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Abstract: The paper relates to contemporary architectuwliogations of complex, curvilinear
surfaces in the context of generative modeling.difi@al ways of representing geometry,
based on descriptive methods, favor formal languafgéflat elements" easy to map in a
rectangular coordinate system and built using ti@til technology. In advanced generative
modeling techniques used in the architectural aiglesign objects are not "drawn™ but they
are calculated, which means that the designer doemsodel directly the external form, but its
internal generative logic. This allows automatimgmation of variations of solutions, and
digital production of "difficult" components of dritectural forms using CNC technology. The
digital generative methods open up new areas fploeation of formal and tectonic features,
accentuate form's ability to emerge and adapt. likecture is recasting itself, becoming in
part an experimental investigation of topologicatometries, partly a computational
orchestration of robotic material production andtlgaa generative, kinematic sculpting of
space” [9]. Topological transformations have primanmpact on mutual relations and the
geometry of the resulting form. Innovative architeal designs around the world have shown
that the use of generative modeling has great dgsigential and requires the ability to go
beyond the traditional architectural and designirogkshop. This ability for future generations
of architects may be a subject to competitiveneske global market.
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1 Introduction
» Without tools it would not be possible to realideds, and without ideas tools would remain
dead [5].

Forms of free, curvilinear geometry appeared in Bagoque architecture but the
design and the realization of the objects whichlddawt be clearly depicted by descriptive
methods, were for centuries a major challenge.x#btmk example from the 30th is Endless
House by Friedrick Kiesler, a visionary design diaise — sculpture which has never been
built. His concept of flexible spaces is still arspiration for generations of architects and
designers. Also, an attempt by John. M. Johanseonstruct Spray House - a home of non-
linear form (project 1955) ended in failure. Prabgewith the geometrical calculations forced
Jarn Utzon — a designer of the Sydney Opera Hdlge7] - to simplify the unique roof shell
elements, originally intended as irregular shapgegeometrically identical segments of the
sphere.

Only the progress and support of modern informatechnology makes the design
and completion of these "too difficult” form podsinowadays. Pathfinder in the use of
computers in architectural design Frank O. Geheglted: ”| started designing shapes that

''In 1992, Frank O. Gehry pioneered utilization afti& software for realization of metal form call&gish"
(Barcelona)
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were difficult to draw. This led me to the compudad software Catia, through which |
realized with what degree of accuracy documentattan be drawn up and relationships
defined. The experience with Catia software (originaliended for the aviation industry)
led to further Gehry's conclusion th#te control of architectural processes with an accuracy
of up to seven decimal places allow you to changRkitectural practice and will lead to the
new buildings having a more" exciting, "sculptufams" [6].

In subsequent years, NURB®iodelling technology (derived from the applicasidor
aerospace, automotive and yacht industries) hasnieavidely used, offering previously
unimaginable precision and flexibility of modellirmyirved forms (by way of mathematical
description of the geometry). This technology bitttug renaissance of interest in organic
shapes of the free-form geometry and the changdommal architectural language.

Parametric modelling techniques developing rapidlthe last decade have become a
milestone in the development of architectural desapls. They facilitate the exploration of
options for formal solutions and the optimizatidngeometry in terms of structural, aesthetic
and economic solutions. Generative advanced cortipuogh methods are not used for direct
modelling of the external form of the object, buey "calculate” form on the basis of defined
internal generative logic. The essence of digiegdigh moves from the creation of forms to
searching it. New areas of formal and tectonic @gtlon open up accentuating the ability “to
shape up" and “to adapt”.

2 Euclidean geometry vs. topological structures
»The nineties began angular, and ended curvilinedm. architecture they began
deconstructivist and ended up topologidal].

