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ABSTRACT

THE INFLUENCE OF DIGITAL TECHNOLOGIES ON THE INTERACTN OF
DESIGN AND MANUFACTURING PROCESSES

C ng, Guney
M.S., Department of Architecture
Supervisor: Assoc. Prof. Dr. Alhsan Unay

January 2006, 120 pages

This study aims to analyze and evaluate the inflee digital technologies on the inter-
action of design and manufacturing processes hgsepting an outlook of digital tech-

nologies through developments in modeling capas)imanufacturing techniques, mate-
rial science, and design strategies.

The digital era reached by the technological developments erefiff fields of sci-
ence influenced the field of architecture, just like the others., Bhnew kind of spa-
tial and tectonic quality in architecture is emerging withlétely introduced design
tools and materials that are novel to the building industry, whildingag the role

of architect in this contemporary medium.

The evolutionary process of Frank O. Gehry and his office, beingneg in using

digital design and manufacturing tools in architecture, is septed with realized
\Y



examples that point out the formerly discussed developments inatlne o€ archi-
tecture and visualize the tectonics of the digitally desigmetiproduced buildings;

culminating with the case study of Guggenheim Museum, Bilbao.

Keywords: computer aided design (CAD), computer aided manufagt(CAM),
geometric modeling, digital design strategies
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SAYISAL TEKNOLOJLER N TASARIM VE URETM SURECLERN N ETK -
LE M UZERNDEK ETK LER

C ng, Guney
Yuksek Lisans, Mimarl k Bolumu
Tez Yoneticisi: Dog. Dr. Alihsan Unay

Ocak 2006, 120 sayfa

Bu ¢al ma, say sal teknolojilerin genel durumunu, modelleme beceriletinitek-
nikleri, malzeme bilimi, ve tasar m stratejilerindeki ilenleler yoluyla ifade ederek;
bunlar n tasar m ve Uretim sireclerinin etkihei Uzerindeki etkilerini incelemeyi ve

de erlendirmeyi amaclamaktad r.

Bilimin c¢e itli alanlar ndaki teknolojik gelimelerle ulalan say sal ¢ca di er bitin
alanlar olduu gibi, mimarl da etkilemitir. BOoylece, bu gliinimiiz ortam nda mi-
mar n roli yeniden tan mlan rken; yeni sunulan tasar m araclayapan endist-
risine yeni olan malzemeler, mimarl kta yeni bir mekansakk&onik anlay ortaya

¢ckarm tr.

Say sal tasar m ve uretim teknolojilerinin mimarl kta kullamda 6nct olan Frank

0. Gehry ve ofisinin evrimsel sureci, mimarl k alan ndaki daha dmoelenmi ge-
Vi



li meleri vurgulayan ve say sal olarak tasarlanan ve uretilenayaptektonik-lerini
imgeleyen ornekler yoluyla anlat Inar.

Anahtar Kelimeler: Bigisayar destekli tasar m (CAD), lbbyar destekli tretim

(CAM), geometrik modelleme, say sal tasar m stratejileri
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CHAPTER 1

INTRODUCTION

Having abandoned the discourse of style, the architecture of mod-
ern times is characterized by its capacity to take advamtfte
specific achievements of that same modernity: the innovations of-
fered it by present-day science and technology. The relationship be-
tween new technology and new architecture even comprises a fun-
damental datum of what are referred to as avant-garde architec-
tures, so fundamental as to constitute a dominant albeit diffuse mo-
tif in the figuration of new architecturés.

With the aid of developments in various fields of science, design @mstraction
abilities of contemporary architects have gone far beyond of the tadusge’s.
This new potential of design merits are being used since thal dijormation revo-
lution, which took place in the field of architecture parallel toviaespread expan-
sion of computer use in design studios. Computer use in the studios exfiemded
being limited to representational tool to the single source of bailyrdand manu-
facturing processes. This period, with the advances in theiataed construction
industries, has drawn attention to complex-shaped forms and highlyireeavisur-
faces, which were, until recently, very difficult and expensivddsign and produce
using traditional methods.

The challenges of constructability forced the architects to beatwsely involved
with the fabrication and construction process, if they were tohepegrojects real-
ized. However, building contractors that are used to analog forms aifcpravere

reluctant to take on projects they saw as apparently unbuilddi@earthitects had

! Morales, I. S.Differences: Topographies of contemporary archiiezt MIT Press, Cambridge.
1997, cited in: Kolarevic, B. Introduction, iArchitecture in the digital age: Design and mantufae
ing. (pp. 1-10). Branko Kolarevic, ed. Spon Press, Nenk. 2003. p. 3.
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to find contractors and fabricators that are capable of digithilyen production,
which were often not in building but in shipbuilding. They had to providegadlide-
sign information needed to fabricate buildings. Thus they became inwlitledhe
digitally generation of the building. They found out that the digitedrimation they
generated could be used directly in the fabrication to directlye dhe computer-
controlled machinery that saves time, makes error-prone drawingassaeg. Nu-
merically controlled machines could enable the production of unique pdétsrica-

tion process. Thus, new formal approaches emerged that are not necessaaig-stand
ized. In addition, new medium enabled them to produce scale models afabigins
through the process using the same techniques of those usedridusieyf Several
new opportunities revolutionized the design approaches. These unintended outcomes
of the progress could potentially reemerge the close relationshigdiethe archi-
tecture and construction as once existed. That would place more puwehe
hands of architects, hence more responsibility.

1.1 Brief History of CAD / CAM

Computer aided design (CAD) and computer aided manufacturing (CAdVils a
name implies, involves with the use of computer in the design and noturirfig
processes. CAD is essentially based on computer graphics, whacis the creation
and manipulation of pictures on a display device with the aid of a cemtAM,
on the other hand, has originally started from numerically conti@).(W method of
controlling machines was invented by John T. Parsons in the late 1940sethod
involved using punched cards that contains the coordinate data to direti¢hime

to move various positions that defined the desired surface to be mathined.

Since 1950s, the applications of computers have dramatically increaitedhe
rapid development of computer hardware and software. “In the nineteerthyce

the industrial revolution considerably enhanced man’s physical powire present

2 Kolarevic, B. Information master builders, isrchitecture in the digital age: Design and manufac
turing. (pp. 55-62). Branko Kolarevic, ed. Spon Presay Nerk. 2003. p. 57.

% Besant, C. B., C. W. K. LuComputer-aided design and manufactuéis Horwood Limited, Eng-
land. 1986. p. 15.



century, a second industrial revolution is taking place, with computfsng an

enhancement of man’s mental capabilitiés.”

“The major businesses that use CAD / CAM are aerospace, auterant architec-
tural businesses, but they are by no means the exclusive userslditbe said that
they have performed a pioneering role in its developnTedtst like the effects of
Industrial Age on architecture before, the Information Age had dst mprofound
challenges not only in design stage, but also in manufacturing antiucbios proc-

esses.

During the 1970s, the few architects who worked with a computer
were seen as a group of strange, determined Utopians. Dheng t
1980s, they were looked upon as specialists who spoke language
incomprehensible to most but during the 1990s —parallel to the
widespread expansion of computer use in design studios— the un-
derstanding also grew that those Utopian or specialist architects
were following lines of research that would become fertile ground
for new developments for everyofe.

Architecture is highly influenced by the information systemdesigning and plan-
ning, construction materials and even by the methods of designing. Mona@e
multifunctional spaces are created using complex geometriexohisé&ruction proc-

ess is turned into a computerized craftsmanship. However, it is the infonnabtve

all that is becoming an essential component of the new archite€armard-looking
architects are attempting to create buildings and spacesréhabnsciousof the
changes in the operational and social framework caused by information techhology.

New digital architectures, which have found their expressions inlyhigpmplex,

curvilinear forms, are emerging from the digital revolution. “Wiaites the digital

* Ibid. p. 13.

®> Beeby, W. D., P. K. CollietNew directions through CAD / CAMkociety of Manufacturing Engi-
neers publications Development Department, Michid®&86. p. 2.

® Saggio, A. How, foreword by Antonino Saggio, Behind the scenes: Avant-garde techniques in
contemporary desigr{pp. 5-7). Luca, F. D., M. Nardini. Birkhausewrefn. 2002. p. 5.

" Ibid. p. 7.



architects, designers and the thinkers is not a desbiebdy all and everything, but
the use of digital technology as an enabling apparatus thatyirdeggrates concep-
tion and the production in ways that are unprecedented since the meiuhesabf

master builders®

1.2 Object and Scope of the Study

This study intends to explore the new fields of architecture intemtlbg the techno-
logical innovations in all phases of construction process. Integratiarchitectural
design and manufacturing process with digital technologies, whiclessentially
developed for other disciplines, is examined via the evolution of aneothal of-
fice. Investigation of the outcomes of this integration in design cmdtruction

processes is within the scope of the study.

Digital design tools of the digital era are explored through eh&htBeing the start-
ing point of the digital design and manufacturing process, modidoigiques are
explored in accordance to their creation techniques and purpose of uges @od

their mathematical background are represented as a preludeacestndation meth-

ods.

In chapter 3, methods of manufacturing and construction that are intdotuaechi-
tecture from other industries are presented. Many of thedeodseare adopted from
digital design and production techniques invented for automotive, aeroapdce
shipbuilding industries. It is aimed to establish a basic unadelisig for the potential

contributions of these methods to the realm of architecture.

In chapter 4, a departure from the traditional way of designitigetmew design ap-
proaches is aimed to be represented. Innovative design tools tlths@reered by
the introduction of the fourth variable —time— to the three-dimensionaksare ex-
plored. Basic operations or considerations for perpetuating mordléeasid eco-
nomic designs are represented in order to emphasize the réyiaiale new ap-

8 Kolarevic, B. Introduction, inArchitecture in the digital age: Design and manutaing. (pp. 1-10).
Branko Kolarevic, ed. Spon Press, New York. 2003..p
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proaches. Effects of new materials to new design concegdtshittly be demon-
strated by briefly introducing some innovative materials of the era.

Chapter 5 focuses on Frank Gehry’s evolving design process and how tdigiga
and processes have been adopted to a collaborative practicé.déseilibe the or-
ganization of Gehry’s office and its associated teams, awdl ibutline the role of
digital tools in an emerging design and construction process whemewed col-
laboration is resulting in a new architecture and the reéstaignt of the architect
as master builder. Guggenheim Museum, Bilbao will be studied aseastudy, as
being “the first Crystal Palaces and Eiffel Towers of the meformation Age®.
Background of the design survey will be explored in accordance witledfization
process in order to clearly represent the effects of digptas to the design and

manufacturing processes.

° Branko Kolarevic referred Frank Gehry@@iggenheim Museuin Bilbao in Introduction, inArchi-
tecture in the digital age: Designh and manufactgri(pp. 1-10). p. 3.
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CHAPTER 2

DIGITAL DESIGN TOOLS

“A model is a mathematical representation of a geometric tbhanis stored in the
computer memory of CAD / CAM system.Entries of the two-dimensional (2D)
systems in computer memory are recognized as flat frantethay can be defined
by X/Y coordinates system. For three-dimensional (3D) systarttsrd coordinate,
Z is added for the definition of the entries. Typically, a rightded Cartesian sys-
tem is utilized. Most computer software utilizes two sepacatardinate systems.
First is a fixed coordinate system that is used for the owdeéihition of the model,
which is called global coordinate system. Second is a moveabteadjastable co-
ordinate system to aid the creation of the model. By adjustingotirélinate system,
the user changes the drawing plane, thus can easily adopt wWiagdtaols accord-
ing to the position of the surface. This system is called lamaidinate system. Effi-
cient use of the two coordinate systems enables the user te defiplex 2D and

3D models in computers memory.

Definition of the shape and other geometric characteristicsnaddel in terms of a
collection of methods is the starting point of the digital designmaadufacturing.
This is often referred as geometric modeling, a term tHasiscame into use in the
early 1970s with the rapidly developing computer graphics and compdéer de-
sign and manufacturing technologfeShe model that is going to be acquired at the
end of this process is going to be used in several ways suchiasegimgy purposes,
manufacturing data, or representation medium. “For many applicatiemgeomet-
ric model of a physical object may require the completergn of surface reflec-

! Hawkes, BThe CADCAM proces®itman Publishing, London. 1994. p. 69.

2 Mortenson M. EGeometric ModelingJohn Wiley & Sons, Inc., Canada. 1985. p. 1.
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tance properties, texture and color; or it may include only infoomain the elastic
properties of the object’s materidl The way that the model is structured and stored
in computer's memory has a crucial importance in this manmere she model has

to serve its specific purpose and has to be modeled accordingly.

There are many applications software in the market for modeliqgpses. Different
software producers solve different modeling problems of specifictinesisThey try
to satisfy the customer with easy-to-use interfaces, remdge analyzes tools, and
graphic enhancements. They provide additional developments everyotextend
their end-user profile. There is a feedback mechanism betlweerdaducer and the
customer to improve the application continuously. In some cases skchnksGe-
hry's office, software called CATIA (Computer Aided Three-Rimsional Interac-
tive Application), which is developed for aerospace industry byeadfr software
company Dassault, is used for the generation and production ofesurfaehry’s
colleagues later improved the software in collaboration with thieldger company

for architectural use.

“Geometric modeling is often performed with the assistanceagtges systems be-
cause interactive graphics enables user easily to enter, mamipnh modify the
data for the construction of geometric models, although it is notwbgoheces-
sary.” Computer graphics is a tool of communication, thus productivity, betieen t
human and the computer. Graphical interpretation of the numerical ladtahe
computer generates enables the human to give quick decisions. Otherwipegtanter
tion of the numerical data would be time-consuming, hence would caeféective

use of human resources.

Software would also serve ease of communication. Therefore, thegaipped with
some basic tools such as zooming and panning. These tools simply pghevigser

the ability to magnify and pan individual localities of the drawimigthe purpose of

% Ibid.

“ Besant, C. B., C. W. K. LuComputer-aided design and manufactuéis Horwood Limited, Eng-
land. 1986. p. 152.



observing, adding or editing intricate detdilShere are other facilities that the soft-
ware provides to the user. Layering, for example, is a commadityfac many ap-
plications software. “The principle of layering may be understooddngidering a
number of drawings, each done on a separate transparent sheet. Eaciowwkdebe
viewed separately or, alternatively, placed against each othayeas in a stack and
viewed collectively.? This basic understanding, clarifies the use of layering in CAD
Every different aspect of the drawing is placed on a sepagee; lhence, the user
can work in any layer separately or together with others. Numbéhe layers
needed depends on the complexity level of the drawing. For fuldwgiication of
complex drawings, layers accommodate the information of pen colohehdéss.

This would be helpful in hard copy plots, as well as the drawing creation process.

A practical geometric model should be easy to manipulate. The maitoudf the
geometry can be accomplished using basic transformation technigongsnuesirix
operation& “Transforming an object implies changing it in either positimienta-
tion, or shape®We may list three main operations: translation, rotation anthgcal
“These may be described in terms of vector subtraction (C* %)Qor translation,
wheret is the translation vector, and matrix multiplications (C* =)R& the other
operations, wher€ is an initial x, y, z position vectoG* a transformed position,

andR a 3x3 matrix to describe rotation or scalif.”

There are several techniques for geometric modeling purposesndrae2D sys-
tems utilize a method that is almost parallel to the conventtvaaling habits is fol-
lowed. The complete perception of the model is assured by therettgrpn of mul-

tiple 2D views of the model. On the other hand, 3D systems carmdeled in three

® Hawkes, BThe CADCAM proces$. 58.

® Ibid. p. 60.

" Basic matrix operations will be discussed in ApgierA.

& Mortenson, M. EGeometric Modelingp. 345.

° Basic transformations and their mathematical baiise discussed in Appendix B.

% McMahon, C., J. Browne&CADCAM principles, practice and manufacturing masagnt Addison
Wesley Longman Limited, England. 1998. p. 131.
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different ways, according to the model’s purpose of use: wirefraradeling, sur-
face modeling and solid modeling.

2.1 Multiple-View Two-Dimensional Drafting

Just like the traditional way of drawing on paper, as a wayoofntunicating the
ideas, a designer can sketch various views of a model on a compimglinpst de-
vices like a tablet or a mouse. The first step may be the quaigi of the vertices of
the shape in pair coordinates x,y for the plan view and x,z ooy the elevation
views. Next, the designer may connect the vertices with ligeeets. The result is
the most elementary representation of a model composed of a plaandetwo or
more side views as necessary. However, if the designer wawjisety the repre-
sented model, there is no straightforward information about the tdo@dinates of
any vertex. Because the computer database stored the input cosrdindteibles,
there is no definition of the relationships among the separateldstoews. Thus,
the model does not exist as a 3D model, but as multiple 2D views @heisome
limitations regarding this character. “Firstly, skill is re®ui in the construction and
interpretation of drawings:* From the technical director to the machinist in the shop

level, everyone involved throughout the process should be able to understand and

interpret the complex drawings and established syntaxes. “Secdndlpossible to
have conflicting or erroneous models —perhaps views on a drawing that dorre-
spond, or diagrams with unmatched connections on symbudist&rpretation of the
model turns out to be a difficult and time-consuming task for complereties.
The practice of drawing and interpretation of it becomes proneatwuracies. “Fi-
nally, complexity in the product may stretch the techniques to liheis. For exam-
ple, certain geometries may be very difficult to represent usirayvings —
particularly where there are complex, doubly curved surfaces such automobile

or aircraft bodies*

1 bid. p. 27.
12 pid.

13 | bid.



2.2 Wireframe Modeling

Wireframe modeling technique is used by many CAD systemddfining simple
geometries. The construction is only made up of points and linesisEnenters the
X, y and z coordinates of vertices of the object and combines titrings (usually
straight lines). This lowest level of modeling requires vétlke lIcomputer memory
compared to the other techniques however, it has serious limitatigasding face
data of the model. Surface geometries that are very impoaantanufacturing and

analyze procedures are not present.

Another disadvantage of this technique is the confusion caused by theaptp®l-
ity of the geometry without removing the hidden lines. Since tisen® perception
of surface alterations or solid shape, there is no distinguish éetwsible and hid-
den edges. Though hidden line removal can be done manually for ahiewptld
be self-defeating, since a part of line, which is removed forgbetific view, may

need to be shown on other views.

Figure 1. Ambiguities of wireframe modeling

(Hawkes, BThe CADCAM proces®itman Publishing, London. 1994.)

Wireframe models cannot recognize curved profiles. Longitugiralles of cylin-
drical shapes are not fixed edges between defined points in fpagere seen as

the silhouette of component face that could vary in position depending orrdbhe di
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tion of view. Hence, they are not recognized as wireframe elsnand are omit-
ted

Shade line at regular angular intervals may be used to fadica curved profile;
however, these non-existing lines may lead further confusions on aagrawiich is
already imperceptible. Another consequence of the lack of suiltgteeis the diffi-
culty in calculating physical properties. Therefore, accurateutation of volume,
mass, surface area of anything other than very basic shapeg@saifiie. Tolls like
shading and color tone variation, used by the artists effectivépimodeling, can-
not be used since they are applicable to the surfaces not the edges.

