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Abstract A programmingapproacho the rapid prototyping of architecturaldesignis
discussed irthis paper.This is donewith particularreferenceo the early stepsof design
developmentwherea numberof preliminary designalternativesshouldbe generatedand
evaluatedAt this purposewe show that the generationof the 3D shapeof eachdesign
alternative can be automatstartingfrom the 2D layout of plans,sectionsand elevations.
Each such geometricobject can be symbolically defined with few lines of code using
design variablesand constraintoperators.The 3D models generatedby evaluation of
programscripts may then be usedas input to standardengineeringevaluation methods
concerning costs, heat exchanges and structural behaviour.

1. Introduction

The aim of this paperis to show the capability of the geometriclanguage PLaSM
(Programming Language for Symbolic Modeling) to aid the designitse early phaseof
the designprocess,focusing on the peculiaritiesof architecturalshapegenerationand
manipulation.

Most of the currentCAAD systemsare mainly basedon drawing tools integratedwith
databasdunctionalities,and constituteeffective aidsin the detaileddesigndefinition, but
arenot still usefulin the early stepsof the designdevelopmentWith the introduction of
variational geometrynew perspectivesappear,since it becomepossibleto experiment
alternativedan the shapedefinition. This approachis prevalentin mechanicalengineering
since it well exploits the degreesof freedom really necessaryin the generation of
mechanical parts.

A CAAD system useful in the early design should allow the designer to expésbape
alternatives in a domain as wide@sssible.Even a variationalapproachdoesnot provide
such a capability since it allows only neodify somegeometriccharacteristic®f an object
with a basically fixed topology. Also, the constraint-satisfactiorapproach may be
convenient wheithe designprocesss mainly bottom-up,as often happensn mechanical
design, but may be very slow and costly when the project must be developed in a top-down
manner. Conversely, a top-down approach is particularly usetiod mrchitecturaldesign,
whereis often necessaryto changesome early design decisions,in order to test the
alternatives in a trial and error process.

In advancedCAAD systemsoneof main goalsis to build advanceduser interfacesto
make easiethe generatiorof geometricmodels.The techniquesand methodson how the
architect should define thgeeometricmodel of the shapeare establishedn advanceby the
designerof the CAAD system.So the systemdesigneroften imposesa foreign way of
work to the user of the system.This approachinvolves a remarkabledegreeof rigidity
when the system is easy to use and the user interface becomes more friendly. Conversely, a
geometry-oriented programming interfagiges the advancediserthe widestfreedomand
flexibility.

PLaSMis a designlanguagedevelopedoy the CAD group at “La Sapienza’in early
ninetiesand currently maintainedat the “Terza” University of Rome, that implementsa
programming approach to the geometric design.



As we show in the paper, a geometric programming apptosstapegeneratiorallows
to describe a design as a set of symbolic definitions rather than to directly give the geometry
of the shape. Any definitiomay dependon otherdefinitions,i.e. on the currentstatusof
the designknowledgebasis.So, the evaluationof a single “generatingexpression’in the
languagemay resultin many different instancesof the sameshapeprototype.In other
words, PLaSMallows to describe a whotdassof objectsby representinghe setof their
commoncharacteristicsNotice that eachdesignsolution can be characterizedy a very
different topological structure, conversely to the standard variational approach.

In this paper, starting from a “sketch symbolic descriptiorSaheexemplarcasesit is
shownhow the degreesof freedomprovidedby sucha programmingapproachallow the
designer to investigate the alternatives in the working out of the sHagdevelopmenbf
some simple examples in the 2D domain and of more complex 3D models id@ismedv
the expressive power of such an approach that, takdwgension-independeriewpoint,
can homogeneously manipulate geometric objects of different dimensionality.

The paperis organizedasfollows. In Section2 someaspectof computeraided shape
generatiorand morphologymanagemenare analyzedwith specialreferenceto designin
architectureandto the methodsandtools previouslydevelopedn this area.In Section3
somemethodologyfor the programmingapproachwith a functional languageis quickly
recalled. In Section 4 the programming toattually usedin the following casestudy are
presented.In Section5 the investigationof alternativesn the working out of the design
shape is discussed, with reference to the Wislocki house by Robert Venturi.

2. Morphology management in early design stages

The architecturaldesignof a building results from a complex synthesisbetweenthe
satisfactionof functional constraintsand the needof a pleasantaestheticsSo, the early
steps of the design process may start both fronadheity requirementanalysisaswell as
from a global conceptionof the shape,to undergoto severalchecksaboutqualities and
organizationof spacesThefirst approactrequiresto control the adjacencyrelationships
between elementary spaces, the second one is mainly devoted to theatdhtrshapeof
the designed building as a whole. In aragse the geometricaspectof spaceplanningare
the basic ingredients of any design decision. Actually, both approachesare
contemporaneously considered by the archaedtare cyclically takeninto accountuntil a
satisfying solution is reached for both.