Digital design is classified according to the pssms of digital computational
morphogenesis used to generate and transform shBp&oralevic distinguishes strategies
based on concepts such as topological structuoepagphic polysurfaces, kinematics and
dynamics, keyframes animation, parametric desigmetic algorithms, performance, etc.
Computational methods for creating 3D surface ngdelodify, stretch and bend without
breaking any geometric logic and continuity, alléev exploring topological space. ,The
notion of topology has particular potential in architecture as the feasjs moves from certain
forms of expression on the relationships that edettveen and within the existing location
and the proposed program. These dependenciesraceugshg and organizing the principles
for the generation and transformation of the fof&j’

One of the first manifests of topological approachrchitecture was an essay by Greg
Lynn titled "Folding in Architecture” from 1993, spired by the philosophical theory of
"fold" by Gilles Deleuz&who introduced to the discourse the idea of a $moonnection of
form as a denial aleconstructivistidea of conflict and contradiction.

The consequence of the topological approach ispartee from discrete objects of
Euclidean space represented in the Cartesian sybiemo-called “rubber sheet” geometry.
The continuous curves and surfaces are matheniatidakcribed in the commutation
procedures of as NURBS (surface is a very importantept in topology).Because of their
intrinsic property of one-sidedness, topologicalstures such as the Mdbius strip and the

2 Non Uniform Rational B-Splines ) are used for ¢omsting NURBS surfaces that are defined by a netvod
curves (splines). The shape of the NURBS can bé&rated directly by manipulating the control pointheir
weights and position of the nodes.

® Object subjected to deformation in a continuous mean(not torn and punctured) is topologically
homeomorphic to the initial state, though its gemynghanges.

“In his published work in 1988 tilted "Le pli - ibmiz et le baroque " Deleuze interprets the tefold” as a
form of unity, connecting and merging separate sagsand surfaces into continuous lines and solid.
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Klein bottle, have a potential for an architecturewhich the boundaries between what is
interior and what is exterior are blurred, an artbcture that avoids the normative
distinctions of “inside” and "outsidg&[5].

An example of manifestation of a topological appto#o architecture is the design of
station area Arnhem Central Station (UNStudio 12067). The program objectives include:
a masterplan of the area covering infrastructurel(gding two tunnels) and the transfer hall
with a car park, a bus station, retail and managemwiices.

The station area is the transfer place for passengaveling by various means of
transport - trains, buses, taxis, cars, bicyclesgadestrian traffic (an estimated flow is about
110000 passengers per day). By creating a diagfamaftic, authors of the project moved
from the analysis of two-dimensional planes intogi three-dimensional surface or "layered
space, which added to the available communicatipaces while avoiding bottlenecks
(elevators, escalators) resulting from the needcdonect the different levels." [8] The
designed ramp system was equivalent to a diagrawhioh all lines were drawn and bent
towards the empty center without their collapse andication. The idea of continuous and
coherent journey with multiple starting and endpgints is translated into a topological
manifestation inspired by spatial logic of the Kidiottl€ - nonorientable continuous surface,
which is smoothly transformed from the surface itite hole and back, combining different
levels of the station.

The designer of Arnhem Central Transfer Hall, C&almond (Arup), adopted a
topological approach to solve the problem of veftiand horizontal structural consistency
and continuity of the connections in the buildimghtaining a public hall which transfers-
connects neighboring shops, restaurants, parkisgalod housing units. "We drew a line that
moved up from the foundations to loop and coil csqeace. How to keep the curvature as a
natural consequence of the concept? For that, gingewas needed, connecting roof and
floors into one network" [1]. The result is a topgical spatial object recognized as the Seifert
surface - continuous, and oriented surface, whieedefines the adopted khoft a later
stage of the project, using a proprietary softwadd, the idea of the project was transferred
into a shell-like model of the roof and the arctiteal shape of the surface with optimal
parameters was selected. "The idea keeps relaimhyicinity, not the shape or dimensions”
[3] (Figure 1).