2.3 Surface Modeling

Surface modeling technique adds information about the surfaces inostdve the
drawbacks of the wireframe modeling. The definition of the modebristructed in
terms of points, lines and faces. By providing the information of cairfa the
model, some basic problems of wireframe modeling caused by theflaurface
data is overcome. Surface models may (or may not) define adclofeme, but it
has no concept of inside/outside. The model is not a “solid” in esdeuic#,is a
shell-like definition either enclosing a volume or not. Since wengtatalk about
“mass”, the modeler cannot calculate mass properties likeemisnof inertia and
principal axes.

In fact, a surface modeler cannot guarantee that the designer has
described a realizable object. It may be a collection of cesfa
which do not define a physical part, as in the case where the sur-
faces may not be connected. A complete part description would
have sufficient information to answer any question one could ask
about a physical solid object, including a guarantee of sofitlity.

* Hawkes, BThe CADCAM procesg. 73.

!> Bedworth, D. D., M. R. Henderson, P. M. Wol@omputer-integrated design and manufacturing.
McGraw-Hill, New York. 1991. p. 30.
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Although less advanced compared to the solid modeling, surface modgeling
most suitable choice for handling the design and manufacturing protesmplex

curved surfaces, such as car bodfes.

“The most elementary of surface types is the flat plane,hmmay be defined in a
number of ways including between two parallel lines, through threespminhrough

a line and a point Other surface definitions, in general, fall, into three maie-c
gories. In the first category, surfaces are fitted to data paialied control points,
and the surface is generated either to pass through approxioratelinterpolate the
points. The second category comprises surfaces that are basedves €ume or
more curves define the surface by means of some operations. famcesa tabu-
lated cylinder is defined by projecting a generating cateag a vector. A ruled sur-
face in produced by linearly interpolation of two different gemegaturves. A trans-
lational sweep surface is defined by the path of a generainvg swept along a di-
recting curve. A rotational sweep surface, also known as suofapevolution, is

produced by revolving a generating curve about a vector. Itrigcyarly useful

when modeling objects that possess axial symmetry.

Director curve

Swept surface

"
Generator surface Swept solid

Generator curve

Swept surface

Generator curve

Axis of revolution Axis of revolution

Figure 2. Examples of sweep representations

(Mortenson M. EGeometric ModelingJohn Wiley & Sons, Inc., Canada. 1985.)

'® Hawkes, BThe CADCAM procesg. 74.

" McMahon, C., J. Browne&CADCAM principles, practice and manufacturing magagntp. 37.
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In the third category, surfaces are defined to interpolate beto#nen surfaces.
Chamfer and fillet surfaces are common examples of thisargtegach of the three
categories describes the way that the surface is definedn@ttematical basis or

the way that is stored by the system may be the same.

Fillet
surface

Chamfer
surfaces

Figure 3. Examples of surfaces defined from other surfaces

(McMahon, C., J. BrowneCADCAM principles, practice and manufacturing maaagnt.Addison
Wesley Longman Limited, England. 1998.)

2.3.1 Curve Representation

Continuous objects are best presented with the help of curves amadesurf
mathematical tool is needed for the accurate representatibagpaars as real as

possible’® Following are the familiar representations of some planar curves:

Line: y=mx+c Parabola: y= bX+ «
Circle:  (x- ay+ (y b= r Hyperbola: xy¢ k
Elipse: x*/a’+y /b*=1

8 Amirouche, F. M. L.Computer-aided design and manufacturifgentice-Hall, Inc., New Jersey.
1993. p. 142.
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These equations are known as analytical or nonparametriceapagons of curves.
For plane curves these equations take the form f(x, y) = 0 d{x),2he first being
known as the implicit and the second the explicit nonparametric'foFor several
reasons, the implicit and the explicit form do not completely lffulie needs of
CAD. Firstly, they represent unbounded geometry without additional coristrin
CAD, normally bounded geometry is used so that lines or curves dxteotdeto
infinity. Secondly, for a chosen value of x there may be two swoisitior y; ideally,
there should be unique points on the curve defined by a single valueadghble.
Thirdly, it is difficult to perform geometric transformations on theve. Lastly, the
equation is dependent on the choice of the coordinate system. The parametric form o
a curve equation overcomes these problems. The equations are decouibisd i
form, so that there are separate equations of each of the coordirptessed in
terms of additional variable u, were u called parametricabbei It varies in a con-
venient range, usually from 0 to®1 Additional parameters are used for 2D and 3D

systems, v and w, respectively.

x = x(U) y= Yy z= ¢

“In 3D modeling, a geometric description is required to deserdreplanar curves,
but which will also avoid computational difficulties and unwanted undulatioais

might be introduced by high-order polynomial curvés.”

Parametric cubic polynomial curveseing the lowest-order polynomial that can de-
scribe a non-planar curve, has become very popular as a basis of atiinplige-
ometry. Four points in the space provides boundary conditions for cubic potynomi
als. The fitting of a curve through these points is knowhaggange interpolation

A cubic curve may also be fitted to two points and two slope conditiwhich is

know asHermite interpolation It has some advantages where close control of curve

9 Mantyla, M., J. J. Shalfarametric and feature-based CAD / CAM: Concegshniques, and ap-
plications.John Wiley & Sons, Inc., Canada. 1995. p. 29.

2 |bid. p. 30.

2L McMahon, C., J. Brown&CADCAM principles, practice and manufacturing masawgntp. 59.
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slope is desiret® They are classified as interpolating curves as the curveepas

through all the points exactly.

o1 Ps3

Po
(a) Lagrange £

Po’

P1
Po P

(b) Hermite

Figure 4. Lagrange and Hermite Interpolation

(McMahon, C., J. BrowneCADCAM principles, practice and manufacturing maaagnt.Addison
Wesley Longman Limited, England. 1998.)

Providing boundary values for curves in terms of points and tangettryes not
sufficient for interactive design process, as numerical valuskpés may not mean
much to the user. This difficulty was resolved by Pierre Bémiio pioneered the

use of computer modeling of surfaces in desiBézier curve®® utilizes control
polygon, instead of points and tangent vectors. This polygon is approditmata
polynomial curve whose degree is one less than the number of veitites poly-

gon, which are also known as control points. Unlike cubic polynomial cuhese
curves are classified as approximated curves, because the cuwenaopass
through the control points except the first and the last points. The cubic polynomial is
an example of more general curves that may be fitted to cquiyons with arbi-

trary numbers of control points. In any condition, the curve passegthtba first

22 |bid.
23 McMahon (1998) states that Bézier curve is alsowknas a Bézier-Bernstein polynomial, because

the Bézier technique applies a vector formulatiba onethod of approximation developed by Bern-
stein earlier this century.

15



and the last control points of the polygon, and is tangential to the polygbasa
end points to the vectors formed between the first and last paimntbl points re-
spectively. Moreover, the interpolating curve does not have maesaations with
any plane than the control polygon, and does not change direction morenfigque
than the control polygoff. Therefore, the Bézier curve will not introduce any unex-
pected behavior. The curve can be considered as a combination of blendtranpfunc
that represents the influence of each control point on the curve. tBm@im of
blending functions is equal to one for any value of u, the curve staitiis the
convex hulf® of the defining points. As influence coefficient of any blending func-
tion is non-zero in the whole range, moving one control point in the polygarisaffe
every position in the curve. Thus, Bézier curves glabally modified There are
other curve formulations that achieleeal modificationsin which the movement of

one control point only affects the curve in the vicinity of the pdint.

Figure 5.Blending functions for a cubic Bézier curve

(McMahon, C., J. BrowneCADCAM principles, practice and manufacturing maaagnt.Addison
Wesley Longman Limited, England. 1998.)

4 This property is known as variation diminishingperty.
%5 Convex hull is the minimal convex region enclosihg control points.

%6 McMahon, C., J. BrowneCADCAM principles, practice and manufacturing maeagnt.pp. 62-
64.
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Figure 6. Global and local modification of curves

(McMahon, C., J. BrowneCADCAM principles, practice and manufacturing maaagnt.Addison
Wesley Longman Limited, England. 1998.)

It is often necessary to synthesize a curve from severalasepsggments in the
geometric modeling. When these segments are joined, thereffarerdi continuity
conditions between them. Parametric continuity is characteriz€d, &, Cz,..., G
where thenth derivative of its parametric form is continuous.dOntinuity, or point
continuity, implies that two curves are joined end to end with naatstrs on end
slopes or curvature. Ct continuity, or tangent continuity, implies tltamttwes have
the same slope (direction and the magnitude of the tangent vectm& at the
common meeting point. C2 continuity, or curvature continuity, impliesrtbabnly

the slope but also the curvature is same at the meeting point of theZurves.

B-spline curve(basis spline curve) is a generalization of Bézier cutiest like Bé-
zier curves, they pass through the first and last points, and they are tangefitr$o the

and last segments. They are controlled by a set of point lyirmnapen polygon.

2 Mantyla, M., J. J. Shalarametric and feature-based CAD / CAM: Concepshniques, and ap-
plications.pp. 34-35.
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Unlike Bézier curves, B-spline curves can be modified locally,tbadiegree of the
curve is independent of the control points. This makes the control of cidenpos
curves possible. Moreover, they can be implemented either approdioratgerpo-
lated form. For all of these reasons they are very popular forejgonrefinition in
CAD.? If an order k polynomial is defined with k knot points, the lending funstion
are identical to those for a Bézier curve. As the polynomial asdexduced, the in-
fluence of each track point becomes more marked locally. Theeimde of track
point may further be increased by repeating points, which haffdwt of first pull-

ing the curve and than causing the curve to pass through the curve sffatting
value of knot is equal, it is called to be uniform. Conversely, ifntbtepoints are at
arbitrary ascending numerical values, the knot vector is calldzk toon-uniform
knot vector. A B-spline defined on a non-uniform knot vector is called a non-uniform

B-spline®

Figure 7. The effect of repeated points on a B-spline curve

(McMahon, C., J. BrowneCADCAM principles, practice and manufacturing maaagnt.Addison
Wesley Longman Limited, England. 1998.)

%8 |bid. p. 39.

29 McMahon, C., J. BrowneCADCAM principles, practice and manufacturing maeagnt.pp. 70-
71.

18



The entire curve forms so far, used in CAD for the representattifvae form curves
and data. In engineering design, however, standard analytic shageas arc, cyl-
inders, cones, lines and planes predominate. Consequence is the neetefos sys
that involve both free form and analytic geometry. An ideal modefiathod should
allow the representation of both analytic and free form geomeatrizsingle unified
form. Furthermore, the method should have the advantage of reducingdhasga
complexity and the number of procedures required in a CAD systethefalisplay
and manipulation of geometric entities. Theses issues ar@gddnjrational poly-
nomials They are capable of exactly representing conic and generddic@ianc-
tions as well as representing various polynomial tyPes.

A very wide used form is theon-uniform rational B-spline or NURBS so called
because it is a rational basis spline function allowing a non-uniforot vector.
NURBS are capable of representing in a single unified form atoral curves, as

well as analytic curves, and may be used in approximated and interpolated mode.

Modification of the curve can be easily managed aftectbation, in terms of con-
trol vertices, weights, knots and the degree of the curve itseth Eontrol point has
an associated weight that determines the extent of its influmrerethe curve. In-
creasing the weight of a control point pulls the curve towardsctrdtol point and

vice versa?

2.3.2 Surface Representation

Parametric methods for representing a curve may be gendrédizéhe parametric
surface representations. Portions of non-planar surfaces areedefes surface
patches, and they involve two parameters, u and v. The general fqranaofetric

representation of a surface is as follows:

% |bid. pp. 71-72.
1 |bid. p. 72.

%2 Kolarevic, B. Digital Morphogenesis, ifrchitecture in the digital age: Design and manutae
ing. (pp. 11-28). Branko Kolarevic, ed. Spon PressyNerk. 2003. p. 16.
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X=X\ y= YUy z gu)

Just as the curve segment is the fundamental building block fouthe entities, so
patches are the fundamental building blocks for surfaces. In additiomsjtisé pa-
rametric variableu varies monotonically along the segment, two variablesdv
vary across the patch. Parametric values often lie in the fatmé, although other
parametric intervals may be used if appropriate. Fixing the \afleme of the pa-
rameters, results in a curve on the patch in terms of othebletidf the procedure

is repeated for a variety of values of both parameters, thd resah intersecting
mesh of curves on the patthFour bounding curve of the patch may be found by
substituting, in turn, the upper and lower limits of one parametekeaping the

other parameter as variabife.

The parametric cubic curve, which is widely used in the reprdasantaf curves, is
commonly utilized in surface modeling as an edge curve defmeerins of point
and tangent vector information. The equivalent surface fornhitiubdic patch is an

important entity for surface descriptions.

In the same way that the Bézier curve uses a more traciamie! polygon instead
of interpolations of points and tangent vectors, so doeBéaeer surfaceformula-
tion use acharacteristic polyhedraf® The behavior of the representation is analo-
gous to curves; the surface approximately passes through thel quoints, except
for the four corner points through which the surface passes exag#ysuFface can

be pulled closer to the characteristic polyhedron by using coinaidenriol points’’

% This is defined as isoparametric curve in: Aliaya Personal Learning Edition software help
contents 2005.

% McMahon, C., J. Browne&CADCAM principles, practice and manufacturing maeagntp. 73.

% Mantyla, M., J. J. Shalarametric and feature-based CAD / CAM: Concetshniques, and ap-
plications.p. 46.

% McMahon, C., J. Brown&CADCAM principles, practice and manufacturing masawgntp. 75.

3" Mantyla, M., J. J. Shalarametric and feature-based CAD / CAM: Concepshniques, and ap-
plications.p. 48.
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Further properties of Bézier curves are valid for Béziemased such as the variation
diminishing property, convex hull property and global modification restriction.

Figure 8. Examples of Bézier surfaces

(McMahon, C., J. BrowneCADCAM principles, practice and manufacturing maeagnt.Addison
Wesley Longman Limited, England. 1998.)

Some limitations of the Bézier scheme are overcomB-bpline surfaceformula-
tion. These kinds of surfaces may be locally modified and the elefrapproxima-
tion may be varied by varying the order of the B-spline blendingesuemployed®

They may also be interpreted in interpolated form.

Rational parametric surfaceswhich are defined analogously to the rational para-
metric curves, gives a surface formulation that can recordusagommonly used
surfaces such as spheres, cylinders, and cones in addition tortiedaptured by

the conventional non-rational forms.

% McMahon, C., J. Brown&CADCAM principles, practice and manufacturing masawgntp. 77.

% Mantyla, M., J. J. Shalarametric and feature-based CAD / CAM: Concepshniques, and ap-
plications.p. 50.
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2.4 Solid Modeling

“A solid model is described in terms of the volumetric shape whicbaupies. Solid
modeling is thus the only technique which provides a full, unambiguouspd&sctr
of a 3D shape® Solid modeling technique offers complete definition of volumetric
shape that provides the ability to distinguish the inside and the oofside mod-
eled object. Easy determination of mass properties is another ageaot this
method in terms of engineering applications. Hidden line removal and sfzhding

are some basic tools serve the easiness of perception of the model.

In the design of a solid modeler, there are two major issues: integrityarexity.

A solid modeler, in this manner, should have the capability of enfptbie model to
be correct, either with integrity-checking algorithm or by prawydonly integrity-
preserving operations. High level modeling tools should be provided in twder
overcome complexity issues that may be faced in large mod#ishwndreds of

thousands of modeling primitivés.

Many methods have been proposed for solid modeling, but none of thenre$yenti
satisfactory. Two of them have been partially successful anddwmmaated the de-
velopment of the practical systems. These areanstructive solid geometrfCSG)
method (C-Rep for short, set-theoretic, or Boolean method) whichvachiarly
prominence in CAD, and thigoundary representatioomethod (B-Rep for short or
graphic-based method) which dominates in today’s applicatfofibere are other
methods used in specific fields of science and engineering suglcamposition
modelsandnon-manifold models Non-manifold models may be regarded as a hy-
brid of decomposition model and boundary model, and they are utilized in order t

overcome some restrictions of both.

“CHawkes, BThe CADCAM procesg. 80.

“1 Mantyla, M., J. J. ShatRarametric and feature-based CAD / CAM: Conceshniques, and ap-
plications.p. 52.

42 McMahon, C., J. Brown&CADCAM principles, practice and manufacturing masawgntp. 43.
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2.4.1 Constructive Models

“Constructive models follow a set-theoretic approach to solid modelivege mod-
els are defined as combinations of primitive sets by Boolean aperat® The prin-
ciple that this technique is based on argues that any part, rey hhatt complex can
be modeled by adding or subtracting elementary shapes and po#&mgn the ap-
propriate position. Each of the elementary shapes structuring the finisltechedkl

may be considered as a solid model with associated mass profferties.

Figure 9.Venn diagrams and set theory

(Mortenson M. EGeometric ModelingJohn Wiley & Sons, Inc., Canada. 1985.)

Constructive solid modeling systems use basic primitives suclaas, @uboids, cyl-
inder, sphere, cone, wedge, torus etc. “The primitives themselves may be defined i

number of different ways'® In some systems, instances of bounded solid primitives

43 Mantyla, M., J. J. ShaltRarametric and feature-based CAD / CAM: Concetshniques, and ap-
plications.p. 56.

“Besant, C. B., C. W. K. LuComputer-aided design and manufactyrel158.

45 McMahon, C., J. Brown&CADCAM principles, practice and manufacturing masawgntp. 81.
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are used, known as constructive solid geometry (CSG), whereas ircasiesrthey
may be defined by intersections of simpler primitives, whichkaoavn as half-space
models. In half-space models, logical operators are applied to leenwisets of in-
finite points in the space, defined by analytical functions, in diaelefine the de-

sired model. They are not commonly used in modeling.

Figure 10.Half-space model of a finite cylinder

(Mantyla, M., J. J. ShalRarametric and feature-based CAD / CAM: Concemshniques, and ap-
plications.John Wiley & Sons, Inc., Canada. 1995.)

In constructive solid geometry, primitives are inserted for the Bootgerations.
Software provides a number of parameterized instances of sohdiipes. By de-
termining the independent parameters, which may include orientatiortioppsi
overall scale factor, independent scale and size parametersatame ferm parame-
ters, the primitive is recalled from the library. This techniguknown as instantia-
tion. “Usefulness of this technique depends on the range of the pesnithat is
available, and the number and types of the values that can beexpatithe time of

instantiation.*® By properly positioning primitives and applying the required logical

6 Amirouche, F. M. LComputer-aided design and manufacturipg173.
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operator, such as union, intersection and difference, even complexusedliptr-

faces may be synthesized; however, they work best on models that kave com-
plex surfaces. The main problem with the generation of complex ssrigthe large
quantity of possible intersecting curves for such surfaces. Asuli,re great deal of

computer time is needed to produce the desired $fape.