The geometric model of a building is builtseveralways accordingto the designstage.
In the early phases of wokke dealwith both the global envelopeandthe organizationof
internal spaces. When the design is generally defined we can stef§nitive mannerthe
character of the external and internal partitions. When the design becometetadeethe
geometric shape of the elements of the building fdie@mmemeaningful.lt is possibleto
single out severalapproache$o the early modelingof shape.Three different methodsto
deal with the geometric description according to the early levels of design probing follow.

1.Modeling the external envelope,i.e. the shell of the building. This approachis
particularly useful in urban design as well as for visual impact analysiBisAiurpose
it is possible to use either a surface or a solatleler.In the last case,becausave are
not interested to the internal space of the building, we can nitaakeh setof full solid
blocks.

2.Modelingthe partitions.In this casethe goalis to generatean accuratemodel of the
partitions. This modelis useful in the next stepsof the design processwhen it is
importantto makeseveralchecksand analysison the model. Besidesthe usualvisual
controls, such an approachallows to verify quite carefully the amountof money
necessaryfor the constructionas well as the behaviourof the structuresand the
environmental efficiency of the building.



3.Modelingthe envelopetogetherwith the internalspacesThis approachs the newest
indeedin sucha casethe goal is to model the “empty spaces”. This approachis
particularly suited in the early desigh.may be usefulto makeuseof a solid modeler
basedon cell decompositionspossibly using cells with incompleteboundarieslt is
alsousefulto be ableto utilize at the sametime both 2D and 3D geometricobjects,
according to the standard architectural design practice.

The last modelingapproachs suitableto explore,from the designerviewpoint, a wide
spaceof alternativesolutions.One method,for a long time known, to describethe space
organizationin a building is the adjacencygraph (March and Steadman[6]; Steadman
[14]). By meansof a planar graphit is possibleto describethe adjacenciesbetween
different spaces im building floor by representinghe roomswith the verticesof a graph
and the requiredadjacenciesith the edges.This representatiorolds the relationships
between the parts but does not hold information about the morphology of the design.

The “dimensionless” representation, firstly suggested by Eastman [3], allows to represent
in a flexible manner the shape of a building plan or secfictimensionlessepresentation
allows to define the topology of a geometric object without to fix the sizis pérts. This
kind of representatiorcanbe joined to an adjacencygraphandviceversa,sinceit can be
seenas an orthogonalembeddingof the dual graph (the so called “plan graph”) of the
adjacency graph. Such an embedding is often optimal from some geonestpoint: e.g.
it may containsa minimal numberof internal angles(Tamassig15]). A dimensionless
representatiomllows to describea whole classof objectsthat satisfy a particular set of
geometric constrains.

Using variational geometry(Light and Gossard[5]) it is possibleto generateseveral
different geometricmodelsstarting from a given dimensionlesembeddingof topology.
With such an approach it is necesstrgetthe geometricconstraintdbetweenthe partsof
the model. This techniqueallows to manipulatethe shapeby calibrating some geometric
valuesandby solving for the unboundvariables.Constraintsand degreesf freedomare
fully containedn the descriptionof the embeddedopology of the object. A variational
approachs an effective aid to morphologymanagemenbecausat allows to explore the
consequences of the modification of an object part in comparison with the remainder.

Actually a true variational geometry based on constsaiiing is quite hardto obtainin
3D, since the most significant design alternatives may completely cti@ggology,and
hence the set of simultaneousconstraints. A programming approach to geometry
management, where the set of constraints do not necessarily rely on the topology, is instead
possible.

3. Beyond variational geometry

The language PLaSM which stands for PROGRAMMING LANGUAGE FOR SYMBOLIC
MODELING, is a design language [9,10] which can be considegabmetricextensionof a
subsetof the functional languageFL developedby Backusand Williams and by their
FunctionalProgrammingGroup at IBM ResearctDivision at Almaden(CA) [1]. PLaSM
takes a programmingpproachto variationalgeometryand allows the designerto useany
geometricexpressionn the languagej.e. any geometricshape as the actual value for a
parameter of any language function.

Multidimensionality Usually a solid modeler is only abte manipulatesolids objects
in 3D space. Actually, as we show later on, it is possible to integrate geometric modeling
3D with geometric modeling in lower dimensiofhs.architecturaldesignwe areinterested
to work with 3D polyhedraas well as with 1D segmentsand with 2D polygons and
polyhedral complexes.

PLaSM is dimension-independent[7,9], in the sensethat it usesboth a geometry
representatiomnd algorithmswhich can be appliedto geometricobjectsof any intrinsic



dimensionsthatis to points, curves, surfaces,solids as well asto manifoldsof higher
dimensions. With a languagelike PLaSM it is possibleto define building plans,
elevations and sections as 2D geometric models, often starting from 1D lateral
dimensioningof 2D drawings, as well to automaticallygenerate3D models.Also, it is
possible to assembly models of simple building partgeteeratehierarchicalassemblie®f
any complexity.In recentyearsmultidimensionalityis being considereda very important
design goal for an advanced geometric modeler. CurréhtySMis oneof few prototype
geometric systems which actually implement multidimensionality.

Assembly functions Hierarchical models can be obtainedPLaSMby hierarchically
assemblingpart models.Whenusingthe language more detailedmodelscan be obtained
by part substitution and refinement starting from some template program.