Figure 1:Structure models (left), with a clearly visible iohs twist (right). Arnhem Central Transfer Hall,
UNStudio

® Klein bottle - a one-sided surface that is nomueble, two-dimensional manifold, with no boundary
Described in 1882 by German mathematician FelixrKle

®karl J. H. Seifert proved that each knot in 3D c®&an be represented as a constraint of a camsiste
orientable surface with boundary.
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3 Parametric geometry definition

"The main difference between the direct geometryeitiog, and the associative model
comes from the "topological effect” of the digiglvironment enabling re-configuration of
the geometric structurg[2]

Parametric methods of recording geometry are cteiaed by a different relationship
between the designer and the model if compareletalirect modelling (for example, manual
manipulation of NURBS control points of the curvA)parametric model does not contain a
description of a rigid form, but the definition gpatial relations, the principles of inheritance
of specific geometric features by secondary strecalements, the method of allocation and
method of generating successive levels of spatlationships A pre-generated form may be
modified by changing the value of certain paransgtantil it meets certain criteria for e.g.
aesthetic or structural.

The development of tools for parametric modellingsvetrongly inspired by SMART
GEOMETRY GROUP established in 2003 — a nonprofifaoization which has set itself the
goal of creating an application for defining geomeind building into it internal logic and the
tools for geometry optimization. Due to the SG wtti Generative Components were
developed and released - an application (which amnlicroStation) enabling the creation of
advanced parametric models of geometry.

An example of the object where the parametric agesigthod was used to create the
geometric elements of the whole structure, is tleedddes - Benz Museum, also designed by
the UNStudio (Stuttgart 2005) (Figure 2). The pcojeoncept was based on the composition
of three circles, tangents and intersections toedeced gradually to the geometry needed to
create the object. The definition of the shapeamheelement of the building depends on the
basic layout of the trefoil plane. Everything instibuilding from the ramp width and the
dimensions of concrete slabs on the floor was doatdd and designed using a parametric
model, which allowed analysis of all alternativelusons that meet the given criteria.
Parametric modelling is particularly useful for netithg the geometry of buildings with a
complex form.

Figure 2: Mercedes-Benz Museum, Stuttgart 2008,qfahe parametric model (on the left)

The geometry is generated on the basis of an #hgorstored by means of special
applications, such as the already mentioned Gewmer&omponents, Digital Design, or

" Parametric models generally alter principles ofnfalesigning and optimization by making use of $ition
of physical phenomena, the impact of dynamic fqorftesl dynamics, etc.
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Grasshopper, or algorithmically by using scriptiagguages such as Visual Basic Script,
MEL and Processing. By changing the parameter galluis possible to obtain components
with different dimensions and curvature, but togatally homeomorphic.

3.1 Example of parametric surfaces depicted in Grahopper

Grasshopper, a popular visual programming langeaggted in 2007 by David Rutten from
the company of Robert McNeel & Associates (applicatruns on Rhinoceros), is mainly
used for the construction of generative algorithBigfaces are described here using NURBS
curves. The program is now offered for a free doadl without expiration dates but
Rhinoceros version 4.0 or higher is indispensaBiometry is defined by using the graphical
interface without having to learn a scripting laage. Generative algorithm is created by
dragging components representing da}g or functidhea work area.
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Figure 3:Algorithm of parametric surfaces in the Grasshopper

The outputs of these components are then connéotelde selected inputs of the
following components. Some components are usedettee 3D geometry, others to describe
relationships between objects and to determindoéevior of an object under the influence
of a particular transformation. This creates ano@ssive model consisting of mutually
coupled elements. Figure 3 shows a record of tparithm generating a family of parametric
surfaces, defined by sixteen control points whiobrdinates are interrelated. Changing the
coordinates of control points and their weightsréative forces) results in a modification of
the surface shape. Grasshopper also allows you ewergte data relating to the
implementation of the framework structure and swefgpanelization, which allows direct
transfer of digital data from the program to the@{¢omputer numerical control) machines.
Figure 4 shows the algorithm that allows the disition of the form profiles of longitudinal
and transverse sections on the sheets.
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Figure 4: Algorithm that generates the digital datraCNC fabrication

Thanks to its non-deterministic nature, parametdscription of forms of free-forms
and organic geometry, allows for optimization ier to meet design requirementEhése
surfaces previously required mapping in plasteraaBozen moment, now, they can remain
alive as part of the spatial continuum of chariged. Digital technologies tend to release
from all the traditional formal boundaries.