“Algorithms for the model work by inspecting the Boolean combinatjgmcally
recorded in a tree-type data structufelh the leaves, there are the primitives and
the nodes resemble the logical operator performed on the solidsragitheansfor-
mation. One node, that is an operator, may only connect two children to remé& pa
The root, that is finished design, has no parent, and the leaves havadrencHihis

is known as binary tre®.Since the set operations and the transformations do not de-
stroy the solid nature of the primitives, the finished desigyuaranteed to preserve
its solidity. The way that the model is stored in computer memeapyires less stor-
age area but more computation to reproduce the model and its Thagieulation

of intersections between bounded solids is computationally intensive avierge
number of primitives are involved in the model. “The intensity of thsk tmay be
reduced by such means as spatial division of the model such tivatetisections are

only tested for primitives in proximity to each othét.”
2.4.2 Boundary Models
“Boundary representation is scheme wherein the objects are diéfyjrbeir enclos-

ing surfaces or boundaries. This technique consists of listingadsf vertices, and

edges of an object? Faces of the modeled object must be recorded in boundary data

4"Besant, C. B., C. W. K. LuComputer-aided design and manufactyre158.

48 Mantyla, M., J. J. ShaltRarametric and feature-based CAD / CAM: Concetshniques, and ap-
plications.p. 56.

49 McMahon, C., J. Brown&CADCAM principles, practice and manufacturing masagntp. 81.
0 Groover, M. P., E. Zimmer€AD / CAM: Computer-aided design and manufacturnd.27.
*1 McMahon, C., J. Brown&CADCAM principles, practice and manufacturing masawgntp. 81.

2 Amirouche, F. M. LComputer-aided design and manufacturipg184.
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structure. Normally a hierarchical approach is used for this perpesces are de-
fined in terms of their bounding edges, and edges are defined Birmlaerms of

their bounding vertices.

The principle of the technique is that part geometry is diffefremt part topology
and that they can be defined separately. The topology of an objhet description
of how its vertices, edges, and faces are connected. For indtgmmegy of an ob-
ject provides the information of which two vertices are connectddrin an edge,
and which edges are connected to form a face of an object. Cdpvepelogy of
an object provides such information as what faces share what bdgesyany faces
meet at a given point, and so on. The geometry of an object, on thehatitkrde-
fines the positions and dimensions of its vertices, edges, and fackeui¥he geo-
metrical information, in general terms, cube and other paraliedpiare identical
topologically® Topological and geometrical information together defines the model
completely and uniquely in the space. “In boundary modeling, oncegarttopol-
ogy has been defined, many different operations can be perfamige part to ad-

just geometry without changing basic topolog?.”

One of the central problems of boundary modeling is how to ensureadthels1de-
fined by the system will always be topologically valid, edeming interactive modi-
fications. This problem is managed in two ways: by appropriateehai the data
structure and by ensuring that the model conforms to a set of natb@mules that
control the topology. Topologiciland geometrical consistency can be determined

by a set of rules throughout the process.

3 Besant, C. B., C. W. K. LuComputer-aided design and manufactyre160.
> Ibid.

%> Mortenson (1985) noted these rules as, faces éhmubounded by a single ring or loop of edges;
each edge should adjoin exactly two faces and hawertex at each end; at least three edges should
meet at each vertex; Euler’s rule should apply.eEsilrule implies, V (vertices) + F (faces) — E
(edges) = 2; when the bodies contains holes arghgas V + F — E — H (holes) — 2B (bodies) — 2P
(passages) =0

%% Mantyla (1988) noted these rules as, faces ofitbdel do not intersect each other except at com-
mon vertices and edges; the boundaries of the faesimple loops of edges that do not intersect
themselves; the set of faces of the model clogerto the complete skin of the model with no missing
parts.
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Figure 11.Topologically identical, but geometrically differtiesolid models

(Besant, C. B., C. W. K. LuComputer-aided design and manufactugdis Horwood Limited, Eng-
land. 1986.)

2.4.3 Decomposition Models

Decomposition models represent solid objects as non-overlapping basis blfoc
material that are pasted together. Various alternative sshane further character-
ized by the types of blocks available and the way the collection of blocks congtituti
a solid. In cellular decomposition method, solids are representedasbination of
irregular cells that are pasted together over common fAd¢édthough this tech-
nique is not used widely in geometric modeling, it is the basinaé element
analysis (FEA), in which the analysis of a complex shaped i®=pmated buy the
analysis of an assembly of simple elements representirshtipe.®® In exhaustive
enumeration method, regular cellblocks are used, and they denote eiithenate-
rial of several types or empty space. They are primarilg uséhe generation of in-

formation directly from solid models.
2.4.4 Non-Manifold Models

Non-manifold models relax some of the topological restrictions ofbthendary

models and decomposition models. With this kind of modeling systesnpdtssible

" Mantyla, M., J. J. Shalarametric and feature-based CAD / CAM: Concepshniques, and ap-
plications.p. 52.

%8 McMahon, C., J. Brown&CADCAM principles, practice and manufacturing masawgntp. 82.
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to draw different types of point neighborhoods, which boundary systems dé not a
low. For instance, this technique may be used to compute the cogagption of a

model under a load, as it requires one- and two-dimensional geonletriengs
within the modef?

Figure 12.Manifold and non-manifold neighborhood configuraso

(Mantyla, M., J. J. ShalParametric and feature-based CAD / CAM: Concemshhniques, and ap-
plications.John Wiley & Sons, Inc., Canada. 1995.)

%9 Mantyla, M., J. J. Shalarametric and feature-based CAD / CAM: Concepshniques, and ap-
plications.p. 74.
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CHAPTER 3

DIGITAL PRODUCTION TECHNOLOGIES

Introduction of digital production techniques into the architecture hdgally
changed the ideas of conception and production heralding a new kind ¢téctrolei
that born out and constructed digitally. Emergence of comiplexby forms, has
forced architects to be involved with the constructability. Dutfies on structural
realization and construction of highly curvilinear surfaces of stratsres were the
major challenge of reliability of their spatial and tectoqualifications. These chal-
lenges have played an important role on the innovative developments in binlding
dustry. With developments and technologies borrowed from other industries it

become the question of computability rather than constructability for thendesig

Computer Aided Design (CAD), Computer Aided Manufacturing (CAM) anthC

puter Aided Engineering (CAE) systems have long been used bglase, ship-
building and automobile industries both in design and production phase. tis@a-of

puter in architecture design and production phase happened to be in 198hseby s
architectural offices for realization of some specific desid?ast two decades, there
had been unusual developments in computer technology. Spread of comptedr re
technologies in terms of hardware and software has resulted utiemaly changes

in designer’s approach to computer. Today, CAD is not apart from the design process
itself, and obviously, not just a tool for elaborately visualizinggesaof the end
product, but rather a continuous, multidirectional feedback mechanismotivagcts

various part of the design and construction phadestensive use of parametric

! Kolarevic, B. Digital Production, imArchitecture in the digital age: Design and manuéaing. (pp.
29-54). Branko Kolarevic, ed. Spon Press, New Ya@Q3. p. 31.

% Luca, F. D., M. NardiniBehind the scenes: Avant-garde techniques in cquugary design Birk-
hauser, Berlin. 2002. p. 40.
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technologies in CAD systems has created close relationshipdretvagious design
phases and transformed digital design via modeling into a highhadtitee process.

The contact between digital and physical model developed by CAM aikd g#:

tems, has opened up new potentials in design field. In other wortspeocal inter-

action between digital and physical environment has been construcyedhysical
model, even the most complex forms, can be digitally realized on computers; and any

digital model can be reproduced physically.

Effective use of CAD / CAM systems in design and production psesgsesulted in
developments in prototyping techniques. “Prototype is an approximation oflagpr
(or system) or its components, in some form, for a definite purpaseimplemen-
tation.” The word prototype used in design, covers all kind of pencil sketches,
mathematical models and of course functional physical models ndéé product
development process. Prototyping is the process of realizing thege. areethree
aspects of interest in the definition of prototypaplementation form, degree of

approximation

Implementatioraspect of the prototype covers the range from prototyping fully fun
tional complete product to prototyping a part or sub-assembly ofcaigibA good
example of the complete product prototyping is the one, which is tested by a group of
specialist in order to identify outstanding problems before the rdesiginalized.
Sub-assembly or partial product prototyping can be used to tesothecpfor a spe-

cific purpose associated with one component. The second aspettzovers digital
prototype and physical prototypdigital prototypes are mathematical models of the
intended design and they base on the assumed principles. Thus, thegt Wwel able

to predict any unexpected phenomenon. Physical prototype, on the other hand, may
even lead to aesthetical or human factor evaluation. The third adpgote of ap-

proximation covers from a very rough representation to the exact replicafi a

% Chua, C. K., K. F. Leong, C. S. LiRapid Prototyping: Principles and applications/orld Scien-
tific, New Jersey. 2003. p. 2.

* Ibid. p. 3.
® Ibid.
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product® Rough prototypes, such as foam model, can be used for overall formal co
siderations and dimensional studies in the initial stages adekign. On the other
hand, exact replications that models every aspect of the produrhégemportant
at the end-stage of the product since it may even address marinfptdsues and

concerns.

The roles that prototypes play in the product development proceseweral. They
include the followingexperimentation and learningesting and proofingcommuni-
cation and interactionsynthesis and integratioscheduling and markersTo the
design team, most appropriate and reliable way of testing vaopsrties is build-
ing and studying prototypes. For instance, physical prototypes canlii@ louder to
test the comfort of a chair when performing typical tasks.rAdtively, some rough
prototypes can be used in order to proof the concepts of folding mechanhia
foldable chair. At a later stage of the design, a more ateyrototype can be built
in order to communicate with the management or the client. Therathing clearer
than the precise physical prototype to communicate design ideas tlsnmanage-
ment / client may have the full experience of the physical aciileé impression of
the product. This interaction between the management / client amiodhact will
provide valuable information for the improvement of the design. Talking about
foldable chair —or a more complex design product that requires collislmooé vari-
ous disciplines—, prototyping is a very important design stage in ardategrate
different aspects of design. The successful integration of theamieal folding sys-
tem into the aesthetically designed chair components is vitahéodesign process.
Different aspects of design come together from differenigdedepartment in the
prototyping phase and a more interactive design platform is adhie\satisfy a va-
riety of design problems. “Along the process, each prototype ysualtks a com-
pletion of a particular development phase, and with proper planning, thiomleve

ment schedule can be enforcéd.”

® Ibid. p. 4.
" Ibid. p. 5.
8 Ibid. p. 7.
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Independent of the prototype being complete or a part, physicaltealyirough or
accurate, prototypes do not necessarily serve all of thesecaolesrrently for a de-
sign team, but they are certainly a necessity in any ptatdieselopment project.
Technological contribution of CAD / CAM / CAE to the prototypinghdanevitably
to the design process— realized via different techniques. It ih[@gs group them
in two directions according to the disposition of the final model —viduahysical:

from physical model to digital model and from digital model to physical model.

3.1 From Physical Model to Digital Model

“For some designers, such as Frank Gehry, the direct tactility of a physidal is a
much preferred way of designing than a “flat” digital maragioh of surfaces on a
computer screen’’However, the physical model has to be digitized for optimizing or
analyzing the geometry. Consecutively, translation from physicadel to digital

medium becomes an inevitable part of design.

In Gehry’s case, the digital technologies are not used as a medium
of conception but as a mediumtadnslationin a process that takes

as its input the geometry of the physical model and produces as its
output the digitally-encoded control information which is used to
drive various fabrication machiné&’.

The process of gathering surface data from a handmade physidal by sophisti-
cated scanning techniques —which is often referred to as ‘eeeeggneering’— re-
sults in apoint cloud a pattern of points. A point cloud has the surface data of the
scanned object, and it is then interpreted by the conversion seftwvgroduce a
close approximation of the model’'s geometry. Acquiring the point cloudtsiia-

terpretation is referred algitalization andmathematizatiorrespectively.

° Kolarevic, B. Digital Production, imArchitecture in the digital age: Design and manuéaing. (pp.
29-54). p. 31.

10 | pid.
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Digitalization is the process of recording the coordinates of series of poittteon
surface via position sensors. This is done by two techniquegact and non-
contact The contact techniquenvolves the use of digitizing position probe that
traces the surface of the physical model and transmitsotirdinates of the surface
points to the computer. It can be derived manually by digitizingsaor automati-
cally by Coordinate Measuring Machine (CMM) that is mechalyi¢adpt in contact
with the surface to be scanned. Frank Gehry's office transhetsurface coordi-
nates of the physical models by contact technique utilizing nigrdraven digitiz-

ing arms.

Figure 13.Images of the digitizing of the model for the desaf the EMP by Frank. O. Gehry

(Luca, F. D., M. NardiniBehind the scenes: Avant-garde techniques in cqraeary design Birk-
hauser, Berlin. 2002.)

The non-contact techniquis performed by using laser light that illuminates the sur-
face of the scanned object, producing a pattern of bright dots, linesl®raaptured
by optical sensors, which are later processed to construct thb@bBgraphic relief.
Optical sensors capture four pieces of information from the tefldaser beam: X,
Y, Z coordinates and its intensity. The complete digitizatiornefabject is obtained

by reassembling a series of photographic relief from various points of view.

Transformation of the point cloud obtained at the end of the digtializ@rocess
into a 3D digital model is known asathematization Software that perform mathe-
matization process, allows a certain level of editing to the medeh as correcting

irregularities, diminishing some points in low level details, atefjoining etc. After
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various operations, the point cloud is transformed into either a mesh, wbdsh is
defined by adjacent polygons, or a patch model, which is defined by contisweus
faces, Non-Uniform Rational B-Splines (NURBS).

Figure 14. Digital reconstruction of a model, point cloud ded from 3D scanning, NURBS model,
shading and texturing.

(Luca, F. D., M. NardiniBehind the scenes: Avant-garde techniques in cqrieary design Birk-
hauser, Berlin. 2002.)

The final digital prototype derived from 3D scanning has differpptieations. First,
it constitutes the initial design phase and feeds it with a series of tagalogorma-
tion through CAE. In the rest of the procedure, there is a continuaraahon be-
tween physical and the digital model. Another application isabiity to reuse the
document repeatedly without the risk of deterioration as in the aaghysical

model.

Three-dimensional (3D) scanning techniques may also be used to capture thg existi
conditions or even the landscapes digitally. They are being usedsnagly on con-
struction sites in place of conventional measure devices for quisk@suring dis-
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tances and precisely determining the locations for installabbngrious building

components.

3.2 From Digital Model to Physical Model

Architects have been using CAD systems for the last two dec#ids only in the
last few years however that the CAM functionalities that @eeis industrial produc-

tion are being utilized significantly in architectural design.

Knowing the production capabilities and availability of particular
digitally driven fabrication equipment enables architects to desig
specifically for the capabilities of those machines. The conse-
guence is that architects are becoming much more directly involved
in the fabrication processes, as they create the informationsthat
translated by fabricators directly into the control data that drives the
digital fabrication equipment. For instance, the irregularlypsta
glass panels on Frank Gehry's Nationale-Nederlanden Building in
Prague, Czech Republic, were cut using digitally driven cutting
machines from the geometric information extracted directynfr
the digital modef?

Physical reproduction of the digital model can be done by difféestiniques, ac-
cording to its characteristic and topological propertieso-dimensional fabrica-
tion, formative fabrication subtractive fabricationandadditive fabricationare the

four fundamental fabrication processes.

3.2.1 Two-Dimensional Fabrication

Two dimensional (2D) cutting, or CNC cutting, is the most common efajigital

manufacturing. Among various cutting technologies, e.g. laser beater jet, and
plasma-arc, the cutting principle depends on the relative motitimeatutting head
to the sheet material on two axes. Choice of the technique teddtathe physical

and chemical properties of the sheet material.

" |bid. pp. 32-33.
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Laser beam cutting is usually preferred with materials ¢hatabsorb light energy
with thicknesses up to 16 mm. A high-intensity focused beam of infliglgdand a
jet of pressurized gas (carbon dioxide) is used to melt or burnateziai sheet. Wa-
ter jet cutting involves highly pressurized water mixed witldsabrasive particles,
forced through a nozzle, producing very clean and accurate cuheithpid erosion
of the material in its path. Almost any material can be vetih this technique.
Plasma-arc cutting is achieved by passing an electrithewugh compressed gas jet,
heating the gas into plasma state with very high temperatures ¢C)0@dhich con-

verts back into gas when it transfers the heat to the cutting'zone.

Figure 15.CNC cutting of steel supports for masonry wallZatlhof Towers

(Kolarevic, B. Digital Production, irArchitecture in the digital age: Design and manuéaing. (pp.
29-54). Branko Kolarevic, ed. Spon Press, New Ya@Q3.)

This kind of fabrication has many applications in architecturecipsurfaces that
will be introduced in next chapter (such as developable or ruled ssirfzane be pro-
duced by means of cutting 2D flat pieces of metal. Proper posigi@md combining
of these flat sheets achieves 3D curvilinear shape. In other wamslinear sur-

faces and even their supporting frames can be cut from 2D planeslurh@um

12 bid. p. 34.
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frame of BMW Pavilion Frankfurt, Germany is cut directly frone digital data us-
ing CNC water-jet technology.

3.2.2 Formative Fabrication

In formative fabrication, material is given shape by mechariaraes, restricting
forms, heat of steam by deforming it, which can be axially diase constrained.
Deformations can be done permanently by different processes ssttessng the
metal past its elastic limit, heating and bending it whes it isoftened state, steam
bending boards etc. Approximation of double-curved surfaces can be dorraysy a

of height adjustable numerically controlled pifis.

Figure 16.CNC bending of the aluminum profiles for the BMWvitian Geneva, Switzerland

(Kolarevic, B. Digital Production, irArchitecture in the digital age: Design and manuéaing. (pp.
29-54). Branko Kolarevic, ed. Spon Press, New Ya@Q3.)

3.2.3 Subtractive Fabrication

Subtractive fabrication involves the principle of removing specified @aa solid
using electro-, chemically- or mechanically-reductive millprgcesses. The milling

can be axially, surface or volume constrained.

13 Ibid.
% |bid. p. 38.
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In axially constrained (one axis) milling the material tisagoing to be milled has
one axis of rotational motions, and the milling head has two trandiormabhmo-
tions. Surface constrained (two axes) milling machines, has tlity &0 move the
milling head along X and Y-axes to remove 2D patterns of naht&y adding the
milling head the ability to move in the third axis, Z, volume constci(three axes)
milling of a solid becomes possible. However, with 3-axes milivaghines under-
cuts cannot be accomplished, and the range of producible shapes Wwithatiines

is limited. If the &' and &' axes rotation abilities are added to the milling head, the

range of shapes that can be produced is increased tremendously.