The desiredgeometricmodels, generatedby evaluationof a PLaSM program, are
represented as HPCs (Hierarchical Polyhedral Complexes, seedgtaptructureswhich
hierarchically collect a set of elementary polyhe@@chpart of suchmodelsis definedin
local modeling coordinateand is mappedto the coordinatesof the parentpart at traversal
time. Any model in the HPC representations maintainedas a directed and acyclic
multigraph An affine transformation is associated to eacloésucha graph.Every node
is the root of a subgraphcorrespondingto a model part given in local modeling
coordinates. Elementary polyhedra are associated to the leaves.

Partially open cell-complexes An elementarypolyhedronis represented assetof
guasi-disjointconvexcells. A polyhedralinstanceis eitherthe embeddingand the affine
map of a polyhedronor the embeddingand the affine map of a polyhedralcomplex. A
polyhedral complexs a set of quasi-disjoint polyhedral instances.

Each convex cell is represented as a set of Epetions Facetsof a d-dimensionalcell
are defined as (d-1)-dimensionalaffine subsetsof its boundary.Eachfacet is uniquely
associatedavith a facet covector Eachvertexis implicitly representedy the setof its
incident facets.

In the HPC representatioschemeit is easyto achievecell decompositionsvhere cells
may have partially incomplete boundaries.This may be very useful in a geometric
system[12]. For example, as it will be shown in the paper sib {gossibleto automatethe
generation of building models with openings (doors and windstaslingfrom plansand
sections,and by extractingthe 2D skeleton(2D boundaryfacetsof 3D cells) of some
expressioninvolving both plans and sections. If some 2D cells have incomplete
boundarieqe.g. which definedoorsandwindows in the layout) the openingsin the 3D
model will be automatically generated.

Generalized products PLaSMintroducesa sort of algebraiccalculusover geometric
shapes bysingalgebraictopology (cell complexesyand someoperationswhich are quite
unusual in other geometric modeling systems. In particular, weihwduceda so called
generalizedproduct of polyhedralcomplexes[2], which allows as particular casesthe
cartesianproduct, the intersection,the extrusion, and the intersectionof extrusionsof
polyhedral complexes of whatever dimension.

For example,the 3D model of a multi-floor building can be obtainedby the cartesian
productof its layout (2D complex)times a 1D complexwhich correspondo the lateral
dimensioningof the floor widths andthe inter-floor distanceg10]. This computationcan
be expressed iBLaSMboth as an algebraexpressionandas a languagefunction which
acceptstwo formal parameterscorrespondingto the layout value and to the lateral
dimensioning value. In thisecondcase,i.e. by extensivelyusing functionalabstractions,
the design languagecan be semantically enriched and extendedwith respectto the
application domain. The user only needs to know what is the meantingfahctionss/he
is using and what parameters they expect.



4. Some design tools

In this sectionwe quickly introducesome geometricprogrammingtools which will be
used in the exampleevelopedn the next section.For the languagesyntaxand semantics
the interestedreaderis referredto [9], wherea glossaryof primitive functionsis also
reported.

4.1 Dimensioning and positioning constraints

The dimensioningand relative positioning of designpartsis done by using geometric
constraints In particular PLaSM allows for the use of design variables and constraint
operators Constraint operators are not primitive in the langubgecan be definedby the
user or included with predefined packages.

Part dimensioning by design variables The generatiorof the geometricshapeof
designpartscanbe doneby instantiatingfunctions and other languageexpressionswith
designvariables. A designvariableis a O-ary function (i.e. a constant)where a binding
between a name aravalue of a certaintype is establishedln PLaSMa value canbe not
only numeric, but of any other type, including geometric shapes and higheiulesgbns.
The use othe termvariableis quite improper,sincethe languagds purely functional,so
that the binding between a name and the associated value cachanhgedat run time. In
orderto changesuchan associationt is necessaryo redefinethe designvariable,i.e. to
give the languageinterpretera new definition for it.  Since the languageinterpreter
maintains a network of functional dependentiesveendesignparts,the redefinitionof a
design variable will imply a recomputation of all the design parts whose shdependent
on that variable.

Positioning of design parts by constraint operators In PLaSMany designpart
is defined using local modeling coordinates.In order to give a hierarchical design
component, i.e. a design component which is defined assamblyof otherdesignparts
and subassemblies, the standard graphethodof hierarchicalstructuress used,with a
semanticssimilar to that of PHIGS graphicssystem[4]. In particular,any assemblyis
definedas a sequenceof geometricmodelsand affine transformationswhich must be
applied to any models which follow in the sequenceat traversaltime. Each shape
componenin a structurenetworkis so transformedwithin the coordinatesystemof the
networkroot. This mechanismcan be hiddento the user, which may use only binary
constraint operators, so strongly increasingrédaelabilityof the symbolic descriptionof a
complex geometric shape.

