them.
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Crucial propertics of a loosely-packed arrangement of rectangles can be expressed in terms of these relations;
examples are adjacencies, alighments or zoned groupings that play an important role in the design of layouts. As
a consequence, constraints, criteria and design principles can be expressed as functions of these relations, and
layouts that are described in terins of these relations can be evaluated over a broad spectrum of concerns. We
therefore use relations (1) to (4) as basic design variables to define differences between aliernative layouts,

N

Figure 1:  An orthogonal structure representing a loosely-packed arrangement of rectangles

We formally represent the relations that hold between the rectangles in a layout by an orthogonal structure, a
dirccted graph whose vertices represent the rectangles in a layout and whose (colored) arcs represent spatial
rclations between pairs of rectangles. An example is shown Figure 1, which shows the structure representing a
configuration of four rectangles forming a pinwheel (we add "external’ vertices N, E, S and W to oricnt a layout;
details can be found in[3]). The conditions of well-formedness or syntactical correctness are known for
orthogonal structures; (these are the conditions that assure that the relations depicted by such a graph can be
simultaneously realized in a layout; sce [2] for details).
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Figure 2: Layouts generated by successive applications of generation rules
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Based on these conditions, we formulated rules that allow us to construct well-formed structures from well-
formed structures. Examples of the eflect of these rules are shown in Figure 2 which depicts a layout and its
stepwise expansion by application of various rules, adding one rectangle at a time. “I'e orthogonal structures that
represent each layout were generated by the program LOOS, a fore-runner of the generator used in the present
system [2]. "The figure docs not show the structures themselves; for case of comprchension, it presents layouts
represented by these structures. ‘I'he dimensions of the rectangles in cach layout are arbitrary and the overall
layout can have an irregular outline; LOOS selects dimensions so that the relations that make up the underlying
structure can casily be inferred from an inspection of a layout.

‘The generator can be complemented by various testers that use domain-specific knowledge about the quality
of layouts in a particular domain to cvaluate layouts in that domain. Unlike the gencrator, a tester is not
established a priori for any domain.  Various testers are to be built during the project through the process of
‘knowledge acquisition’ that scems to be typical for the development of expert systems: it consists of a scries of
iterations in which experts observe the performance of the program; criticize it; inspect the knowledge base that
has been used and suggest additions to or modifications of it.

‘This approach s attractive to us because many of the principles and critcria used by human designers are not
systematically documented and accessible; rather, they are accumulated over years of practice and remain largely
unarticulated until a particular stimulus brings this expertisc to the surface. A particularly ¢ffective mechanism to
trigger this response is to confront experts with flawed solutions and ask them to criticize them. In our
expericnce, this mechanism can be very successful in building design, and we are very much interested in
exploring its applicability in the present context.

Finally, we plan to implement the system in a series of versions of incrcasing complexity. IEach version will
have a conceptually clean and clear architecture, and we plan to evaluate each version explicitly from both a
methodological and practical point of view. ‘T'he first version, ROOS1, will be described in the following section
(amore dctailed description is given in [4]).

3 ROOSI - Components

ROOSI consists of the five basic components shown in Figure 3. Each of these can be modified (in fact,
replaced) independent of the other components. FFurthermore, cach eomponent is programmed as a collection of
production rulcs, using the OPS83 language [5].

Pre-Processor

g J

Gencrator Control Strategy Tester

Post-Processor

Figure 3: ROOSI - components

Pre-Processor

S TR

-~ objects to be allocated. ‘The simple domains we have used to sct up the system deal with furniture and fixture
- lyouts in small spaces such as bathrooms or residential Kitchens. “The context typically consists of a specification

The pre-processor accepts from the user a problem statement consisting of a context description and a list of
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of walls, windows and doors forming the boundary of a space; to these can be added existing fixtures such as
radiators or plumbing stubs. Al of these objects are considered rectangles, and their shape and position are
speciticd by the user thraugh their corner coordinates. IFrom these specilications, the pre-processor generates an
orthogonal structure that represents the configuration ol context clements; it functions as the starting
configuration for the search (an example is shown in FFigurc 4).

Figure 4: Examplc of a context and its internal representation
Control Strategy

The control strategy directs the scarch for alternatives into promising dircctions and pruncs the scarch tree.
For ROOSI, we selected a branch-and-bound strategy cxpanding those and only those intermediate solutions
which arc at Icast as good as any other solution gencrated before (independent of its depth in the search tree). Tc
evaluate a solution, s, we usc the triple @(s)=<¢(s), d(s), ¢{s)>, where ¢(5) is the number of constraints, d(s) the
number of “strong’ critcria and e(s) the number of *weak’ criteria violated by s. Based on these triples, the scarch
strategy ranks solutions 'lexicographically’; the triples themsclves are computed by the tester.

The cvaluation functions capturcs, albeit an crude way, the notion of trade-offs between alternatives. We
sclected it because of its simplicity; it is casy to implement and can be very cffective for simplc layout problems.
Its limitations should become apparent through our work with ROOSI (scc section 4).

The constraints and criteria evaluated by the function depend on the spatial re'ations that characterize a
layout. Qur control stratcgy works if it can be guaranteed that these relations do not change between rectangles
once they have been allocated; that is, spatial relations arc invariant on each branch of the search tree, a property
that must be assured by the gencerator.