Drill bits used in the milling can be of different dimensions. Yéhe large diameter
bits are used for course removals, smaller bits are necdesdhg finishing. Rota-
tional speed of the bits may also vary according to the propefttee material that

is milled1®

Subtractive fabrication technique can be used in different s¢alearly 1970s, ex-
periments of CNC milling machines in the field of architeatunodeling were car-
ried out in United Kingdom. “Large architectural firms in the @diStates, such as
Skidmore, Owings and Merrill's (SOM) office in Chicago, have us&Cnilling
machines and laser cutters extensively in the production of estrial models and
studies of construction assemblié§.Afterward, automated milling machines of
1980s were used to produce construction components, such as columns for the
Sagrada Familia Church in Barcelona, in 1990s. In Gehry's prinjebiisseldorf,
Germany (Zollhof Towers), this fabrication technique was usedraduge load-
bearing external wall panels, made of double-curved reinforcedaeten&locks of
lightweight polystyrene were CNC milled to produce 355 differemted molds for

the casting of the concret®.

13 |bid. p. 34.
18 |bid.
7 |bid. p. 35.

'8 |bid. p. 36.
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Figure 17.Fabrication of concrete panels for Zollhof Towers

(Raghep, J. F., K. W. Wegrank Gehry, architectGuggenheim Museum Publications, New York.
2001.)

3.2.4 Additive Fabrication

Additive fabrication is a process of forming the model by addintenad, opposite
to the milling, layer by layer. There is the same princi@hind all various kinds of
additive fabrication: the digital model is sliced into 2D layé#er the transfer of
2D layer data, physical product is generated incrementallydiffégrent base mate-
rial and different techniques of solidifying according to the base material.

Classification of different techniques is broadly done accordirtbéd initial form of
its material. In this manner, they can be easily categbiiz® liquid-based, solid-
based and powder-bas€din liquid-based systems, the liquid material is solidified

through a process known as curing. Curing can be achieved by Basgle Beam,

¥ Chua, C. K., K. F. Leong, C. S. LirRapid Prototyping: Principles and applications. 19.
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Two Laser Beam or Masked Lamp Method. They are all conclud@th@t®-curing
Methods? In solid-based systems, solid material —in one form or anothetilized
as the primary medium to create the prototype. The form of trecanli be a wire, a
roll, laminates and pellets. Two possible methods for solid-baseshsysire Cutting
and Gluing / Joining Method and Melting and Solidifying / Fusing Metfidtbwder
in grain-like form is created as another category outside theé sated systems:
powder-based systems. These systems use materials in theffpowder that all

employs Joining/Binding Method.

Stereolitrography is based on a liquid polymer that solidifiesnwhgosed to laser
light. Laser beam traces the cross-section of the model intaythiesensitive poly-
mer. That thin layer of solidified polymer is than lowered bsnaall increment de-
pending on the thicknesses of the sections and more material iscemittill the
missing parts. The process continues until the entire model isegrirgubmerged
into the base material. After the cure of the model to remogéeviguid and to give

extra rigidity, the prototype is completéd.

Choice of base material and solidifier may change accorditigetpurpose of use.
For instance, in Selective Laser Sintering (SLS), metaldeows solidified by laser
beam, that may turn into a 1:1 scale solid object. Plaster anicepawder and glue
in 3D Printing, sheets of paper or plastic and glue in LaminateccOMgnufacture
(LOM), are examples of base material and solidifier. Loss af isealso used a so-
lidifier in some techniques such as Multi Jet Manufacture (Mi#dhnique in which
a print head deposits melted thermoplastic wax material is Byealdding thin lay-
ers of material each time, a 3D solid is created and the fmithn occurs upon

cooling.

% See The Rapid Prototyping Wheel in: Chua, C. K.FKLeong, C. S. LimRapid Prototyping:
Principles and applicationaNorld Scientific, New Jersey. 2003. p. 12.

21 |bid.
22 hid.

3 Kolarevic, B. Digital Production, inArchitecture in the digital age: Design and manutaing.
(pp- 29-54). p. 36.
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Figure 18. Trefoil Umbilical Torus,a mathematical sculpture by S. Dickson, built wittereolitro-
graphy

(Luca, F. D., M. NardiniBehind the scenes: Avant-garde techniques in cqraeary design Birk-
hauser, Berlin. 2002.)

Despite the unlimited range of typologies that may be producsdchs limited size
of the objects and costly equipments of the fabrication procesgettinique be-
comes rather unusable in the field of building design and manufagtun design
phase, they are generally used for producing scaled mass modetséx geome-
tries. The scale model can be utilized for either visualizingsima qualities or
checking the integrity of the digital model. In construction, theeeexamples that

additive fabrication technique is used for manufacturing truss elements.
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CHAPTER 4

EVOLVING DESIGN PROCESS

Design is practiced by a large group of professionals. A designafyiproduced to
satisfy the need of a particular person or group. Therefore, tondesigething, a
designer needs to know the problem constraints and then propose a solutiah that
operate within the limits of these constraints. Along the processl| be apparent
that there exists merely one solution or perhaps none does. Optirsign slelution
takes shape with further information in terms of social and econeemi@bles per-
taining to the use of the product being designed. On the factarthéhaonstraints
are unknown, the designer faces decisions, which requires experienceotasd pr

sional judgment.

Conventional engineering design phases are defined in four stefmibyuche as
follows: Problem definitionis the first step in the design process. A well-defined
problem leads the designer to a successful solution. It should by ska#ed in or-
der to avoid unnecessary constraints and to focus on what has to b€ cloceptu-
alizing is the second step of the design process, which requires ingenpéyieaxe,
and knowledge. This stage may involve making of concept models to wowhatit
the design should look likesynthesiss the third stage of design process that in-
volves taking elements of the concept and arranging them in the prolee. A suc-
cessful and effective design relies a great deal on the sim#sgect of the problem.
The information required for the proposed conceptualization is orghaimt a plan

devised for achieving that particular desigmalysisis concerned with the mathe-

! Amirouche, F. M. L.Computer-aided design and manufacturifgentice-Hall, Inc., New Jersey.
1993. pp. 45-46.
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matical or experimental testing to make sure it meets the crigtriarth in the prob-

lem definition. The engineer must test all possible factors important to tige des

This process is relatively applicable to any field of design;dvew design tools and
constraints may vary from one discipline to the other. Design toalsconstraints
also diverge relative to the geographic location, cultural / psafieal habits and
practices, and apparently, time. “The landscape of every arthiteifice has
changed over the past 20 years. Gone is the gentle squeak of Rotring pen on Mylar or
tracing paper to be replaced by the hum of computers and the idlesiseg of
mice.” The technological developments in the field of CAD and CAM havelu-
tionized the procedures used in conceptualizing and designing. The cqnbpirigr
a representation tool for the offices, has become involved in agg sf the realiza-
tion process from design to manufacture. No other medium is reduetecen de-
sign and manufacture processes, since the digital desigmsdditactly transferred
and used in the manufacturing systems. The compatibility of theddataases the
possibilities of erroneous information transfers and communicatioblgmng be-

tween the designer and the manufacturer.

Capabilities of the designers increased tremendously allowimg theliscover ge-
ometries other than the Euclidian geometry. New forms that arere very difficult
to conceive, develop and represent —and almost impossible to manufactiie—
troduced into the designers’ terminol8g@bviously, the designer has to reveal the
fundamental understanding of the digitally driven design and production teehnol

gies without being possessed by the formal aesthetics of blobby forms.

The “blobby” aesthetics, which seem to be pervasive, in the pro-
jects of the avant-garde, are often sidetracking the ardiscourse
into the more immediate territory of formal expression and away

2 Ibid. pp. 47-48.

% Stacey, M., P. Beesley, V. Hubigital fabricators University of Waterloo School of Architecture
Press, Cambridge. 2004. p. 6.

4 Mébius Housg1995 by UN Studio an@iorus House2001 by P. S. Cohen are examples of project

that are inspired —and named- by topological foofnson-Euclidian geometry: Mébius strip and to-
rus.
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from more fundamental possibilities that are opening up, such as
the opportunity for architects to reclaim the lost ground and once
again become fully engaged in the act of building (as information
master-builders). This is not to say that the profession should not
maintain a critical attitude towards the potentiality of thatdig

but that it should attempt to see beyond the issues of the formal
aesthetics.

Beyond modeling tools that permit flexible and expressive formsyad provides
the user, time dependent simulations, which are utilized by differehitectures.
Interaction with other industries —aerospace, automotive and shipbuilding aase
of modeling and film industry in the case of animation— has been abtaef many

successful advancés.

Figure 19.Torus House

(Cohen, P. S. 100 architects, t0Ox1Q (pp. 109-111). lona Baird ed. Phaidon Press lldndon.
2000.)

® Kolarevic, B. Digital Morphogenesis, iAkrchitecture in the digital age: Design and manufaing.
(pp- 11-28). Branko Kolarevic, ed. Spon Press, Newk. 2003. p. 27.

® Kolarevic, B. Introduction, inArchitecture in the digital age: Design and manutaing. (pp. 1-10).
Branko Kolarevic, ed. Spon Press, New York. 2003.(p
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4.1 Digital Design Strategies

Computer use was limited to the representational purposes ineatahét however,
with the progress of applications, today, it is not only a part sigdeprocess but
also a part of manufacturing process. Architecture is pa#isinggh pioneer phase
of CAD applications and moving toward a more mature phase. On one haind, re
possibilities of digital era are being explored and, on the otherethdts of these

possibilities have begun to be translated into matérial.

Everyday architects are experimenting formal and conceptuandet attain the
essence of the new architectures. Design tools of other industid®eing explored

by this projects and a future conception of architecture is being experienced.
4.1.1 Interactive Membranes: Polysurfaces

Exterior aspect of the architectural works has long been imppritarit predomi-
nant. As early as the Baroque era, masterpieces of architeotueeproduced in
which the value of the fagade was perceived as not only a celelratrument but
also a membrane, capable of spatially creating a relatiomsipeen interior and

exterior environments.

“The termpolysurfacesattempts to explain a topological surface characterized by a
high complexity that can be represented only in the 3D environnientmmdeling
program since it is the expression of particularly complex madtieah equations

and not parameters.”

Greg Lynn in his book Animate Form points out that it is due to
animation software that architects are able to “sketch wittuca
lus” for the first time. This has had a liberating effect loe design

" Luca, F. D., M. NardiniBehind the scenes: Avant-garde techniques in cquugary design Birk-
hauser, Berlin. 2002. p. 21.

8 Ibid. pp. 22-23.

° bid. p. 25.
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process, allowing architects to work on topological surfaces with
increasing levels of complexity and a smooth connection between
landscape and buildintg.

Among various techniques for generating polysurfaces, the magilélenethod is
the creation of surfaces through the use of NURBS (non-uniform rategplines).
NURBS have long been used by many CAD systems as the mattedraapression
of surfaces?! The potential of NURBS tool lies in the modifiability of the suds.
After the surface is created, it can easily be edited ofidral vertices, weights and
knots of the individual curves. With this technique, it is possible torgenarchitec-
tural coverings as topological surfaces, making it easy to progugdions and de-

formations depending on the interior characteristics or exterior situafions.
4.1.2 Spatial-Temporal Alterations: Keyframing, Morphing, Inverse Kinematics

The techniques of keyframing, morphing, and inverse kinematics areitasauc-
tions to the modeling software that add a fourth variable tthttee traditional spa-
tial variablestime The concept of time in the design process was only used for rep-
resentational purposes at the beginning. With the advancement ohsyatemation
increased the level of complexity in designs with ever-growingrogeneity of
functional and spatial programs. Moreover, it triggered a seriegwfrelationship
between the architectural organism and several design factohsas public use, the
site and the program. Use of animation in the design processsallewo observe
modifications of various characteristics of architectural orgamser time, due to
several factors that can be inserted with their relative valapending on the time
factor. Once different configurations of the design at differanegi are obtained,
they can be utilized as elements of a new design percepliese still images of the
design process imply that, animation does not necessarily mean srdvéAnima-

tion is a term that differs from, but is often confused with, motghile motion im-

19 |mperiale, A.New Flatness: Surface tension in digital architeetlBirkhauser, Berlin. 2000. p. 42.
* Chiyokura, H., T. Takamura, K. Konno, T. Haradd.sBrface interpolation over irregular meshes
with rational curves, inNURBS for curve and surface desigpp. 15-34). Gerald Farin, ed. Society
for Industrial and Applied Mathematics, Philadephi991. p. 15

2| uca, F. D., M. NardiniBehind the scenes: Avant-garde techniques in cquugary designp. 25.
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plies movement and action, animation implies the evolution of a formssHaping

forces; it suggests animalism, animism, growth, actuation, vitality, vitgtiaf

Animation is based on human perception. A series of relatedmstithes are per-
ceived as continuous motion by the human brain if viewed in a quiclession.

Each image is calledame

Historically, the major difficulty in creating an animationsiaeen that the animator
had to produce large amount of frames. Depending on the quality, ones minut
animation might require 720 to 1800 still images. However, most dirdhges are
routine, incremental changes from the previous one. Thus early anirsaiinos
realized that they could increase the productivity of the madistseby having them
draw only the important frames, callgdyframesAssistants could then figure out
the frames that were required in between the keyframes. Ttaeses are called

tweens*

The historical background makes tkeyframing method in the digital modeling
software explicable. To create an animation, software produsegugntial series of
transformations, corresponding to single frames that give theilus fluid transi-

tions when reproduced at high speed. Keyframes representufzatyicmportant

moments. Data related to the design models is input by thedeseribing the prop-
erties at various states. The software then creates an iatepadf values, generat-
ing the transitions between the keyframes. The fundamentalisssuénput the pa-

rameters of the keyframés.

Morphing is a term derived from metamorphosis, which means to change ahysic
form. This technique transforms one form into other making a fluitsitian be-
tween them. By defining several destinations, the key passagésetiatm must to

through in its transformation cab be established. These destimaie obtained by

3 Lynn, G.Animate FormPrinceton Architectural Press, New York. 1999 p.
1 See AutodesRds Max software help conten205.

| uca, F. D., M. NardiniBehind the scenes: Avant-garde techniques in cquugary designp. 27.
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creating copies of the initial form and deforming them via panaeneéeformers or
directly by controlling the mesH.

Inverse kinematicss used to transmit the movement of an object, calddren, to
the principal object, callegarents.As opposed to théorward kinematicswhich
transmits the movements of parents to the children and so canizeduol simulat-
ing even complex mechanical devices, inverse kinematics is rdapgeal to repro-
ducing the behavior of skeletal structures where the actionsesfranal part, the
hand for example, determine the movement of the rest of the s&rugtuo the prin-

cipal still body"’

4.1.3 Dynamic Physical Interactions: Metaballs, Particle Systems Epace

Warps, Dynamic

Metaball techniques, particle systems and dynamics areigreaations introduced
by new animation software. These techniques fully exploit rine potential of the
calculation engines. Computer unifies the simple functions of ammatith more
complex ones, dealing with relations between the elements. Theadi@te or final
configurations created through the interaction of elements iscéree, can be an ex-
traordinarily important contribution especially in the creation amteptualization

phases of the design proceds.

Interactivity is key for these tools. If we consider an architel
organism as an aggregation of functions and a collection of rela-
tionships, then it would be interesting to reorder those mental proc-
esses we use to establish the relationship between these functions
and the entity of the relations, from the overall view of an evolu-
tionary system subject to modifications and alterations found in an
apparently calm state. This occurs using a map sensitive to-the i
teractions. Each change in the individual parts of this map influ-
ences the relationships of the whole. So the system is evolutive to

'8 |bid. p. 30.
7 bid. p. 31.

'8 |bid. p. 33.
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meet the needs of the moment. As it interacts, it adapt to environ-
mental conditions just like real organist.

Metaballs help control the simulation by making the elements react among the
selves and generate fluid forms capable of simulating liquidspusssubstances,

molten metals, etc.

Figure 20.The Bubble, BMW's exhibition pavilion by Bernardafken and ABB Architekten

(Kolarevic, B. Digital Morphogenesis, i#rchitecture in the digital age: Design and manuéang.
(pp- 11-28). Branko Kolarevic, ed. Spon Press, Newk. 2003.)

Particle systemsgan either simulate elements such as snow, dust, spray andasthers
represent geometric primitives, blobs in automatic fusion and conoplexts. The
particle system icon is represented by a reference plana dinectional vector. It is
managed by a large number of parameters such as quantity, siim, riyge, time
intervals, etc. Flows can be generated and their behavior studigdtiorr to the ap-
plication of thespace warp Space warps allow a set entity or region of space to be
assigned the characteristic of inducing particular deformatiotisetiects in the ob-
ject found, either permanently or temporarily, within their ranf@action. A large

quantity of space warps exists such as gravity, wind, waves, and colfSions.

19 bid.
2 |bid. pp. 35-38.
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Dynamicsis defined as the science of movement that takes into accoumads
elasticity, roughness, etc. of an object and the forces applieédTihis technique al-
lows creating realistic motion by using the rules of physcssimulate natural
forces” Used especially in other industries for studying aerodynaroperties,
automobile crash tests, just to name few, this tool is being usatthiyects still in
the early experimentation phases.

4.2 Surface Strategies

“Architects today digitally create and manipulate NURBS s@s$a producing build-
ing skins that result not only in new expressive and aesthetidigsiabut also in
new tectonic and geometric complexiti€é.Ih the exploration of new territories of
the new digital avant-garde, the exterior surface of the buildegmes emphasized
due to the logics of the formal conception inherent in the NURBS-based software.

A new understanding of surface tectonics is established aslaaesxaminations in
constructability of complex envelopes. “The building envelope is isorgly being
explored for its potential to reunify the skin and the structure in ojppos$o the bi-
nary logics of the Modernist tectonic thinking. The structure becomes embedded
into the skin, creating self-supporting units that require no armailre conse-
guences are not only the search of new materials but also nevetgesnsuch as
curves and folds that would enable the continuous skin to act structurally.

In some ways the search for a material and form that usifras-

ture and skin is a counterrevolution to Le Corbusier Domino
House, in which the master separated structure from skin. The new
conflation is a return to the bearing wall, but one with freedoms
that Corb never imagined possible. Architects could build many
more exciting buildings on the Statue of Liberty paradigm, but

2L See AliasMaya Personal Learning Edition software help cotge®005.

2 Kolarevic, B. Digital Production, inArchitecture in the digital age: Design and manutaing.
(pp- 29-54). Branko Kolarevic, ed. Spon Press, Newk. 2003. p. 39.

2 bid.
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complex surfaces with integrated structures promise a quantum
leap of engineering elegance and intellectual satisfattion.

The technique of unifying, which is a radical departure from the khegta’s ideals,
did not only provide enclosure and structural support but also containedsggher

tems typically placed into ceilings and floors.

Other less radical strategies involve the offsetting of thectsire from the skin,
which is a clear departure from tpemacy of structurdogics of the Modernism, a
distinct separation of the structure, where juxtaposition can prqulotest visual

interplays, and a more conventional approach, where the sinuous skacked to

conventionally conceived structural grid. Each of these approachesdontept of

skin and structure are perfectly valid and each has differentcteysgons of the de-
velopment of the project relative to its overall cost and despatial qualities. The
digital technologies enable architects to achieve exact camiesl the process by
precisely controlling the geometry, thus the budget.