User interface Operators can be written in infborm and composedierarchicallyby
mean of parentheses. E.g. it is possible to write expressions like

((shapeA op shapeB) op (shapeC op shapeD)) op shapeE

where theop symbol stand$or any binary constraintoperator.In particular,op canbe
any infix expressionwhich takes valuesin a set of functions to be applied to the

surrounding geometric arguments. In this paper we use the point matching operator
shapeA (pointQp ”~ pointQp) shapeB

in order to impose the coincidence of the point returngaobyt Op: shapeA with the
point returned bypoi nt Op: shapeB. In particular,poi nt Qp is any function with input
a geometricshapeand output a point. So, the previous expressionwill generatethe
compound shape wheghapeA andshapeB will match onthe two specifiedpoints. In
the following examples we have

poi nt Op T{ NE, SE, SW NW CE, CN, CS, CW }



where such functions return a geographic point with respect to the containmenthmx of

input shape. Notice thgioi nt Qp can even return a fixed point. For example,
shapeA (K:<1.0,2.5> ~ NE) shapeB

IS a constraintwhich forcesthe point at north-eastof shapeB to matchthe point of
coordinates<l. 0, 2. 5> in the local coordinate frame shapeA.

4.2 Polygons with incomplete boundaries

One input operation in the domain of CAADodelingis describechere. This allows the
user to specify polygonal shapes with incomplete boundaries. So, the 2Dahadebm
canbe specifiedas a convexpolygonwhereeachboundarysideis fragmentedinto a 1D
cell complex where some cells are empty. This approachwill be usedto model the
openingsin a room (see Section5.3). Such a patrtially openedpolygon has a HPC
representatioras a 2D cell decompositionwith a 1-cycle of triangular cells having a
common vertex. Any pair of 1-adjacesllsin sucha decompositiorhasno boundaryon
the commonside. The side with no adjacencyis defined either openor closed (with-no-
boundary or with-boundary) depending on the user requirements.

User interface The user interface to the function which creates the HPC representation
of such an object requires as input an alternating sequence with signdoirgdsionsand
boundary angles. The dimensions are given positive wiecorrespondo a full cell of
the boundary, and negative when they define an empty cell of the boundaandlésare
given in degreesand enclosedwithin a pair of angle brackets,in orderto increasethe
readability of input data.

For example, the two polygons shown in Figure 1 are defined as follows:
Pol ygon: <12,<90>, 6,<90>,5,-2,0.5,-2,2.5,<90>,2,-2,2, +>
Pol ygon: <9, <30>, 3*3/ SQRT: 2, <60>, 6, <90>,5,-2,0.5,-2,2.5,<90>,2,-2,2, +>

Notice thatit is not necessaryto give the last angle and side, which are automatically
computed. The local coordinate frame is assumed witk dbies on the first polygonside,
and with the origin on the first vertex of such a side. The anglesare positive when
counterclockwise.

Obviously, such polygonscan be parameterizey using symbolic namesfor linear
dimensions or angles. Also, the sasyebolichamecanbe usedfor the commonside of
any pair of adjacentrooms, to be joined by using some constraintoperator previously
described. A whole layout plan, composed by both convex and unconvex roomsscan be
conveniently parameterized (see Section 5.3).
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Figure 1. The polyhedral complexesgeneratedby two applicationsof the pol ygon
function to actual data.



4.3 Openings by intersections of complexes

The operation described in this section would not be necessary in a full implemeoitation
the languageasdescribedn [9]. In fact, in orderto openthe windows in the external
envelopeof the model or the doorsin the internal partition, the Boolean difference of
embedded polyhedral complexes would be sufficient. However, curtbatBooleansare
not fully implemented irPLaSM A specialoperationis so requiredto createthe openings
for the windows in the envelope or the stairwell opening in the roofs.

User interface The userinterfaceto sucha designoperationwill be definedas a

function application
wi ndow. <poi nt, si des>: el evati on

where el evat i on is any 2D complexand poi nt is a pair of realswhich givesthe
window displacementvith respectto the containmenbox of the complex. Analogously,
si des denotesthe pair of lateral dimensionsof the window. Also, accordingto the

standardPLaSMsyntax, an higher level function can be defined to open a set of windows:
DEF wi ndows = COVP AA: wi ndow

So, e.g., a series of three windows in the 2D model of a building elevation can be given as
wi nhdows: <<pl, wl>, <p2, w2>, <p3, w3>>: el evati on

4.4 Composition of multiple sections and plans

The more interesting features of the languegecernits ability to automaticallygenerate
designdescriptionsof higherdetail startingfrom lower detail (“partial”) descriptions. In
[10,2,9,8] it has beenshown that 3D modelsof buildings can be automaticallyderived
from their plans and sections by the so-calle@rsection of extrusiongperation, which is
a special case of the product operation described in [2].