Generator

The generator used in ROOS1 consists of the single rule specified in Figure S. The rule is a recursive re-write
1 rule that can be applicd to an orthogonal structure containing the left-hand side of the rule as a sub-structure; the
1 application consists in substituting the right-hand side for the left-hand side in the structure. Intuitively, onc can
id view the rule as 'pushing’ rectangles v,....v_ 'to the sidc’, thus creating space for the inscrtion of a new
rectangle, . In Figure S, the rule is specified in a particular oricntation. But it should be noted that it can be
applicd also in rotated versions.

The rule is sufficient to gencrate alternative spatial relations for a small number of rectangles. But it does not
generate all possible sets of relations. In order to become complete, the generator will have to expand through the
addition of rulcs, a task we plan to accomplish with later versions,
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Figure S: Generation rule 1 (top);

gcometric interpretation (bottom)
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Tester

At the time of this writing, the tester contains very limited knowledge about layouts. 1t cheeks (a) if any newly
allocated object can fit physically into a layout, and (b) if front and side clearances required for certain objects are
in fact available. While carrying out test (a), the tester determines for cach newly allocated rectangle coordinates
x]”.xhl,y,”'und)',". which give lower or upper limits for the dimensions of its corner points; the tester also
caleulates the maxiinum distances by which a rectangle can move between these limits in the x and y direction
(which we call slacks). 'Ihe values of these variables are subsequently updated for rectangles that were allocated

previously. Based on these values, clearance checks, as weli as other tests, can casily be carried out.
Post-Processor

‘The post-processor is invoked by the control strategy when no further expansions are possible; that is, when
all intermediate solutions that arc not yet expanded are worse than at Icast one terminal solution (or leaf of the
scarch tree). “These lcaves might need some refinements, which are carried out by the post-processor. In the end,
they are displayed to the user.

1 2.k 3 D
4@@ 5 D 6@
0| | [

= Figure 6: Sample problem
Test Case

How these components work together can be scen from the very simple example which we used to set up the
system and debug it (see Figure 6). ‘The context (layout 1) consists of the four walls that enclose a bathroom,
where the southern wall is interrupted by a door swinging inward. The problem is to allocate in that room a water
closet and a sink. .

‘Ic generator produces only onc possibility for placing the WC (layout 2). When cvaluating this layout, the
tester discovers that in order to assure proper clcarance for the door, the WC must be pushed to the left, and the
tester updates x,. for this object accordingly. A sccond rule discovers that the WC can now be ‘oricnted’, that is,
attached to a unique wall, which determines the direction of its front. Oriented objects can be displayed through
icons that make their function and oricntation obvious, as shown in Figure 6.

Three possibilitics cxist for the placement of the sink: to the right of the WC (layout 3); below the WC
(layout 4) and above the WC (layout 5). In the first two layouts, the sink can immediately be oriented. In layout
S, on the other hand, it can be attached to cither of two walls. "I'hc post-processor resolves this ambiguity by
attaching the sink to the eastern wall, using a rule that sclects this wall because an object has alrcady been
attached to it (layout 6).

RS ot et S,
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4 Outiook

At the time of this writing, the limits of ROOS1 have not yet been reached. Based on our expericenee so far,
however, we expect o implement the following changes when we start work on version 2 of the system.

ILis pleasing from an acsthetic point of view to program cvery component consistently as a collection of rules.
‘This gives formal unity to the system and introduces a discipline of its own. We have discovered, however, (as
have other workers in the ficld) that the computational efficiency of the resulting system is low and starts to
become an obstacle as soon we go beyond the most trivial problems. Version 2 will therefore be a hybrid system
in which those components that are well-understood (the pre-processor and generator) are programmed in the
traditional, procedural way (OPS83 as well as other shells make the switch from onc style to the other within the
same system casy). Only those components which will take shape through work with the system (notably the
tester and post-processor) will remain rule-based. Our expericnce with ROOSI shows that these parts tend to
change and expand in unpredictable ways, and that a rule-based approach is idcal for supporting the process of
knowledge acquisition, at least in the present context.

The gencerator itself will have to contain more rules if the number of objects increases and if the context
becomes more complex. Under these circumstances, we also expect our simple control strategy to break down.

In subscquent versions, we plan to expand it into a genuine planner (sec [1]), and we intend to explore two types
¢ of planncrs:

1. Strategic planner. 1t determinces the most promising directions in which the scarch should proceed. In
the design of scrvice cores for high-rise office buildings, for example, it might be advantageous to
dcterminge, at the outset, the few ways in which the given elevators can be banked and to arrange the
remaining arcas around these clusters; this contrasts with a blind scarch that would gencrate all
possible clevator configurations only to discover later that most of them make little sense.

2. Hierarchical planner. This planner divides the gencration process into phases through which the
design evolves at decreasing levels of abstraction. In space planning, this happens typically when
rooms are combined into larger components, which are allocated first and in which sub-components
or individual rooms are placed at later phases. It should be noted that within the limitations accepted

by the present system, the same generator can be used to find alternatives at different levels of
abstraction.

Implementation of a planning capability will commence, if not with version 2, then with version 3, work on
‘Wwhich is planncd to start in the fall of 1986. With these versions, we will enter new terrain (in the context of space
‘planning) and the most interesting phase of the current project.
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