4.3 Production Strategies

“The production strategies used for two-dimensional fabrication oftende con-
touring, triangulation (or polygonal tessellation), use of ruled, devielesaurfaces
and unfolding.® Each of these techniques involves the extraction of 2D planar part
from complex shaped building forms. The challenge in this procedsasing the
appropriate geometric approximation method that will preservesbential qualities

of the initial form.

Contouring can be used to articulate the structural system of complexs férmar-

allel sequence of planar sections that are placed at regudarailst defines the con-

4 As quoted from Giovannini J. (2000), by Kolarevi&, Digital Production, inArchitecture in the
digital age: Design and manufacturinfpp. 29-54). p. 41.

% Kolarevic, B. Digital Production, inArchitecture in the digital age: Design and manutaing.
(pp- 29-54). pp. 42-43.

% |bid. p. 43.
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tours of the form. Conceptually, contouring is identical to a procak=idofting in
shipbuilding. Ships hulls are constructed in the lofts with the helpseljaence of
planar lateral cross-sections that become ribs mounted on a spimanhadength-

wise.

Figure 21.Contours of a ship hull

(IYRS. International Yacht Restoration School alburh&p://www.iyrs.org/albums/ 17.jpg. Last ac-
cessed in December 2005.)

The wireframe cross-sections can be further manipulated te aeatplete abstrac-
tion of the building’s structural framework. This information canlgdse used by
structural analysis software to produce the precise definitioevefy structural
member. Furthermore, same software may produce the fabricaamgs, or CNC

data to cut various components.
Extracting the isoparametric curves that are used to aid uliagg the NURBS

surfaces is another technique of contouring. However, due to thetaydge other
production-related restrictions, complex geometry of NURBS cucaes be ap-
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proximated with circular, radial geometry, which can be inexperysmahufactured

using rolling machine$’

“Complex, curvilinear surface envelopes are often produced by eithegulation
or some other planar tessellation, or by the conversion of double-cuteediled
surface, which are generated by linear interpolation between twescif The ac-
quired surfaces are then unfolded into planar strips that are laid out as 2D shapes on a

metal sheet to be cut by one of the CNC cutting techniques introduced in chapter 3.

Triangulation or otherplanar tessellatiortechniques involve the representation of a
complex surface in terms of patches of different geometridsseze. Sophisticated
modeling programs offer the user rich options of tessellatiomsyial) them to con-
trol not only the geometry of the patches but also their minimuohmzaximum size.
Small sized patches result in smoother surfaces and probably bimgte and vice
versa. Through the use of different tessellation parameterdesigner may explore
various approximation strategies interactively to match cost andugption con-
straints. Sydney Opera House (1973) by Jgrn Utzon and Great Cooet British
Museum by Foster and Partners are well known examples of thgopalytessella-

tion.

Conversion of the complex double-curved surfacesuted surfacesis another
method of rationalizing the production process. A wide variety of sesfancluding
cones, cylinders as the simplest ones, can be generated byrtegaolation of two
distinct curves. The fact that makes ruled surfaces to be usatsiey in contem-
porary architecture is that they candevelopedwhich means they can be digitally

fabricated out of flat sheets without deformation.

Whether a particular building envelope is produced as a developable o doubl
curved surface can be determined by applying@hassian analysigo the surface

model. Use of Gaussian analysis is particularly signifidatitei digital model is ac-

27 bid.

%8 |bid. p. 44.
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quired by digitalization of a physical model —as in the cageugfgenheim Museum
Bilbao, or other projects by Frank Gehry— since determination oéljece of the
curvature is not possible in the physical models. The Gaussiaysianetaluates the
degree of curvature in the surface and produces colored imagasdibate the ex-
tent of the surface curvature through various colors. This givesdeledb the de-
signer for changing the curvature of the highly curved parts wittisturbing the

overall design. Developable surfaces, for example, have zero Gaossiature at

every point on the surface, because they are linear in one diréction.

Figure 22.Gaussian analysis of EMP project designed by Féan&ehry

(Raghep, J. F., K. W. Wegrank Gehry, architectGuggenheim Museum Publications, New York.
2001.)

The sparse geometries of the twentieth century Modernism were, i

large part, driven by Fordian paradigms of industrial manufactur-
ing, imbuing the building production with the logics of standardiza-

tion, prefabrication and on-site installation. The rationalities of

manufacturing dictated geometric simplicity over complexsibyg

the repetitive use of low-cost-mass-produced components. But
these rigidities of production are no longer necessary, as digitall

controlled machinery can fabricate unique, complexly shaped com-
ponents at a cost that is no longer prohibitively expensive. Variety,

2 |bid. p. 47.

54



in other words, no longer compromises the efficiency and economy
of production®

The concept omass customizatiors introduced by the ability to produce highly dif-
ferentiated building components with the same facility as starzeargiarts. Produc-
ing a thousand unique components is as easy and cost effective asngredihou-
sand identical components with the CNC technologies introduced in cli3aptbe
concept of mass customization affected almost every segmém afdustrial pro-
duction. World famous brands offer their clientstomized productt a cost slightly
more than standard products. “The notion that uniqueness is now as ec@momi
easy to achieve as repetition challenges the simplifggsymptions of Modernism
and suggests the potential of a new, post-industrial paradigm basedeyhémeed,

creative capabilities of electronics rather than mecharics.”
4.4 New Materiality

The problem of constructability of the geometrically complex kEpes has led to
the rethinking of the surface tectonics. New design approachdasehatinciple idea
was to conflate the skin and the structure in single eleméithwido not require ad-
ditional supporting elements emerged. That prompted a search fdsuileimg ma-
terials, such as high temperature foams, rubbers, plastics and despasich
were, until recently, rarely used in the building indudtyhe emphasis on the new
surface articulations is depending on the possibilities and thetamese offered by
the material technology. New found or adopted materials arengffeew surface
effects, interactive and dynamic reactions, and unprecedented thiRoegsstance,
the titanium skin that covers the Guggenheim Museum in Bilbao haélsitkeess of
only 0.38 mm. and has the most impressing daylight effects throughadayhé is

not only the thinness that derives the increasing interest on thlienlgurhaterials.

% Ibid. p. 52.

31 As quoted from Slessor, C. (2000), by Kolarevic Pigital Production, inArchitecture in the digi-
tal age: Design and manufacturinfpp. 29-54). p. 53.

%2 Kolarevic, B. Digital Production, inArchitecture in the digital age: Design and manutaing.
(pp- 29-54). p. 39.
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The mechanic and electronic systems that are embedded in the denipdsiing
skins are able to create dynamic behavior as a response okeastisiuli. As a con-
sequence of the new understanding regarding the concept of thee sarfattects

have to tackle with the material and construction aspects besides formahsonce

The problem today is that you can build everything in the com-
puter, but if you want to construct these things in reality, the gap
you have to bridge is very complicated. In general, | think trat p
jects become much more interesting if they take the geaaletri
gualities of materials into account. If architects do not tryetxf
material constraints into software, they become moviemakers or
image manipulators instead of designers who actually construct
things>*

Figure 23. The Trans-Ports 2001 designed by Oosterhuis Astes;iis modified via sensors and
automatic mechanisms in the building.

(Luca, F. D., M. NardiniBehind the scenes: Avant-garde techniques in cqraeary design Birk-
hauser, Berlin. 2002.)

Construction of complex shaped forms aroused particular interekgdcd materi-
als, such as composites, among architects. Compfshes have two primary com-

ponents —reinforcement and matrix— offer improvement in performaatéstsupe-

3 zaera-Polo, A. Knowledge of reality: Interview Wilejandro Zaera-Polo, by Olv Kilijn, ir€on-
crete design book on robustne§m. 96-99). Siebe Bakker ed. ENCI Media, the Hd#nds. 2004. p.
98.

3 Composites are defined as “materials consistingvofor more distinct phases on a macroscopic
scale, which were produced by the combinations afenmls put together to accomplish a specific
purpose”, in: Yun, Y. G., D. L. Schodek. Developreh boundary structures for complex-shaped
buildings in: Journal of Architectural Engineeringpp. 18-25). 2003, March 3. p. 20.
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rior to those of the original components. Matrix is typicallytaheceramic or poly-
mer, whereas reinforcement is fiber, particle or whisker. Masiiliar reinforce-
ments are glass, carbon, and polyethylene. Various chemical congpanantas
well be added in order to attain desired color or to improve fireeyntal perform-

ance®

Composites, in general, manifest high strength-to-weighas&tiFlexibility of sur-
face and color variations provides superior material potentials for thendesig hey

require minimum maintenance and relatively low cost.

“It is the functionally gradient polymectomposite materials that offer the promise of
enclosures in which structure, glazing and mechanical and el¢dystems are syn-
thesized in to a single material entif{f.Even the variation of quantity and the pat-
tern of the reinforcement exhibit different material properties.

New skins responses various environmental influences such as lightrhreave-
ments. They are equipped with sensor and digitally controlled pistangridwide a
real-time intelligent behavior. Intelligence of the skin, in otherds, is achieved
through the use of electronic ad mechanic parts embedded intyéns bf the skin.

In material sciencantelligent smartand other terms are used to describe a higher
form of composite materials that have sensing, actuation, contrahtatidyence ca-
pabilities. These materials have their own sensors, actuatorsp@paitational and
control firmware built into their layers. According to anotherirdabn, intelligent
materials are those materials that possess adaptive cagmhitexternal stimuli

through built-inintelligencethat can be programmed through its composition, its mi-

% Kolarevic, B. Digital Production, inArchitecture in the digital age: Design and manufaing.
(pp. 29-54). p. 50.

% gSpecific tensile strength (ratio of material sg#nto density) is approximately four or six times
greater, and the specific modulus (ratio of matettiffness to density) is three or five times deza
than those of steel or aluminum; as stated in: YurG., D. L. Schodek. Development of boundary
structures for complex-shaped buildipgs Journal of Architectural Engineeringpp. 18-25). 2003,
March 3. p. 21.

3" Kolarevic, B. Digital Production, inArchitecture in the digital age: Design and manutaing.
(pp- 29-54). p. 50.
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crostructure, or by conditioning to adapt in a certain manner tarehtfdevels of

stimuli 28

The intelligence of the material can be limited to sensingctua-

tion only. For example, a sensory material is capable of determi
ing particular material states or characteristics and sgrah ap-
propriate signal; an adaptive material is capable of altetsg
properties, such as volume, opacity, color, resistance, etc. in re-
sponse to external stimuli. An active material, however, contains
both sensor and actuators, with a feed back loop between the two,
and is capable of complex behavior —it can not only sense a new
condition, but can also respond t&it.

Some of the intelligent materials are capable of sensingethperature and stress
change through the embedded sensors, which can be utilized to monsgtetses
and detect potential damage of the concrete structures. By produaiagats in a
layer-by-layer fashion, as in additive fabrication, it is possifol embed various

functional components, thus making them an integral part of a singlosdmma-

terial *°

Other potential applications of smart materials that would be en-
abled by 2015 include: clothes that respond to weather, interface
with information systems, monitor vital signs, deliver medicines,
and automatically protect wounds; airfoils that respond to airflow;
buildings that adjust to the weather; bridges and roads that sense
and repair cracks; kitchens that cook with wireless instructions; vi
tual reality telephones and entertainment centers; and personal
medical diagnostics (perhaps interfaced directly with mediasd
centers). The level of development and integration of these tech-
nologies into everyday life will probably depend more on consumer
attitudes than on technical developméfits.

All these developments will radically redefine the relation eetwthe architecture

and the material reality in the 2&entury. Designers will respond dynamically to the

% |bid. p. 51.
% Ibid.
0 bid.

“L Anton, P. S., R. Silberglitt, J. Schneid&he global technology revolution: Bio / nano / nmitis
trends and their synergies with information teclogyl by 2015RAND, California. 2001. p.20
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internal logics and external influences of the environment. “Desage alreadslive

—the buildings will soon be as wefl*”

Nanomaterials, produced by nanotechnofdgye referred as the future of material
technology. By manipulating materials in molecular scale, fossible to produce
materials with a strength-to-weight ratio about a hundred tithat of mediocre

steel, and tens of times better than the best %teel.

Today, we make most things from big chunks of metal, wood, plas-
tic, and the like, or from tangles of fibers. Objects made with mo-

lecular manufacturing can contain trillions of microscopic motors

and computers, forming parts that work together to do something
useful...Walls and furniture can be made to repair themselves, in-
stead of passively deteriorating. On a mundane level, this sort of
flexibility will increase reliability and durability. Beyond #i it

will make possible new products with abilities we never imagined

we needed so badly. And beyond even this, it will open new possi-
bilities for art*

Nowadays, first examples of nanotechnologic materials areise@mious products
such as paints that are more durable and self-cleaning. Howewedeicade or so,
we will probably start to see some incredibly thin, but exceptiprsatbng, beams
and walls. Apparently, it is not only the building industry, but also &igt bf sci-

ence and production that will be revolutionized with the nanoscale products.

“2 Kolarevic, B. Digital Production, inArchitecture in the digital age: Design and manufaing.
(pp. 29-54). p. 51.

“3 The term nanotechnology is first used by Eric Deein Engines of creation: The coming era of
nanotechnologyAnchor Book, New York. 1986. The term is defineg Drexler as, “technology
based on the manipulation of individual atoms aradegules to build structures to complex, atomic
specifications.”

“ Drexler, E., C. Peterson, G. Pergarbitbounding the future: The nanotechnology revohutiil-
liam Morrow and Company, Inc., New York. 1991. . 8

“ Ibid. pp. 75-76.
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CHAPTER 5

A CONTEMPORARY MASTER BUILDER *: FRANK O. GEHRY

Frank Gehry was born in Toronto, Ontario, Canada in 1929. He studied anithe U
versities of Southern California and Harvard, before he establskduist practice,
Frank O. Gehry and Associates in 1962. In 1979, this practiceugaesesled by the

firm Gehry and Krueger Inc.

Over the years, Gehry has moved away from a conventional stglelafecture to
an artistically directed atelier. His deconstructed architattyle began to emerge
in the late 1970s when Gehry, created collage-like compositions cutrad fateri-
als as a result of his personal vision of architecture. Insiéadeating buildings,
Gehry creates pieces of functional sculpture. In the large-poalec commissions,
he melds formal compositions with an exploded aesthetic. Most necémathry has
combined sensuous curving forms with complex deconstructive massingyiaghie

significant new results.

More than any architect of his generation, Frank Gehry is an inno-
vator whose vision reaches beyond the accepted aesthetic and tech-
nical constraints of twentieth-century architecture. His singular
formal / philosophical stance developed slowly. In late 1950s and
1960s —the earliest years of his practice—, his work was well

! Kolarevic, B. defined “master builder” in, Infortien master builders irArchitecture in the digital
age: Design and manufacturin¢pp. 55-62). Branko Kolarevic, ed. Spon Pressy Nerk. 2003. p.
57. as: “The master builders, from the Gréekton (builder), to the master masons of the Middle
Ages were in charge of all aspects of buildingsirftheir form to the production techniques used in
their construction. They had the central, most péwgosition in the production of buildings, stem-
ming from their mastery of the material and its neaf production. As the palette of materials
broadened and the construction techniques becanre elaborate, the medieval master masons
evolved into master builders (or architects) whaulddntegrate increasingly multiplying trades into
an increasingly more complex production process.”

2 Stern, R. A. MModern classicisniThames and Hudson Ltd., London. 1988. pp. 90-92.
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planned and handsome, and those who knew it regarded him as a
genuine talent. But it was not until 1970s that the box began to
break apart, and by the end of that decade, he had ventured into ab-
solutely unknown territory with his owstumb little house-a small,

pink Santa Monica bungalow. It became a laboratory in which it
was possible to try anything, and he did. Since then, many lsarrier
to self-expression have come down at his bidding.

5.1 Gehry and His Office

Frank Gehry established the architecture firm of Frank O. GatdyAssociates in
1962. Before he established the office, he had trained in architeend®ring, and
practicing early in his career for many architects, Getmyg a very capable drafts-
man. Thus, it was inevitable that sketching is the key point whehey starts think-
ing on a project. “As soon as | understand the scale of the builddhthe relation-
ship to the site and the relationship to the client, as it becormesand more clear
to me, | start doing sketche$ A Gehry building begins with a sketch, which are
characterized by a sense of off-hand improvisation, of intuitive apeity. The fine
line in his sketches is fluid. “The drawings convey no architatimass or weight,

only loose directions and shifting spatial relationshps.”

Another way for Gehry to focus on the building that he is desigsitrgnslating the
drawing into a physical model. According to him, the model, existirgpace is less
abstract then drawing and is made of actual materials. Theibeb& material, al-
though not the very same as the actual construction, provides a feéolbtek de-
sign process. The material matter is missing when in tee o& building virtual
models in computer. This will be the basis of Gehry’s suspicions d@bewtdapta-

tion of digital tools®

% Friedman, M. S. Gehry talks: Architecture + pracdRizzoli, New York. 1999. p. 8.

4 Gehry stated in the conversation that took placBécember 1998 with Robert Ivy, editor-in-chief
of Architectural Record, in: ArcspacErank O. Gehry: The architect's studibttp://www.arcspace.
com/gehry_new/. Last accessed in December 2005.

® Knight, C. Full of generosity, in: Arcspaderank O. Gehry: The architect's studittp://www.arc-
space. com/gehry_new/. Last accessed in Decembér 20

® Lindsey, B.Digital Gehry: Material resistance / digital consiztion. Birkhéuser, Berlin. 2001. pp.
23-24.
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In 1989, there were about twenty people in Gehry's office. There wvo com-
puters —one word processor and one in accounting. In those years, Geheg work
with outside executive architects on major projects. That relationship cdrestidlen
in many firms today, which often leads to misunderstandings semaronstruction,
and increased costs. For Gehry’s office, the most remarkablepde of the way in
which the executive architect system can go wrong is fourtteinalt Disney Con-
cert Hall. Since Gehry’s design in 1988 for the hall was comguhexnot thoroughly
understood by the executive architect, the estimates gehérate their work were
astronomical and the project was nearly to stop. Gehry edaliat in-house techni-
cal expertise was essential to his growing practice. Therefadical changes in Ge-
hry’s office structure were underway. He turned to Jim Glymph, wimegl the of-
fice on the condition that they would no longer split the work withotitside execu-
tive architects, but would develop the essential in-house technipaltse that
would permit them to develop projects from beginning to end. Finallgh&ysum-
mer of 1998, after ten years, the realization of Disney Halligided and controlled

in-house— was assuréd.