Product of multiple plans and sections In order the generate thgeometricmodel
of arealisticbuilding it is necessaryo dealwith morethanonesection.In particularwe
need to couple each building section and elevation with the appropriate portions of the plans
of the building. This can be done by defining an appropriate partitioning of thewatanes
family of open sets (i.e. sets without boundary) which can be thougpeasstripesused
to selectthe portions of plansto be operatedwith the various sections.Let S={S},
P={P,} be the setsof sectionsand plans, respectively.Let the setof open 2D stripes
O={O} bein abijective correspondenceith S. Hence,the 3D modelof the building

described byS andP can be generated as an union of pairwise disjoint 3D cell complexes:
|:lik S&& (0O,n P
each one generated by tinéersectionof extrusion(denotedby the binary infix operator

&&) of a sectiong with an open plan strip®(n P,) properlyembeddedn [°. Actually,
to automaticallygeneratea 3D building model of some realistic complexity is much
complex,as(a) thereare changing2D sectionsin both the x andy directions;(b) each
sectionportion shouldbe associatedvith a correspondingportion of a 2D plan and vice-
versa; (c) 2D elevations should be taken into account, and associatedojetingtripesof
plans.

Such characteristics of the problem can be considered by one-to-one associating each plan
and section to a corresponding orthogonal agigpe of length | (to be consideredasits
zone of influenceand denoted here by the same index) and by associating each el@vation
a thin orthogonal stripe of small length.

Then, considerthe orderedsets X, Y, Z obtainedby orderingthe elevations sections
and plans which are respectivelyorthogonalto the x,y,z axes. Let L*, LY, L* be the
associated open stripes. Spandl* will denote the elements in such sets. It is possile
seethat the 3D model of the building, in the quite generalcasethat the elevationsand
sections are orthogonal to tk@ndy axes, can be defined as tisjoint union of the cells



generatedoy a properintersectionof the extrusions.A sort of tensor product of plan,
sections and open stripes can be given:

Cijk =Y, && (X nl)&& (Z n ) n ij)
So, the whole building model can be formally defined as a disjoint M\jﬁ@ijk of open
cell complexes.

User interface The userinterfaceto the automatedyeneratiorof 3D modelsis here
defined by meansof a function vol une which requiresas input a sequenceof pairs
<X, L*>, <Y, L'>, <Z, L*>>. Eachinput pair will containboth the orderedsequencef
the sectionsperpendiculato a given coordinateaxis, and the correspondingsequenceof
coordinateswhich delimit the open stripesassociatedo every section.So, if one such
sequence contaimssections, the sequence of coordinates auilitainn+1 orderedvalues.
For example, we have:

DEF nodel 3D = vol une: <<<z0_sec,z1l_sec>, <z0, z1, z2>>,

<<y0_sec, yl sec,y2_sec>, <y0,yl,y2,6y3>>,
<<x0_sec, x1_sec, x2_sec>, <xO0, x1, x2, x3>> >

Notice that elevationlayoutsare defined exactly at the sameway than internal floating
sections. They are just associated to a smaller “zone of influence”.

5. A case study: Wislocki house by Robert Venturi

The Trubek-Wislocki'shouseis a set of two housesdesignedby Robert Venturi in
seventie{Sanmartin[13]). The Wislocki houseis a building with a very simple layout
plan. A centralstaircaseorganizeghe volumessymmetrically,whereashe elevationsare
definedin oppositionto the symmetry which characterizeghe subdivision of internal
spaces. For the present simulatadrthe designprocessve assumedonstrainedoth the
staircase position and the distribution of the various rooms.

5.1 Plan layout

Conversely to what assumed by default in the languagal ibe usefulto usesymbolic
instead than numeric identifiers for the three coordinate directions. So, we set:

DEF x = 1, DEFy = 2; DEF z = 3;

A set of reference data for the house is firstly definegalticularwe assigna reference
valueto the dimensionsof the living room and of the balcony.The value of the balcony
side will be assumedas the standardincrementwhen experimentingsome volumetric
variations.

DEF X_living = 300; DEF Y_living = 200; DEF bal = 50

As a consequencethe dimensionsof the other spacesare given as functions of the
reference elements. The stair is assumed squared, with side dimehsion_si de.

DEF X_di ni ng = X_living; DEF Y_dining = Y_living/2; DEF stair_side = Y_living/2

The stair is assumeak the “fixed” referenceelementfor all the designalternativeslt is
defined internal to other spaces (the living at the first floor, the passage at the second floor).
So, a function which cuts the empty space forstiagwell within any other 2D polyhedral
complexis defined. This function must also assignthe samelocal coordinatesto the
corresponding emptgpacesat the variouslevels. An appropriatetranslationis so applied
to the argument of the function.

DEF stairwell (floor::ISPOL) = T:.<x,y> <stair_side - x_max, -:y_mn>floor & space
WHERE vy _min = MNy:floor, x_max = MAX:x:floor, space = square_hole:
<-: Xliving, X living + delta, stair_side - (2 * delta), X_living,
Y living, Y_living + delta, stair_side - (2 * delta), Y_living>



END

The layout plan of the first floor is so definedas “dining + living”, wherethe living
contains thestairwell. The two spacesare coupledby imposingthe matchingon a point.
In particularit is imposedthat the “south-westpoint” of the living will coincidewith the
“north-west point” of the dining. The function room O is usedto define rectangular
spaces with assigned lateral dimensions.