4 Summary

Realizing how the computational potential of congpsitchanges the role of digital media
from a tool for visualization of design ideas taoml for generating ideas, stimulate and
inspire exploration. The core of architectural dashas become defined in terms of the
internal logic, a description of the geometric tielaships between its components and the
control of the dynamic process of generating forissigners get to their hands tools for
creating forms of unique complex geometry and gsnoization. Architects like Rahim Ali,
Hani Rashid, Zaha Hadid, Farshid Moussavi, GregnLiyntheir projects explore topological
space constituting an innovative contemporary &chire as the expression of social,
economic and cultural era brought by informatiachtelogy.

Only at a few Polish universities future architeatsly become acquainted with
generative computational methods. Similarly, ia tirest they are domain of few renowned
centers such as London's Architectural Associammool of Architecture, the Bartlett
Faculty of the Built Environment, the Institut dintectura Avancada de Catalunya and
Universidad de Sevilla. Those universities haveqadee parks of CNC machines for
prototyping, consisting of laser cutters, millingchines and 3D printersThe computer is
not only a tool to facilitate the design of the Iding, but an integral part of the design
process, the door to the new worlds in which nonliBHaan forms are as natural as the cube
and sphere for the previou$4]. Even in the difficult Polish economic sitiat some
investors can be seduced by the unusual, visuatyasting forms. But generative modglin
techniques should not be reduced to tools onlyfdaming "blobs®. One should go beyond
issues with aesthetics to the challenges of catilen, for which they can provide some
solutions.
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Projekt zostat sfinansowany gedkéw Narodowego Centrum Nauki

KSZTALTOWANIE GEOMETRII FORM ARCHITEKTONICZNYCH

ZA POMOC A NARZEDZI MODELOWANIA GENERATYWNEGO

Opracowanie dotyczy ksztattowania architektonicinygowierzchni wielokrzywiznowych
w kontekécie narzdzi modelowania generatywnego. Tradycyjne sposadgyism geometrii,
bazupce na metodach wyldlaych, sprzyjaj jezykowi formalnemu .elementéw ptaskich”,
tatwych do odwzorowania w prostgthym uktadzie wspotednych i wybudowania za pomec
technologii  tradycyjnych.  Zaawansowane techniki Blodania  generatywnego
wykorzystywane wspéicZaie w architektonicznym projektowaniu cyfrowym nfeysuja
modelu”, ale go obliczaj W konsekwencji projektant nie ksztaltuje besgpdnio zewntrznej
formy, ale okréla generatywa logike wewretrzna. Umazliwia to uzyskanie wariantow
rozwiazah w sposob automatyczny, a takcyfrowg produkcg ,trudnych” komponentéw form
architektonicznych za pomadechnologii CNC. Dzki cyfrowym metodom generatywnym
otwierap sie nowe obszary poszukiwaformalnych i strukturalnych, akcensgp zdolng¢
geometrii formy do ,ksztattowania i i adaptacji. Architektura przeksztalca &i stajc
sie¢ w czsci eksperymentalnym badaniem geometrii topologjcziresciowo obliczeniowym
sterowaniem zrobotyzowamprodukcy materialry i czesciowo generatywnym, kinematycznym
rzetbieniem przestrzeni[9]. Transformacje topologiczne majprzede wszystkim wplyw
na wzajemne relacje i geometformy wynikowej. Awangardowe realizacje architektoniczne
na swiecie dowoda, ze wykorzystywanie technik modelowania generatywnego ogromny
potencjat projektowy i wymaga umiposci wychodacych poza tradycyjny warsztat
architektoniczny i konstruktorski. Dla przyszityckrgracji architektow umiginosci te mog
by¢ warunkiem konkurencyjrigi na globalnym rynku
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