5.2 On the Use of Computer

The computer was introduced to Gehry’s office in a way tlmatidvnot interfere the
process, which have been continuing for over thirty years. The rewolstiprecipi-
tated by three things. To start with, the speed of technologicalogevent as de-
scribed in Moore’s Lafly the transmissibility of digital information breaking down
traditional boundaries of time and space; and the seeminglytenfmims that in-
formation can take. Secondly, buildings of the traditional processrglly seemed
to be slow, immovable, site- and time-specific and singular in.fétowever, Ge-
hry’s structures are fast, move and are very recognizableewdrethey are. This

leads Gehry to an evolutionary process. As a consequence, the inbondidigital

" Friedman, M. SGehry talks: Architecture + procesgs. 16.

8 Intel co-founder Gordon E. Moore made a prediction19 April 1965 that states the growth of
computing power follows an empirical exponentiallan his publication Cramming more
components onto integrated circuiti®y Electronics Magazine. (ftp://download.intel.comuseum/
Moores_Law/Articles-Press_Releases/Gordon_Moores 18Ricle.pdf)
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tools did change Gehry’'s process; they also changed hiseatcing. Gehry has al-
ready won the Pritzker Prize in 1989 without the help of computemebdim
Glymph and Rick Smith, who were talented about computer technolumgedjthe
office. After they joined him, they designed and constructed trgg@iheim Mu-
seum in Bilbao, and it would probably be a different building without teeotigligi-

tal tools. “Thesmart machinesand the people who operate them, have given him the

long-hoped-for freedom to create ever more inventive ways to enclose 8pace.”

Another reason for Gehry’s adaptation of digital tools was tHewlif task of de-
scribing the innovative new designs to the contractor. It was haxjptain his com-
plex three-dimensional forms, when represented in traditional twordioreal

plans, sections and details.

Initially Gehry was resistant to using computer in his desigicgss. The program
seemed to limit his architecture to symmetries, mirror emagnd simple Euclidian
geometries. However, questions of how to visualize Gehry’s gestural moukmeges
in sculptural three-dimensional forms —his sketches—, or how to tietiséan into a
very large scale, were unresolved. “I just didn't like the imagfethe computer”,

Gehry said, “but as soon as | found a way to use it to build, then | conn&cted.”

...we developed a process through digitizing and visualization on
the screen, and a number of other things, where we started to cap-
ture the physical mode. And unlike everybody else, we always
went back to physical mod#&!.

Until then, Gehry had been having problems with contractors or mandesc They
generally claimed Gehry that his sculptural shapes could nbuitteor were not
economical. He began to lean more and more Frank Lloyd Wright's thiestryan
architect has to be master builderas well. A change had taken place in the office,

first with the arrival of Glymph, and then the architects Radefjerson and Vano

° Friedman, M. SGehry talks: Architecture + procesg. 8.

1% Bruggen, C. VFrank O’'Gehry Guggenheim Museum Bilb&uggenheim Museum Publications,
New York. 1998. p. 136.

' As Glymph J. stated in: Bruggen, C.’tank O’Gehry Guggenheim Museum Bilb@o136.
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Haritunians, as respectively Principal and Associate Principamanage projects
and break the pattern of having to rely on outsiders. By startingetdéhe new com-
puter program, sculptural shapes could be computed, a more time-soongmic
way of building was devised, affecting, for instance, the string of a steel frame,
or figuring out what it takes to fit panels on a wall. The new gssds suitable for
both high technology in terms of construction, such as numericallyotledtrma-

chines, and traditional craft wéefl.

In order to allow Gehry more freedom in his designing of sculpsivapes, Glymph
and his team started to analyze how realizable the formswigles also comparing

cost efficiency in terms of volume, surface and structure.

We could refine a little bit based on those kinds of criteria, put
them back in front of Gehry as a physical model, so he could again
deallé/vith the slightly altered shapes as a thought...and as a ges-
ture:

While the designs were brought closer to their immediate adaliz Gehry became

aware of the computer’s power to generate form.

Many of the forms he is developing now are only possible through

the computer. Bilbao is a perfect example. Prior to the development
of the computer applications in the office, they would have been

considered something to move away from. It might have been a
sketch idea, but we would never be able to build it. Bilbao could

have been drawn with a pencil and straightedge, but it would take
us decade¥’

These ideas have contributed to an inevitable change in his wayct€ipgaarchi-

tecture.

Jim developed the computer thing slowly, and that was expensive.
But he does make it work for us. That is how we controlled the

2 Bruggen, C. VFrank O'Gehry Guggenheim Museum Bilbap. 136-138.
13 As Glymph J. stated in: Bruggen, C.’tank O’Gehry Guggenheim Museum Bilb@o138.

14 Zaera-Polo, A. Interview with Frank O. Gehry, E:Croquis (pp. 6-37). 1995, vol. 74/75.
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costs of Bilbao and how we can do those curves now. Conse-
guently, we have a lot of freedom, | can play with shapes. When |
create the curved shapes on all the little models, we havegetgad
that digitizes them. It is becoming quicker and quicker. With our
new equipment, shapes can be transferred to the computer in fifteen
minutes, and now we know how much it is going to cost per square
foot to build to those shapes, because we have had the necessary
experience. Now we can budget jobs in the earliest design phases.
And we know if we use flat materials, it is relatively gheawhen

we use single curved materials it is a little more expensind it is

most expensive when we warp materials. So we can rationdlize a
these shapes in the computer and make a judgment about the quan-
tity of each shape to be used. It is not possible to know this by
looking at he completed building. The most important thing is that
the computer gives us a tool we can use to communicate with the
contractors>

Gehry thinks that the new process leads the architect to therrbadder position,
which he is looking for in his architectural practice to be abltestruct his build-

ings as his models and drawings.

The new computer and management system allows us to unite all
the players —the contractor, the engineer, the architect— with one
modeling system. It is the master builder principle. | think ik@sa

the architect more the parent, and the contractor more the child-the
reverse of the twentieth century syst&m.

The question is how was Gehry fit into new process? His workingaddtas not
change because of the computer. He still develops his ideay,sfoavh sketches
through a long series of physical models. Gehry and his studioager®zens and
dozens of physical models. He creates sketches, his drafts thleamaterial, and by
his models, Gehry tests the spaces, the three-dimensional atiegiéay of hollows

and solids-’ “| sit and | watch and | move things. | move a wall, | move @eief

paper, | move something, and | look at it —and it evolv&3te new process for Ge-
hry starts from this point. Once a satisfying physical modeld®een built, it can be

' Friedman, M. SGehry talks: Architecture + procesgp. 50-52.
'8 |bid. p. 52.
7 Lindsey, B.Digital Gehry: Material resistance / digital consiztion.p. 6.

'8 As Gehry stated in: Friedman, M.Gehry talks: Architecture + process. 19.
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digitized by means of digitizing arms and a new model built, tthne digital, that
will then become the basis for thousands of other verifications andicadidns.
Gehry’s office builds a virtual building in the computer utilizilgee-dimensional

scanning techniques as mentioned in chapter 3.

The first opportunity for Glymph to take the responsibility of the whole prazese
along with theBarcelona Fishor the Villa Olimpica, a hotel / commercial develop-
ment commissioned for the 1992 summer Olympic Games, a steelusaligdement
of 54 meter long and 35 meter high. The client was in a hurrytren@ehry office
had less than a year to finish the project until the games.

After looking at a variety of systems that was not suitablehf@ijob, Glymph found
a software created by Dassault Systems for the Frenospaee industry. The an-
swer was the CATIA program, designed to represent compleg-thmensional ob-
jects. “These programs array points in space and then themeaaséve holes in be-
tween...but CATIA, a program that deals with polynomial equations ithgtepoly-
gons, is pretty much capable of defining any surface as an @guafhich means
that if you query the computer for any point on that surface, it kiigiv® Gehry’s
office made the Barcelona Fish happen with the help of CATIA witollaborating

contractor from lItaly.

The Barcelona “Fish” project was done very early as a paserle
project using CATIA. It was relatively simple cladding on the
structural steel. It was all coordinated through the computerimode
There were about six drawings by hand and a computer model for
the entire process. The computer model was used for tracking parts,
design and the layout of the system. Through that project, we be-
came familiar with downloading information to laser cutteosnfra
three-dimensional model and working with a contractor on the lay-
out in fabrication from a single database that we all shared. We also
did a project in Prague in the same timeframe soon after thertonc
hall was stopped. It was a complex metal and glass construction,
modeled in the computer and then templated for what looks like a
nineteenth-century construction of the steel but is, in fact, all com-
puter-templated. We also had this notion that we could mass-
produce, using a CAD / CAM process, individual precast concrete

9 As Glymph J. stated in: Bruggen, C.’tank O’Gehry Guggenheim Museum Bilb@o135.

66



wall panels that were all slightly different, but the Czetlotaates
were so low that we wound up simply templating directly from th
computer to craftsman, who would build wood forms and then ul-
timately complete the waff

Figure 24.Barcelona Fish for the Villa Olimpica

(Lindsey, B.Digital Gehry: Material resistance / digital consiction. Birkhauser, Berlin. 2001.)

In the beginning, Dassault gave the architects a greabtisapport, but when Boe-
ing ordered a thousand stations, it disappeared for a while, eewpeditive, mass-
produced products, such as cars and planes, become more appeahegfdddw-
ever, Bilbao changed everything and Dassault now sees the patetiialdevelop-
ment of new programs for the architects. Nevertheless, archéeentually will de-
velop their own software, and the Gehry team is already welh@mwty to doing
just that®!

A bus stopgn Hanover, Germany was the next project that allowed Gelpydb the
process begun with the Fish in Barcelona. The project was to dassgstops for

Expo 2000. Gehry designed a shallow arching vault of silver and gegrless steel

20 Glymph, J. Evolution of the digital design progess Architecture in the digital age: Design and
manufacturing (pp. 101-120). Branko Kolarevic, ed. Spon Prigsy York. 2003. p. 108.

L Friedman, M. SGehry talks: Architecture + process. 18.

67



ribbons. The small project was completely developed from the CAiddel with-
out any other construction documentation. This paperless experimennanage-
able project provided valuable lessons for future larger-scale ushesef digitally

adapted processés.

Figure 25.Bus stop in Hanover

(Lindsey, B.Digital Gehry: Material resistance / digital consiction. Birkhauser, Berlin. 2001.)

In 1991, when Gehry won the competition for theggenheim Museum Bilbao,
his process was in the middle of changing from a traditionatipeato a digitally

adapted one.

And then, after the concert hall stopped, we had the miracle in Bil-
bao. It was a miracle, I think, because we were very luckyhatt
point, we were committed to trying to prove that what we wanted
to have done on Disney could be done. We began a process with
the same kind of exchange between physical and computer models,

2 Lindsey, B.Digital Gehry: Material resistance / digital consiztion. pp. 41-42.
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with the notion that we build a CATIA model that would be able to
control all the major elements of constructfdn.

“The project in Seattle, thExperience Music ProjedEMP), was an exploration of
what we could do with sheet metal and how it performs on various esrfidn
this project, CNC guided plasma cutters were used to cut thgelaof the curving
structural steel members. Computer controlled rolling machines wsed to bend
the flanges and an automated trolley, which ran along the flaregdgedvthe assem-
bly together. As a result of this process, none of the steelwltish are curves of
11" order, became alike each otAgfThe project leads Gehry's office to a com-

pletely digitally adapted process.

Figure 26.Experience Music Project (EMP), Seattle

(JBL. Press room http://www.jblpro.com/pressroom/images/aerielwi&2.jpg. Last accessed in
December 2005.)

23 Glymph, J. Evolution of the digital design progess Architecture in the digital age: Design and
manufacturing (pp. 101-120). p. 109.

2 |bid. p. 110.

% Lindsey, B.Digital Gehry: Material resistance / digital consiztion. pp. 84-86.
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There was a major cultural transition that everybody had to go
through, to get used to the notion that one no longer measures
things with a ruler and a tape, and then runs offsets from specific
pointgé and that entire building actually works from one zero

point.

On theDG Bankproject in Berlin, there is an interesting contrast betweeririihe
tional, free-form steel on the “Horse’s Head” conference room anchuch-
rationalized form of the skylight above it. In the skylight, éhex the rigorous ge-
ometry and, in the Horse’s Head, the free-form geometry done iraegunch
stainless steéf. “Those are two different ways of approaching the problem of ge-
ometry and tectonics, and both are equally valid. One does not neesh@ncgion-
alized geometry to build those shap&s.”

The Walt Disney Concert Halalso makes extensive use of computer technology.
When Gehry and his office won the competition for the Walt Disnayc@ Hall,
Los Angeles, the owner and users sat down to talk about what theylw@ualie, and
what that might cost, and they realized the project would not bet@iskay within
the budget. Some iterations are proposed for the design. Passugftlar period of
developing a new design, Gehry and his office figured out that tieeiynaeed of
emerging computer modeling and CAD / CAM technologies to betaleiild the
hall within the budget and time. Gehry’s firm decided to use CAfblAender the
plans. After a physical model is built, the model is scanned lagex device that
transmits coordinates to the CATIA program. CATIA then shows aegbon of the
model. These paperless plans are more easily understood by atoordral con-
struction crew and allowed the project to take shape.

Using a digitizer arm, we digitized the previously built model, ra
tionalized it to a degree in the computer, and then rebuilt it from
templates to look very specifically at the surfaces thaewehold
stone. The stone surfaces were modeled with rational breakpoints

%6 Glymph, J. Evolution of the digital design progess Architecture in the digital age: Design and
manufacturing (pp. 101-120). p. 110.

" |bid. p. 115.

%8 |bid. p. 115.
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to create curves and arcs in some cases, and in other casef, we |
the natural form since we knew we were going to be miffing.

CATIA can also give a schedule of the construction process to ethsurall com-
ponents of the structure are completed on track. In the Walt yoiSnacert Hall
case, the general contracting company decided to integrate thie domension of
computer modeling and marry the building's curvilinear geometry tolédnened
schedule. The output is an animated four-dimensional CAD visualizetorthat

plays out the construction sequerite.

Figure 27.Walt Disney Concert Hall, Los Angeles

(Raghep, J. F., K. W. Wegrank Gehry, architectGuggenheim Museum Publications, New York.
2001.)

5.3 Guggenheim Museum in Bilbao, Spain

Designed by the North American architect Frank O. Gehry, Guggeriflaseum is

built on a 32500 square meter site in the center of Bilbao. Onét sides down to

? |bid. pp. 105-106.

%0 |llumin. Curves of steel: CATIA and the Walt Disney Conetall. http://illumin.usc.edu/article.
php?articlelD=120 &page=1. Last accessed in Dece2d@5.
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the waterside of the Nervion River. One end is pierced throyghébhuge Puente
de La Salve, one of the main access routes into the city.

In Guggenheim Museum Bilbao, Gehry displays his tremendous abilibyatoy the
disciplines of art and history to architecture and new technolobnesbuilding itself
is an extraordinary combination of interconnecting shapes. As a&w@ehry’s de-
sign creates a spectacular, remarkable structure théttdnasesence of a huge sculp-

ture set against the backdrop of the city.

The Guggenheim Bilbao has received extraordinary amounts of attergtoonly in

print, but also in the realm of media-induced popular culture. Sindgengfeetance of

the building’s design and construction has been established, authors have subse
guently turned their attention to the long-term effects it halVe on the architectural
world. Either negative or positive, most critics feel Bibao Effectis a valid archi-

tectural issue.
5.3.1 The Origins of the Museum

Since the latter part of the nineteenth century, Bilbao had deaérdustrial and mer-
cantile city, but in 1980’s, in the time of recession, the city $@de difficulties in
making a transition to high-service industries. The Basque Adnatisirdevoted
major resources to an urban renewal: a new terminal and a comesl by Santiago
Calatrava, a suspension pedestrian bridge by the Nervion River Isarie archi-
tect, and the first phase of the subway by the English actch8 Norman Fostét-
The Guggenheim Museum Bilbao is one of the most important ingredrerie
plan to redevelop the city of Bilbao. These initiatives wese gken as a means of
increasing the chance of the city’s metropolitan area becothagnajor reference

point for European regions of the Atlantic seabdard.

1 Bruggen, C. VFrank O’Gehry Guggenheim Museum Bilbap. 17-18.

%2 Museo Guggenheim BilbaGuggenheimhttp://www.guggenheim-bilbao.es/ingles/edificiokdi-
ficio.htm. Last accessed in December 2005.
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In early 1991, the Basque administration was also planning to confeemer wine
storage warehouse called the Alhongida into a cultural faciltyuseum. Neverthe-

less, the Basques did not have an internationally renowned collectionda pigw

in the museum, nor did they have the expertise to run it. Therdiesedemand as-
sistance of Thomas Krens, the director of Solomon R. Guggenheim Foundation.
Asked by the Basque Administration what recommendations he would foratte
architectural development for the Alhongida, he realized thetlfet the interior
space of Alhongida, with intervals no more than three meters anceibngs of five
meters, would present a problem. Krens decided to get the opinion of Frank O. Gehry
and invited him to Bilbad’

When Gehry came to Bilbao, his immediate reaction, along linelsitm Krens’s,
was that the Alhongida was an unworkable proposition for a museumy Gedir
Krens’s idea was to build a new museum somewhere else. When quk$tyotie
Basques as to which location he would pick, Gehry responded, “By the-ive
because they had been telling me all day that the riveing bedeveloped-I like the
site because it went under the bridge.” Krens agreed to Gehth¢haaterfront was
in the middle of three major cultural facilities: the Bellases Museum, the univer-
sity and the Opera House what he called the geocultural trianglébab&l

The Guggenheim Museum Bilbao is the result of a unique process of catlabor
based largely on the complementary nature of their resourcegdrethe Basque
authorities and the Solomon R. Guggenheim Foundation. In December 1991, the
Basque Administration and the Solomon R. Guggenheim Foundation signed the De-
velopment and Programming Services Agreement for the Guggenheieu u&il-

bao at the Provincial Council's headquarters in Bif3ao.

% Bruggen, C. VFrank O’Gehry Guggenheim Museum Bilbao17.
* |bid. p. 21.

% Museo Guggenheim BilbaGuggenheimhttp://www.guggenheim-bilbao.es/ingles/edificiokdi-
ficio.htm. Last accessed in December 2005.
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After the Basque Administration cleared the purchase of therivewlocation, the
next step was a brief competition, involving an American, a Europ@ahan Asian
architect, all of whom Krens could recommend, was agreed upon. Issaakse-
lected from Japan, Gehry was selected as the American, andrtpe&n participant

became the Coop Himmelblak.

The selection committee was not interested in technicalitigdsdatails; they set no
rules for presentation, because they were interested in an sigores the overall
vision of each architect. The aim of the selection committegavelsoose a building
that would be greater than the sum of its parts and they werendptiki a strong
iconic identity for the museum so that people would want to visibtliding for it-
self. In the end, it was Gehry’s proposal for the Guggenheim Mu&lb@o that

was selected during the course of meetings on July 20 at{d 21.

Architect Frank O. Gehry presented his model for the Museum bgildi February
1993, and the foundation stone was laid on October 23 of that year. In October 1994,
work began on the structure of what was to become the Guggenheseum Bil-

bao.