DEF di ni ng room O <X_dining, Y_dining> ;
DEF |iving (stairwell ~room O : <X living, Y_living> ;
DEF first _floor = living (SW”~ NW dining ;

Then the dimensionsof the spacesof the secondfloor are given as functions of the

reference dimensions of the first floor:

DEF X bed = X living /I 3; DEF Y_bed = (Y_living + Y_dining) / 2;
DEF Y_passage = Y_living / 2; DEF X_passage = X living - X_bed ;
DEF X bedC = X _passage ; DEF Y_bedC = Y_living - Y_passage
DEF X closet_bath = X passage ; DEF Y_cl oset _bath = Y_dining

v LY
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Figure 2: Layout plansof the first (a) and second(b) floors as generatedy the initial
definitions off i rst _fl oor andsecond f1 oor.

The spacesof the secondfloor are now defined. In this casethe passage is the
reference element which contains the stairwell:

DEF bedA = room O <X_bed, Y_bed>
DEF bedB = room O <X _bed, Y_bed>
DEF bedC = room O <X_bedC, Y_bedC

DEF passage = (stairwell ~room O : <X _passage, Y_passage>5
DEF cl oset_bath = room O <X closet_bath, Y_closet_bath> ;

The layout plan of the secondfloor is assembledn two steps. First aa_zone anda
b_zone arelocally defined,then a definition of the secondfloor is given, where two
referencepoints (called pivots) in both zonesare constrainedo match. In particular, the
centerpoint of the west side of the passage within the a_zone is matchedwith the
point at north-east of tHeedA within the b_zone.

DEF second_fl oor = a_zone (a_pivot ~ b_pivot) b_zone

VWHERE
a_pivot = K (CW passage), a_zone = passage (NW~” SW bedC (SW~™ NW closet_bath,
b_pivot = K (NE: bedA) , b_zone = bedA (NE ~ SE) bedB

END



5.2 Volumetric studies

In order to studalternativeshapedor the design,several3D volumesare generatedn
this section. At this purpose,a 2D sect i on of the whole houseis defined by point
matching of the sections of the first asecond floor, respectivelyenotedas sec_1 and
sec_2. The first is simply definedas a translatedectangleithe second which contains
also the roof, is defined as a convex polygon with 5 vertices.

DEF Z fl oor 100;

DEF X_house (2 * bal) + X living; DEF Y_house = (2 * bal) + Y_living + Y_dining;
DEF section = sec_1 (NE ~ SE) sec_2;
DEF sec_1 T:x:(-:(X_house/2 + stair_side/2)): (CUBO D: <X_house ,Z floor>);

T

DEF sec_2 = T:<x,y> <-:(X_house/2 + stair_side/2),Z floor>: (MPOL: <

<<0, 0>, <X_house, 0>,
<0, Z_floor>, <X house/2, 2*Z_floor> <X house ,Z floor>>,
<l..5>, <<1>> >) ;

Volume solution A It is so possibleto generatethe first 3D volume solution by
composingthe 2D plans first_fl oor and second_fl oor with the 2D sections
sec_1 and sec_2, respectively.The pr od operatoris analiasfor the intersectionof
extrusions after having embedded the @&Quments into the coordinadebspacez=0 and
y=0 (see[2]). In particular,the secondpolyhedralargumentof the prod operationis
mappedn 3D so thatits y (2D) coordinatescoincide with the z coordinatesof the 3D
frame. So, the volumes of thirst and second floor are separately generated;ttierare

collectedwithin a structure.
DEF prod = <x,Y,0> && <x,0,y> ;

DEF vol _first_floor = first_floor prod sec_1 ;

DEF vol _second_fl oor = second_floor prod sec_2 ;

DEF house = struct: <vol _second_floor, vol _first_floor> ;

z4 24

Ty
Figure 3: Model solution A generated by evaluating the expres@orouse.

Volume solution B Several volume alternativemenow given, alwaysstartingfrom
the set | of definitions which have generatedhe solution A. For eachnew alternative,
some rooms have a new definition. Then the correspordiingodelis always generated
by evaluating again the expressi@: house.



DEF cl oset_bath = room O <X closet_bath + bal, Y_closet_bath + bal> ;

DEF bedC room O <X bedC + bal, Y_bedC + bal >
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Figure 4:Model variation B generatedy redefiningthe expressiongor cl oset bath
and for bedC.

Volume solution C A third volume solution is also givelny redefiningsomerooms.
In particular, bedA and bedB are incremented on both sidestb& balconymeasurethe

I'iving isgenerated.-shapedandthe x directionof the passage at secondfloor is

incrementedf the half of the stair-sidedimension. Thenthe 3D model is automatically
generated.

DEF bedA = room O <X bed + bal, Y_bed + bal> ;
DEF bedB = room O <X bed + bal, Y_bed + bal> ;
DEF living = (stairwell~rooml):
<X_living - stair_side/2, stair_side, stair_side, Y_living - stair_side>;
DEF passage = stairwell: (room O <X passage + stair_side/2, Y_passage>);
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Figure 5: Model C generated lbgdefiningthe expressiongor bedA, bedB, |iving
and passage.