5.3.2 Design and Realization of the Project

Frank Gehry and Associates won the competition for GuggenheirauvtysBilbao
in 1991. The design team’s winning competition model was accompaniecbty-be
ful watercolor rendered plan, section, and elevation drawings,gpdfsing to the
arising digital invasion in the office. These drawings were donegusaditional
methods as early design development for the project that lastexst three years.
At that time, there was CATIA in only one of the office’s #hrgorkstations and the
work on the Nationale-Nederlanden Building in Prague, and the Taaneyland
Administration Building, in Anaheim, California, which were occugrist the same

time with Guggenheim, Bilbao, were executed on CATIA. Therefoigally tradi-

% Bruggen, C. VFrank O’Gehry Guggenheim Museum Bilbpo27.
37 |bid. pp. 27-29.
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tional methods were preferred for Bilbao. Using the pre-digitthods of the office,
most of the early development of the museum’s complex three-dimensional ferm wa
drawn by hand —descriptive geoméfrgeplacing the computer screen. Until the final
design model was complete, the computer was not extensively usedth& model
was finished, a digital model was produced in CATIA by digitizthg design
model. Every volume has been shaped in three-dimensions, tested anddrimdifie
computer plotting, just as every part of its physical asseribel frame, cladding
etc.— was fabricated on the basis of computer-generated constructiometds’’
The office was still unsure about the accuracy of the tramslatom physical model
to digital model, so, a three-dimensional check model was producegl arsiauto-
mated milling machine. The milling machine took its informaticonfrthe digital
model. Verifying that the digital information was correct, thgital model became
the dimensional reference that allowed the working drawings tebeloped, and

later helped to coordinate the construction of the préfect.

The digital process of the Guggenheim museum can briefly be summarized al sever
steps. First step is digitizing the physical model. In digia series of points on the
computer screen is produced, which together create a shape, whichy nasginh-
bles the shape of the physical model. The points are then maegutteaned up
and smoothed out, which may be recalled as mathematization of theclpoithtas
mentioned in chapter 3. Then a surface model is created, whioh @itline of the
physical model as a wireframe model. The shaded surface nsadislived from the
surface model. The lines represent the cladding pattern of améutit panels. The
fourth step involves creating the primary structure of the building.Bibao, this
step represents a sort of map of the steel skeleton of the builtieng the secondary
structure is analyzed. In the case of Bilbao, it is part otheture, which supports
the galvanized steel under-layer of the cladding system. Adtesy curvature

3 Descriptive geometry is the branch of geometry ih@oncerned with the two-dimensional repre-
sentation of three-dimensional objects; it wasoidtrced in 1795 by Gaspard Monge. Traditional ar-
chitectural drawings are based on the principledestriptive geometry.

% Dal Co, F., K. W. ForsteFrank O. Gehry: The complete workghe Monacelli Press, New York.
1998. p. 31.

“OLindsey, B.Digital Gehry: Material resistance / digital consiztion. pp. 43-44.
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(Gaussian) analysis is done. The curvature analysis is about bldgetone to de-
termine whether the metal panels will naturally adhere totaioecurve. Otherwise,
they would need to be pressed to adhere to the curve. Obviously, pretaégan-
els are more expensive. This analysis may be conducted atl stages, or may not
be conducted at all. Consequently, the CATIA computer model is usgeherate

the steel shop drawings as a last étep.

Figure 28.Digitizing sequence of Guggenheim Museum develdpe&tATIA

(Raghep, J. F., K. W. Wegrank Gehry, architectGuggenheim Museum Publications, New York.
2001.)

The winning project of Gehry caused many speculations at thatMargy local and
international architects described the buildinghas buildable The exterior surface

wrapping the building has an extraordinary shape, which cannot be dieiine

“1 ArcspaceFrank O. Gehry: The architect's studiattp://www.arcspace.com/ge-hry_new/. Last ac-
cessed in December 2005.
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mathematical formulas. Due to its complexity, a new approachohiad €merged to
represent this challenging desifnGehry with his project designers Edwin Chan,
Jefferson and the design team won the confidence of the enginesamgDOM,

put in place to manage the Guggenheim project for Krens and theeB&siyern-
ment, and the design team gave the Basque Government proof thaotie work

with budget, and time. Groundbreaking occurred on October 22, 1993 while the de-
sign development was still in progress. The building was complatédarch of

1997.

In Guggenheim museum, the primary load-bearing structure issiraightforward,
which means that most of the steel structural members anaregd straight (ex-
cept in the long gallery and the tower). Therefore, the leagththe connecting an-
gles of the structural members are vafiéBolted one-to-the-other, the form of the
building emerged as the pre-fabricated steel frames wemmlalese The frames re-
quired no additional shoring to be erected. Splines of 60 mm diamegktuites es-
tablished the horizontal curvature by off setting from the maindrdught gauge
steel studs at right angles to the splines describe the Veticature. The splines
were connected to the frame with a uni-strut adjustable jointMBé#t Fineout, pro-
ject team member, describes as, “the secret of the caistre¢ Bilbao”. The joint
allowed for the tuning of the splines to support the titanium sKinofAhe titanium
cladding panels was supplied flat and four panel sizes werdarselddding 80 per-

cent of the surfac¥’

None of the elements of the structure for the 24000 square métding is the
same. 50000 drawings and 60000 hours of computing time were needed to produce
the elements of the building fagade; this describes the compbmdt impossibility
of organizing the project without the use of the CATIA digital moBglthe whole

construction process, 18 CATIA stations leased from aerospace torgnaere be-

“2Yun, Y. G., D. L. Schodek. Development of boundstryctures for complex-shaped buildinis
Journal of Architectural Engineerinfpp. 18-25). 2003, March 3.

“ bid.

“4 Lindsey, B.Digital Gehry: Material resistance / digital consittion. p. 45.
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ing used to detail the glazing package for the musBumGehry’s Bilbao project,
the contractor —Spanish company Urssa— used a software pragranGermany
called BOCAD to automatically generate a comprehensive digiadkl of the struc-
tural steel, including the brace-framed and secondary steelusési¢or the museum
and this work logged much of the computing tithélore importantly, that same
program was used to automatically produce the fabrication dravan@3dNC data,
to precisely cut and pre-assemble the various compoHe@tnsequently, the steel

bids for Bilbao came in at 18 percent under budget.

After the components are digitally fabricated, their assemmlgit® can also be es-
tablished with digital technology. Digital three-dimensional models be used to
determine the location of each component, afterwards to move each coinjooite

location, and finally, to fix each component in its right place.

Frank Gehry’'s Guggenheim Museum in Bilbao was built without
any tape measures. During fabrication, each structural component
was bar coded and marked with the nodes of intersection with adja-
cent layers of structure. On site, bar codes were swiped/¢alre

the coordinates of each piece in the CATIA model. Laser surveying
equipment linked to CATIA enabled each piece to be precisely
placed in its position as defined by the computer m&del.

While designing the Guggenheim Museum in Bilbao, Gehry’'s offsxd the Gaus-
sian analysis to determine the areas of excessive curvatuterasare limits as to
how much the sheets of metal could be bent in two directions. This method also let to
determine which of the double-curved surface patches can be @hudd devel-
opable ones and which ones need to be complexly shaped. This provided Gehry’s
office an important ability to determine and control the overall gbstanufacturing

elements of a particularly complex enveldpe.

S |bid. pp. 44-45.

“ Stephens, S. The Bilbao effect, Architectural Record(pp. 168-173). 1999, May.

" LeCuyer, A. Building Bilbao, inArchitectural Review(pp. 43-45). 1997, December, vol. 102.
*® Ibid.

49 Kolarevic, B. Digital production, inArchitecture in the digital age: Design and mantutaing.
(pp- 29-54). p. 48.
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Figure 29.Gaussian analysis of Guggenheim Museum, Bilbao

(Kolarevic, B. Digital production, inArchitecture in the digital age: Design and manugaing. (pp.
29-54). Branko Kolarevic, ed. Spon Press, New Y2€Q3.)

In the assembling of the building, stone fabrication for the prajiso utilized com-
puter aided manufacturing techniques. The Spanish limestone forugeum was
cut using computer numerically controlled routers with the help o€&EA model
—named as digital prosthesisoy the design team— providing all dimensional infor-

mation>°

“The exteriors of the Guggenheim museum take the liberty of the manipulation of the
facings, which we have seen in so many of Gehry’'s workgstextreme conse-
quences> New materiality is one of the basic concepts that encouhégenanipu-
lation. Gehry and his office searched for a material that wouldap/eith the char-
acter of the unusual form of the museum. The choice of titaniuhedscing mate-

rial was a consequence of these researches.

Originally, lead copper was planned to use but it was outlawed@scamaterial.
The design team started to look for another material that coaldvath the light
like the lead copper, since the interaction of the light and theéifgiis an important
criterion for the design of the Guggenheim Museum. Afterwards)lessi steel was

analyzed, but the design team had suspicions because of thedudtrial look of

% LeCuyer, A. Building Bilbao, inArchitectural Review(pp. 43-45). 1997, December, vol. 102.

*1 Dal Co, F., K. W. ForsteErank O. Gehry: The complete worlgs 58.
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the material. During that frustration, Gehry’s office found s@amples of titanium.
Looking at the material in the light, they realized that tlvesis some potential for a
metal that had warmth and character. Nevertheless, titaniunmwets more expen-
sive than the steel, so the team worked in two directions intlcagganium could

not be financially viable. Titanium at this point had rarely beesd s an exterior
material for buildings. It was used as castings for airplane, gaifsclubs, and many
other things where strength is a factor. The rolling of theen@twas very delicate.
It can lead to a dead surface or a wonderful light-receptiveTdreeteam and the ti-
tanium fabricator searched for the right mix of oil, acids, rejland heat to arrive at
the material they want. The titanium is thinner than staintess would have been;
it is a third of a millimeter thick and it is pillowy, it s not lie flat and a strong
wind makes it surface flutter, moreover a third of a millimetetitanium is a hun-

dred-year guarantee against city pollution. These are allatbastics that the team

was looking for the material on the buildirfg.

Figure 30.Light effects on the exterior cladding of Guggemhéiluseum, Bilbao

(Cng, G.2004)

*2Bruggen, C. VFrank O’Gehry Guggenheim Museum Bilbap. 141.
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As a consequence, Gehry and his office, agreed on titanium fiting for the cur-
vilinear volumes. Probably, this was one of the most critical ade@son Guggen-

heim Museum’s design process that gives the museum its character.

Different types of facings or claddings are used for theswhfit
volumes, from titanium sheets to the most ordinary stucco. In each
situation, the materials are used to produce the effect thppie-a
priate for particular surfaces....the titanium panel cladding grant
homogeneity to even the most irregular forms, reminding the ob-
server of a sort of continuous elastic sheath composed of aahater
that permits the hand of the architect to model the f6fms.

Figure 31.Light effects on the exterior cladding of Guggemh&luseum, Bilbao

(Cng, G. 2004.)

The Bilbao museum plays an important role on the evolutionary processhoy

and his office. Utilizing computer-aided design revolutionized their nstaieding of

*3Dal Co, F., K. W. ForsteFrank O. Gehry: The complete worlp. 58-59.
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the interaction of designing a building and making the ddsigidable This mental-

ity of the office is also reflected to the construction proegss buildings. The abil-

ity to digitally generate and analyze the design information, and then usecttydio
manufacture and construct buildings, redefined the relationship beteeeeption

and productiori? The boundaries between architecture, engineering and construction
blur and the role ofaster buildewas reinvented in Gehry’s office.

The age-old split between the hands that design and the instruments
execute has been overcome; the separate phases and techniques of
conceiving and executing a building were woven into an unbroken
loop...Only in this way can the inaccurate fit among the conven-
tionally separate phases of invention, transcription, and execution
be perfected, and the exponential degree of geometric complexity
of such a structure be realized without costly trial and &rror.

5.3.3 The Bilbao Effect

Architecture is a marketing tool. Thlbao Effectnamed after the
incredible success of the Frank Gehry-designed Guggenheim Mu-
seum in Bilbao, whose architecture manages to draw over a million
visitors a year to this former industrial backwater without Imafc

a collection to house, had led to ‘signature’ structures around the
globe. These are not so much buildings as they are sites of attrac
tion. However much their designers might argue that theyecreat
magnificent spaces or critiques of dwelling, it is their newntse
oddness of their imagery, and their scale that brings in the
crowds>®

As one might imagine, when idea is revolutionary like a new teolgreal break-
through in discipline, it is inevitable that there is great dsiomson that innovation.
As in Guggenheim Museum, Bilbao case, after it was completedidélas and
methods of the Guggenheim Bilbao were discussed so much. Crigas bsing the

term Bilbao Effectto discuss the potential ramifications of the building. Suzanne

> Kolarevic, B. Information master builders, ichitecture in the digital age: Design and manufac
turing. (pp. 55-62). Branko Kolarevic, ed. Spon PressyNerk. 2003. p. 59.

% Dal Co, F., K. W. ForsteErank O. Gehry: The complete worlgs 31.

% Betsky, A. Ten modernist architects ir0x10.(p. 410). lona Baird ed. Phaidon Press Ltd., Lendo
2000. p. 410.
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Stephens was one of the firsts to use the term. She wrotticha ealled “The Bil-
bao Effect” appearing irchitectural RecordMay 1999. In the article, she pro-
posed that the unusual building would cresiteckwavein the architectural world.

She was correct.

Focusing on the design component of the building, some writers wehe eide of
the museum’s design and others in opposition to it. The negatties go on two
primary groups. In one group, critics state that the Guggenheim Billbao &xpres-
sive and theatrical that it upstages the art it houses; and othee there are those
who fear its continual replication. Some critics are suspicious dbeyiossible on-
going repetition of the Guggenheim’s curves, double curves etce eamily replic-
able by the computer. They state that Gehry can repeat tge@ueim Museum in
any site he wants by the help of the computer and database, aad repmduce
Guggenheim only by increase and decrease the scale accordhmy gpetifics of
another site. Some architects defend that engineers shouldrapeters but archi-
tects should maintain the aesthetic of a project. Another poinddhs authors criti-
cize about Guggenheim Bilbao is that the museum represents atectehi for
tourist destination rather than a home forafthere is also a positive understanding
for the Bilbao Effect Some critics state that Guggenheim has an important role for
the revitalization of Bilbao due to its iconic architectural ismabhe economical and
cultural contribution of the museum shows that Basque Government reachefl one
their purposes on the museum. The museum takes the attention of teeveniad
and the government is delighted with the economic turn-around. Althbegh are
many critics —positive or negative— on Guggenheim Museum, Bilba@ne dis-
agrees with the rising economic status of the city of Bilbaodadhey diminish the
Guggenheim’s role in that turn-around and todayBHeao Effectstill serves as a

catalyst for new architectural dialogue.

*" Stephens, S. The Bilbao effect, Architectural Record(pp. 168-173). 1999, May.

*8 Tradarch Archives, October 2002 (213)ttp://listserv.miami.edu/scripts/wa.exe?A2=int0&L =
tradarch&F=&S=&P=24439. Last accessed in Decembéb2
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CHAPTER 6

CONCLUSIONS

In this study, a survey about the digital technologies influenttiegarchitectural
practice is carried out. Computer aided design and manufactechgitues are in-
troduced in order to represent the interaction and progression betweran The
digital continuum from conception to construction is explored via Fran&ebry’s

office in order to understand the essence of the process. Obviouslyoitthe redis-
covery of the complex curving forms, but the newfound ability to genecatstruc-
tion information directly from design information through new processel tech-

niques of digital design and production.

For centuries, being an architect meant being a builder. Acthiteas not only the
masters of spatial organization, but were also closely involved iooti&ruction of

the buildings. They had to most powerful position in the production of building. With
the disassociation of architecture from building —through the use sihgxive rep-
resentation and orthographic drawings as a medium of communiténgforma-
tion in the late Renaissance— architect no longer had to be present on sitevisesuper
the construction process. The rift between the architecture anductiost, started
with the externalization of design information via drawings, draraiéy widened
whendrawingsbecamecontract documents the nineteenth century. Disassociation
in the twentieth century is brought by the invention of numerous newriaiste
technologies and processes. Increasing complexity in techniqudsedes in-

creased specialization in different building systems in both design and caostruct

The outcome of this progressive disassociation of architecture from
the rest of the building industry is a profession unsure of igsinol
contemporary society and its economy, and a profession unable to
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respond to the challenges and opportunities of the Information
Agel

Innovations in computer technology emerged new modeling techniques and highly
accelerated computing capabilities, which, in turn, offer architecte freedom in
formal aspects. Moreover, these innovations offer the architechitiey to build

what they draw in a collaborative medium in which the constructiarndtion is
directly derived from design information. To be able to lead thislootative me-

dium of various disciplines, architect has to be involved with both consimuand
material aspects besides the design aspect. The historat@behip between the
architect and the builder could reemerge as an outcome of the néav design

process.

Guggenheim Museum in Bilbao has one of the most important roles ieaime of
digitally realized projects that would be impossible to build withtbetaid of col-
laborative medium. Although, it is subject to many critiques expressive quality
that upstages the art it houses, easily replicable curved and shiny charatt&ruc-
tural system that does not follow the elegant exterior seirfdae museum building
takes its place in the scene, being the outstanding realizatieesprotthe time. The
building is a pioneer not only in terms of implementation but also intthzation of
the digital data as a contract document. By means of archékphactice, as a re-
markable departure from the current norms, the three-dimensiontl argidel of
the Guggenheim Museum, which is created in CATIA, is a key patta contract
documents. Legally and in practice, the digital model takes precedaver any
other construction document. According to Kolarevic, this is a radeabutionary
change in building practice, for which Gehry’s office will probabéyremembered
in future history books —and not only for the sinuous, curving geometrtbs Gug-

genheim Museum in Bilbao, Spdin.

! Kolarevic, B. Information master builders, irchitecture in the digital age: Design and manufac
turing. (pp. 55-62). Branko Kolarevic, ed. Spon Presay Nerk. 2003. p. 58.

2 |bid. p. 59.
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With the ability to unite all phases of realization in one sirgglurce —digital data—
has numerous advantages compared to the building with traditional mdthoaols.
only saves time by eliminating externalization of design im$eof drawings for the
manufacturers, but also is cost effective due to the optimizedraotisn procedure.
The digital data can be modified through analysis tools to derive smnomical
and feasible design solutions. Moreover, the collaborative digital mediamizes
the misunderstandings between the designer and the contfElatee-dimensional
modeling provides visualizations for the customer and the contractowésavery
difficult to represent with the traditional two-dimensional drawingse of numeri-
cally controlled machines in the manufacturing process, renderaeed for stan-
dardization invalid. The principle of producing unique parts at the sastetiden-

tical parts enables the realization of buildings such as Guggenheim Museum.