Volume solution D

DEF bedA = room O <X bed + bal, Y_bed + bal > ;
DEF bedC = room O <X bedC + bal, Y_bedC + bal >;
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Figure 6: Model D generated by redefining the expressiorizeidA, bedB.

Volume solution E In the solutionE two bedroomsare enlargedon both sides,the
di ni ng is incremented in the direction, and thdiving is rectangularput is enlargedon
both sides. Thest ai r wel | is opened inside the living.

DEF bedA = room O <X bed + bal, Y_bed + bal >;
DEF bedC = room O <X bedC + bal, Y_bedC + bal >;
DEF dining = room O <X dining + bal, Y_dining>;
DEF living = (stairwell~roomO: <X living + bal, Y_living + bal>;
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Figure 7: Model E generatedy redefiningthe expressiongor bedA, bedC, dini ng
and | i vi ng.



5.3 Openings in the internal partitions

In this sectionwe demonstrateon a concreteexamplea methodfor opening passages
between adjacent spacedfie 3D modelautomaticallygeneratedy productof plansand
sections.

First, the “adjacencygraph” of the plan is given, by listing in circular order the
adjacencies of each room witfie otherroomsand the outside space.This representation
could also be automatically derived from the Rout. Such definitions are given hefer
the secondfloor of the layout A (Figure 3). Notice that for eachroom the alternating
sequence of linear partitions and angles must be given.

Eachpartition is boundto a designvariablewhosenamecontainsthe identifiers of the
two spacesn contactalongthat partition. The sequencef partitionsandanglesis given
counterclockwisestartingfrom either(a) the lower left partition or (b) a suitableinitial
angle whichreduces the first partition to such a situation.

The Adj G aph function is simply obtained byomposingthe CAT primitive function
with the pol ygon function. Notice thateachspaceunit is definedin a local frame with
thex axis along the first polygoedge and the origin at the lower left polygon vertex.
DEF Adj Graph = pol ygon~CAT
DEF bedA = Adj G aph: <bedA_out, <<90>>, bedA closet, bedA pass, <<90>>, bedA_bedB, <+>>
DEF bedB = Adj Graph: <bedB_bedA, <<90>>, bedB_pass, bedB _bedC, <<90>>, bedB_out, <+>>
DEF bedC = Adj Graph: < <<180>>, bedC out, <<90>>, bedC _bedB, <<90>>, bedC pass, <+>>
DEF pass = (stair_space~Adj Graph):<

<<180>>, pass_bedC , <<90>>, pass_bedB, pass_bedA, <<90>>, pass_cl oset, <+>>;
DEF cl oset = Adj Graph: <<<180>>, cl oset _pass, <<90>>, cl oset_bedA, <<90>>, cl oset_out, <+>>;

Finally, the contentof the designvariableassociatedo eachpartitionis specified,as a
sequencef positive and/or negativenumbers. Rememberthat positive numbersdenote
solid boundary elements,whereasnegative numbers denote empty 1D cells in the
boundary of the polygon.

DEF pass_bedB = <-:Y_passage/ 2> ; DEF pass_bedA = <-:Y_passage/ 2> ;
DEF pass_bedC = <stair_side,-:(X_passage-stair_side)/2, (X passage-stair_side)/2> ;
DEF bedA closet = <Y_closet_bat/2, -:(Y_closet_bat/2)> ;
DEF bedA out = <X _bed> ; DEF bedA bedB = <X_bed>

DEF bedB_bedC = <Y_bedC ; DEF bedB_out = <X_bed >

DEF bedC out = <X_bedC ; DEF cl oset_out = <X passage>

Sincepartitionsbetweenpairs of internalspacegqi.e. different from the outside space)
must be given twice, with the two opposite orientations, the design variables
pass_cl oset, bedA pass, closet pass, closet_bedA, bedB bedA,
bedB pass, bedC bedB and bedC pass are computed respectively as
REVERSE, of the designvariables pass_bedC, pass_bedA, pass_cl oset,
bedA cl oset, bedA bedB, pass _bedB, bedB bedC and pass_bedC
E.g. DEF bedB bedA = REVERSE: bedA bedB.



Figure 8: Polyhedral complex of the second floor automatically generated with
the user-defined openings on the internal partitions.

5.4 Elevations and sectioning

In this sectionwe define some building elevationsand sectionsas 2D polyhedral
complexesln the next section thewill be usedto automaticallygeneratea more detailed
3D model of the building, i.e. model containingalso the openings(windows and doors)
within the buildingenvelope.

So, a set ofeal dimensiondor the main geometricelementof the houseis now given.
The whole housemodel is parameterizedn such dimensions.If somedimensionsare
changed,the only elementswhich either directly or indirectly dependon them are
computed again.

Thefirst floor is definedat z heightO; the secondfloor is at height z_fl oor 1; the
bottom of roof is at heighz_f | oor 2; the topat height z_f | oor 3. True dimensions
are now given for the livingopom, and consequently for the other rooms of the house.

DEF X_living
DEF z_floor0Q

620; DEF Y_living = 740 * 2/3; DEF bal = 100;
0 ; DEF z_floorl = 265 ; DEF z_floor2 = 180; DEF z_floor3 = 300;

Another set of definitions is given for the possible sizes of doors and windows

(d1, ..., d5), as well for the dimensioning of the front aladeral elevations.

DEF d1 = 15 ; DEF |1 = bal +d1 ; DEF hO = -:delta ; DEF || 2=bal +2* d1+d4;
DEF d2 = 110; DEF |2 = bal +2*d1+d2 ; DEF hl = d4 - d2 ;

DEF d3 = 90 ; DEF I3 = bal +3*d1+2*d2 ; DEF h2 = z_floorl + d2 ;

DEF d4 = 220; DEF |14 = bal +4*d1+2*d2+d3; DEF |l a = bal +x_bed-d1-d2;

DEF d5 = 150; DEF |5 = bal +5*d1+3*d2+d3; DEF | b = bal +x_bed+d1l ;

The floating front section,named fr ont _sec, perpendicularto they axisin the 3D
volume (seeFigure 9 and Figure 10), is definedas a 2D primitive polyhedronwith a
single convex cellln particular it is giveras the translated convex hafi five extreme2D
points:

DEF front_sec = T:x:(-:(x_house - stair_side - bal)):(MPOL: <
<<0, 0>, <x_house, 0>, <0, z_floorl + z_floor2>,
<x_house/2, z_floorl + z_floor2 + z_floor3>,

<x_house, z floorl + z_floor2>>,
<1..5>, <<1>>>)



The first front sectionyQ_sec is defined by opening a series of windows in
front _sec. The front sectiony0_sec will be valid in they interval betweeny0 and
yl.

DEF y0_sec = wi ndows: <<<l| 1, hl>, <d2,d2>>, <<l 2, hl>, <d2,d2>>, <<|3,-:delta>, <d3, d4>>,

<<| 4, hl>, <d2, d2>>, <<I|5, hl>, <d2, d2>>
<<l a, h2>, <d2, d5>>, <<l b, h2>, <d2, d5>> >: front_sec;

LU
ConOd

Figure 9: Front elevationsyO_sec and y2_sec.

[]

An alias y1_sec for the front sectionwill be valid betweenthe coordinates y1 and
y2:

DEF yl1 _sec = front_sec;

A last y2_ sec front section,correspondindo the otherextremefront elevation,will
be valid between the extreme valug® and y3.
DEF y2_sec = wi ndows: <<<|1,h0> <d4,d4>>, <<II2,h0>, <d4, d4>>,
<<l a, h2>, <d2,d2>>, <<lb ,h2>, <d5,d5>>>: front_sec;
The floating side section, which is perpendicular taxtbgis of the 3Dframe,is defined
(in 2D) as a translatedrectangle,of sizeY _house x (z_floorl + z floor2 +
z _floor3).

DEF s_sec = t:x:(-:((Y_house - stair_side) / 2))):
(CUBA D:< Y_house ,z_floorl + z_floor2 + z_floor3>);

DEF x0_sec = wi ndows: <<<l| ¢, h2>, <d2,d2>>, <<lId, h2>, <d2, d2>>>:s_sec
VWHERE
lc = bal + y_bed - d1 - d2 , Id = bal + y_bed + dil
END;
DEF x1_sec = s_sec ; DEF Ile = bal + y_bed - dl1 - d2 ;
= bal + y_bed + d1l ;

DEF he = z_floorl - (d2/2) ; DEF | f
DEF hf = z_floorl + d1 ;

DEF x2_sec = wi ndows: <<<| 1, h2>, <d2,d2>>, <<ll|e, he>, <d2,d2>>, <<If, hf>, <d2,d2>>>:s_sec;

5.5 Generation of the 3D Volume

Finally the 3D modelsfor the housesolution A andE are generated With referenceto
the methodology described Bection 4.4 the functiowol une is used athis purpose.

DEF nodel 3D = volunme :< <<first_floor, second_floor > <z0, z1, z2 >>,
<<y0_sec , yl_sec , y2_sec> <y0, yl, y2, y3>>,
<<x0_sec , X1_sec , X2_sec> <x0, x1, x2, x3>> >

VWHERE
z0 =-:delta, z1l = z _floorl , z2 = z_floorl+z_floor2+z_floor3 + delta ,
y0 = -:(Y_dining + delta) , yl =y0 + 2* delta
y2 =y living - delta , y3 =y2 + 2% delta
X0 = -:(x_living-stair_side)-delta, x1 = x0 + 2 * delta
x2 = stair_side - delta , X3 = x2 + 2 * delta

END;



Figure 10: 3D embedding of plans and elevations which produce the A volume solution.

Figure 11: 3D volume solution A.

The evaluation of therodel 3D function within thefunctional environment associated to
the A solution will resulin the model displayed in Figure 11.

To generate the 3D model E the elevations displayé&iguare 12 are needed.

By evaluatingthe nodel 3D functionin the functional environmentof the E solution
will result in the modebf Figure 13.



bl

Figure 12: 3D embedding of plans and elevations which produce the E volume solution.

s

Figure 13: 3D volume solution E.
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