Undeniable contribution of utilization of digital medium to the fieldaothitecture
broadens the limits further and new projects are accomplishedefaatstudies of
unknown territories of the digital realm are being carried.liRdze or not, future-
looking projects have the potential to draw paths for the future bitacture. Today
affordability of the technology is increasing every minute aridrmation is so ac-
cessible as it has never been which directly contributes encergérexperimental
studies. Referring the era we live in, Information Age, developnsiasid not stay
unnoticed in architecture. Having witnessed the fascinating eftéctehry’s archi-
tecture to the city of Bilbao, there is much to learn from therpesg and there is no

need to abstain from the practice and education of digital continuum.

Digital tools compromise neither creativity and ingenuity nor econfmmgrchitects.
Understanding the essence of the digital era emancipategcihieect in several
ways. Design and production territories are extended exceptioiaiy.potential
beyond the formal issues should be captured and the digital era shqdccbred

as a medium to reunify the capabilities of the master builders in the actahguil
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APPENDIX A

MATRICES !

A.1 Definition

A matrix consists of a set of numbers or elements arranged in rows and cofuimns a

double-entry tabular form. A typical matrix is,

A, ap

Ay 8mn

Wherem indicates the number of rows, anthe number of columns.

A.2 Notation and Principal Types of Matrices

A.2.1 Order of a Matrix

A matrix havingm number of rows and number of columns is said to be of the or-

derm by n, conveniently written am x n howeverm x ncan also be called the di-

mension or size of a matrix. For example,

3 2 4 5
A= 5 1 2 -7
6 4 -1-38

! This appendix consists of a reprint of an appenditten by Amirouche, F. M. L. Computer-aided
design and manufacturing. Prentice-Hall, Inc., Neansey. 1993. pp. 508-521.
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Matrix A is said to be of the order 3 x 4, whene= 3 indicates the number of rows,

andn = 4 the number of columns.
A.2.2 Row Matrix

In anm x nmatrix, ifm=1, it is called a row matrix. For example,
B=[1 2 3
Matrix B is a row matrix.

A.2.3 Column Matrix

In anm x nmatrix, ifn=1, it is called a row matrix. For example,

Matrix C is a row matrix.
A.2.4 Rectangular and Square Matrices
In anm x nmatrix, if the number of rows is not equal to themiber of columns, that

iIs, m 1 n,then it is a rectangular matrix. On the other hahthe number of rows is
equal to the number of columns, that is m = rs & square matrix. For example,

4 3 5 6 4 -3-1
D=-9 6 -8 4 and EE- 2 0 6
4 -1 0 -5 0 4 4

Matrix D is a rectangular matrix and matrix E isquare matrix.
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A.2.5 Identity Matrix

The unity or identity matrix is a square matrixwiumich the diagonal elements are

ones and all other elements are zeros. For example,

I
o O -
o — O
L O O

Matrix | is identity matrix.

A.2.6 Null Matrix

The null or zero matrix is a matrix in which alktkelements are zero. The dimension
of the null matrix is defined according to the dim®n of the adjacent matrices. The
notation for the null matrix is G = 0.

A.2.7 Transpose of a Matrix

Let A be a matrix of the orden x n.When the rows and columns are interchanged,

the resultant matrix is called the transpose matfik. the transpose matrix of A is

denoted byA' . For example,

1
and A= 2
3

>

1
~N B
o o1 N
O O W
()] ol IS
O oo N

A.2.8 Inverse of a Matrix

The inverse of the matrix A is written @', satisfying the following relationship:

A=A'A=
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This relationship means that the product of A Byintverse yields the identity matrix
l.

A.2.9 Orthogonal Matrix

The matrix is said to be orthogonal when its traisspis equal to its inverse. A ma-

trix A is said to be orthogonal is the followindatonship is satisfied:
AAT=AAT =|

Where | is identity matrix.

A.2.10 Minors, Cofactors and Adjoints

Consider the matrix

8, 8, a
A= a, a, ay
8y 8y g

The determinant obtained by deleting ttirerow and thgth column of the matrix A

is called the minor of elemera and is represented &4, .
The cofactor of elemery; is denoted a%, . The cofactorA, is defined as
i+] M

Aj :('1) i

The adjoint matrix of A is the transpose of the nmaormed by the cofactors of all

elementsa; of matrix A. the adjoint of A is represented By
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Ar A A A A As
A= A = A A, A;= A A, A;
Ar A A A Ay Ay

From this equation, it is apparent that the adjoind is the transpose of the matrix

of cofactors of A. For example, for the given mat find its adjoint matrix.
A.2.11 Symmetric Matrix
Matrix A is said to be symmetric when it is equalts transpose matrix, that is A =

AT . For example,

A=A

>

I
w N P
o o N
o o w

A.2.12 Skew Symmetric Matrix

The skew symmetric matrix is a matrix in which thagonal elements are zeros and

the rest are such that = -a, . For example,

0O -3 2
A= 3 0 -1
-2 1 0

A.2.13 Trace of a Matrix

The trace of a square matrix A is the sum of al élements in the main diagonal.

For example,
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Then the trace of the matrix is definedid®) =2 + 6 + 0 = 8.

A.3 Determinants

The determinant of matrix A is denoted by the faflag symbols{A, ||, or det A.

The determinant can be evaluated using Laplacgsareston:

detA= g, (i=1,2,..n)

Where g, denotes the cofactor correspondingafo Then the determinant for a 2 x 2

matrix is |A = a,a,,- &,a,. The following illustrates the application of Lapk'’s

expansion to a 2 x 2 matrix.

By applying Laplace’s expansion, the determinaniaf@ x 3 matrix is found as fol-

lows: Let
&, &, a5
A= 3, a, a,
Q3 Q3 Qg
Then
&, &y & Q & a
detA= - +
Ma, ay “la, aj 1 a, ast
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A.3.1 Properties of Determinants

1. The value of det A remains the same regardlesiseorow or column chosen to
find it.

2. If any two rows or columns are the same, thevamit determinant obtained is

equal to zero.

3. If two parallel lines of the matrix are intercigeed, the sign of the determinant of
that matrix changes but mot its magnitude.

4. If any row or column of a matrix is zero, théueof the determinant is zero.

A.3.2 Singularity of a Matrix

A matrix is said to be singular if the value ofdlsterminant is equal to zero.

A.4 Matrix Partitioning

If some rows and/or columns of a matrix are deletedn the remaining array is

called a submatrix of the original matrix. A matgan be considered a submatrix of

itself. For example,

121
A= 4 6 9= M
o5 g ™M M

Where
12 1
A=, 6 A= g

A =[2 9 A, =[ 9
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A.5 Matrix Operations

A.5.1 Addition

Given two matrices, A=a; and B= b, , the sum is defined as

A+B= 3 +Q
For example,
2 2 31
A= B=
6 9 10

2+3 2+1 _ 5 3
A+B= =
6+1 9+0 7 9

A.5.2 Subtraction

Given two matrices, C =c,

, and D = d, , then the difference matrix E is given

by

E=C-D= g- {

For example,

4 3 5 6
C= D=
21 4 5
- 6 - 1- 3
E=C- D= =
i 5 - 2- 4
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A.5.3 Multiplication

Scalar Multiplication. Given matrix A= a, , and a scalaa , then

ahA=a g

For example,

1)

A= and a

6 12
"~ 15 18

Matrix Multiplication. Let A be am x pmatrix and B @ x nmatrix. The product C
= AB is am x nmatrix and each eleme®; of matrix C is obtained by multiplying
the correspondent elements of ttlerow of A by those of thgh column of matrix

B, adding products. The multiplication of any twatnices exists only if the number

of columns of the first matrix is equal to the nweniof rows of the second matrix.

For example,
2 4 3
A= B=
4 3 2x2 1 2x1
Thus,
2 4 3
C=AB=
4 3 1

_ (23)+(41) _ 10
T 43+ (1) 15

2x1
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A.6 Commutative, Distributive, and Associative Laws

A.6.1 Commutative Law

A+B=B+A

aA=Aa (for any scalai )
A.6.2 Distributive Law
a(A+B)=aA+abB
A(B+C)=AB + AC
(A+B)C=AC+BC

A.6.3 Associative Law

(A+B)+C=A+(B+0C)
(AB)C = A(BC)

A.7 Method to Find the Inverse of a Matrix

A.7.1 Inverse of a 2 x 2 Matrix

Given the matrix

&, S
A Gy

A=

The determinant of the matrix A is given by

|Al=a,8,- a,a;
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By interchanging the positions of the element ia iain diagonal and changing the

algebraic sign of the remaining elements, the tastimatrix is

& -
-8y Ay

B=

The inverse matrix of A is obtained by dividing #ie elements of matrix B by the

determinant value of matrix A, which yields

Al= 1 & -
Q185" Qpdy -8y Ay

A.7.2 Inverse of a 3 x 3 Matrix

Given the matrix

8, 8, a
A= g, @ ay
8y Gy g

The determinant of the matrix A is defined by

IA=|ar(nas 8ua) af ands, a8 af s, ayd)
Find the adjoint matrix of A, which is denoted by B

The inverse matrix of A is obtained by dividing @ik elements of matrix B d)Al :

1 b, b, b
A-lzm b21 bzz bzs
by, by, by

101



A.8 Solution of Simultaneous Linear Equations
There are several methods in solving simultanequatens. Cramer’s rule is one of
the simplest approaches to solve a set @fuations witln unknowns, especially i

is small. Thus, consider two equations having twknownsx andy:

2x—-3y=5
X+y=5

These equations rewritten in matrix form yield

2 -3 x _ 5
1 1y 5
A B

Using Cramer’s rule, we solve farandy as follows:

The matrix in the numerator is obtained by delethgfirst column of A and replac-
ing it with the vector matrix B. Similarly, in sahg fory, the second column of A is

replaced with vector B. Therefore,

Then the solution ig = 4 andy = 1.
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An example for the solution of three equations wttee unknowns using Cramer’s

rule is shown next.

Given: 2x+2y+z=1 Xx+3y+3z=4 2X —y —222

These equations can be rewritten in matrix form as

2 2 1 x 1
1 3 3 y= 4
2 -1-2 2z -2

BT TR
) 1
2 1 1

yzi 5% el el Yl ‘;L__Z
3yl
2 -1- 2
2 2 1

bl @ 5@ ) L
CRTETE
2 -1-4

Therefore, x=1,y=-2,and z = 3.
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APPENDIX B

TRANSFORMATIONS !

To be of any practical value, the geometric modedroobject must be easy to ma-
nipulate or transform. Transforming an object iraplchanging it in either position,
orientation, or shape. Since a geometric model mesttored in a computer as nu-
merical data in terms of some coordinate systemmwst devise ways of transform-

ing the data to represent changing an object'sippsind orientation.

The simplest changes are the so-called rigid-baalystormations, such as transla-
tion and rotation. We can operate directly on theametric representation of geo-
metric objects, such as points, vectors, curved,samfaces, to effect these changes.
We will see how this is done by the simple expedyeof matrix multiplication and

addition.

B.1 Translation

The rigid-body translation of a geometric objecplies that every point on the ob-
ject is moved equally a given distance in a giveaation. We may specify transla-
tion by a vector, say, t; Figure 32 shows a curaedlated by t. Every point p on the
curve is translated by an amount t, so that a g@irdn the fully translated curve is
given by

p*: p+t (Bl)

! This appendix consists of a reprint of a text teritby Mortenson, M. Eseometric ModelingJohn
Wiley & Sons, Inc., Canada. 1985. pp. 345-349
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Notice that an asterisk denotes a transformed wectmatrix quantity.

Figure 32.Translation

Equation B.1 represents the direct point wise faangation of p and requires that
we retain a definition of the curve through eittiee B matrix of geometric coeffi-
cients or the A matrix of algebraic coefficients.rhost applications, it is preferable

to transform the A or B matrices and then discheddld definition.

The B matrix for a parametric cubic curve is transfed as follows:
B*=B+T whereT=[t t 0 0]

For a bicubic patch,

t t OO0

t t OO0
T=

0 00O

0 00O
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B.2 Rotation

There are several ways of rotating an object. Wkimiestigate rotation around the
origin (that is, the principal axes) and an arbytidene in space. The rigid-body rota-

tion R of a geometric object must meet the follaywronditions:

1. Relative distances and angles between pointsskpets of an object are main-

tained.

2. A right-hand convention applies to signs of tiotaangles.

3. The embedding coordinate system is a right-lsgstem.

4. For the case of rotation around the origin, @@atron has three possible compo-
nents: g, b, g; where g is the angle of rotation around the x-axis,the angle
around the y-axis, ang the angle around the z-axis. In keeping with tghtrhand
convention,qg is positive in a counterclockwise sense when vieWwem a point on

the +z-axis and toward the origij is positive in a counterclockwise sense when
viewed from a point on the +y-axis; amgis positive in a counterclockwise sense

when viewed from a point on the +x-axis.

5. When the rotation of an object is specified byttaee components, the order is
important. In the absence of other constraintsfahewing convention is useful.
(a) First, rotate around the z-axisgit 0.

(b) Next, rotate around the y-axiséft 0.

(c) Finally, rotate around the x-axisgft 0

Figure 33 shows a curve rotated through the aggie the positive direction around
the z-axis. Notice that every point on the curvdergoes a rotatiog around the z-

axis and that its trajectory lies in planes perpauidr to the z-axis and parallel to the
X, Yy plane. For a parametric curve, the rotatioangjes (transforms) the functions

x(u) and y(u), but not z(u)y is positive when in the same direction as thatiassl
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for the vector product of unit vectors that prodsice j = k; that is, rotating the posi-

tive x-axis into the y-axis when rotation is arouhd z-axis.

Conversely, Figure 33 shows a rotation sequencéedpip the coordinate system.

Here,g and b6 are nonzero ang=0. Rotation through the anglg is executed first
and thent . As shown, both rotational components are negaitivaccordance with

the preceding conventions, with respect to objeat tve assume to remain fixed

relative to the initial, unrotated system.

Figure 33.Rotation of a curve

We will now develop rigid-body rotation of pointadivectors within a fixed coordi-

nate system and show how they are related. Paamt$e rotated and translated with
respect to the origin, and vectors can be rotaedurve or other geometric object
defined in terms of points, or points and tangestters, is clearly subject to general
rigid-body transformations consisting of both tdatisn and rotation, as expressed

by

p*=pR +t (B.2)

where
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p* = the transformed point. p = the initial pbin
R = a 3 x 3 rotation matrix. t = a translati@ttor.

Notice that Eq. B.2 implies that the point is firstated —in other words, we first
computed pR— and then translated. It is possibfgetiorm the transformation in the

reverse order; that is, translate first and théateo

p*=[p + R

However, in general, pR +1t[p + t]R.

Now, let us derive the elements of the R matriguFeé 34 shows the geometry de-
scribing the rotation of point p through an anglerround the z-axis, so that given p
and g, we can find p*, the transformed point. The re@aship between the compo-

nents of p and p* is

Figure 34.Rotating a point or vector about the z-axis
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x* =| plcos(@a +q) and y*=| f sing +g ) (B.3)

where|p| =| p*| =/ X + ¥

From elementary trigonometry,

cos@ +g )= co® Ccog- S sin
sin(@+g)=-sina cog + cos s

Furthermore,

<

X )
cosa =— and si@ =
P |

=

Substituting appropriately, we obtain
cos@ +q )= Z COg) - Y Siiy
[ [
(B.4)

. X .
sin@+g)= — sing - cog
[ I
Substitute Eq. B.4 into Eq. B.3 to yield

X* = XC0sqg - ysing y*= xsing+ ycosy

Since this rotation is around the z-axis, z* =te transformation matrix for these

rotations is

cosg sing O
R,= -sing cogy O
0 0o 1
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So thatp *= pR,. This formulation of R assumes that both p andg1 x 3 matri-

ces.

Generalize this procedure to obtain the rotatiandformation matrices for rotation

around the y- and x-axé8, and R.

cosb 0 - sinb 1 0 0
R= 0 1 0 and R,= 0 cosg sing
sinb 0 cosb 0 -sing cosg

For g=g=0, R, post multiplying p transforms the component fogigen rotation

around the y-axis. Similarly, fog=56=0, R, post multiplying p transforms the

component for a given rotation around the x-axifa¥\happens if we must rotate an

object in such a way that, b, g 0? We have already said that order is important
—rotations must be taken in the ordgr 6, g. (Of course, we could have estab-

lished another convention just as easily, but ¢ims is consistent with a right-hand

coordinate system.) this means that for generatiorts with three components,

p*=pR R B= pf

Find R by simply performing the indicated matrix Itrplications.

R=

cosg cosh sim cog+ cag S spn s sgh cgs stn @

-singcosb cog cog sSip S sig  cas s Ssin sin  cg
sinb - cosb siny co® cog

This rotation matrix is applicable for any combinatof component rotation& ,
R,, R, so long as they are taken in that order. Thug,#0, merely substitute zero
for b in the appropriate terms of the matrix elementsl, the result applies to rota-

tions around the x- and z-axes.
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It is easy to show that the rotation matrix appkesially well to the algebraic and

geometric coefficient matrices of curves and sw$ad hus,

A*=AR and B*=BR

With the techniques we have just developed, wenoam derive transformation ma-
trices for more general rigid-body movements. Ohthe most useful ways of rota-
tion an object is around some given axis in spabés is illustrated in Figure 35 for
a curve. The problem is to find the transformatioatrices and operation that will
yield the points of a curve rotated from its irlif@sition to its final position through

an anglef around an axis whose end points are given by regt@andr,.

Figure 35.Rotating a curve about an arbitrary axis in space
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An algorithm for doing this follows.

Step 1. Translate the curve and axis so that odegthe axis, sayr,, is at the ori-

gin of the coordinate system. Thus, tr and if p is any point on the curve, then

p*=p-n

Step 2. Rotate the curve and the axis system sdhéaxis is collinear with the x-

axis. Do this by rotatingg degrees around the z-axis and théndegrees around

the y-axis, where

g=tant ¥ N and b=sint2 4

X=X |r2'r1|

Thus, p* now becomes

P =[p- 1] R,

Step 3. Rotate the curve around the x-axis. Aftergreceding two stepg =7, to

yield

p*=[p-t]R,R

Step 4. Reverse step 2. Notice that there is acsignge in the rotation angles.

p*=[p- t]R,R Ry

Step 5. Reverse step 1 to obtain the final transition.

p*=[p- 1] R, R Ryt 1
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The set of components resulting from these fiveatpns defines the curve point in
the new position. Again, it is usually more effitig¢o transform the B matrix of the
object and then proceed to compute points or gpneperties in the transformed

state. For a curve, these steps result in thewollp analogous transformation se-

quence:
- rl
- rl
B*=[B+T] R, B Ry- 1 WhereT =
0
Now, letR ,R, R = R. Then
B*=[B+T|R- T
Which expands to
B*=BR+TR- T (B.5)

Then letTR, - T= T. Substitute into Eq. B.5 to obtain

B*=BR + T

Thus, the rigid-body transformations for a curveaoly geometric object rotated
around an arbitrary axis in space mathematicattyced to a rotation around the co-

ordinate system axes and a subsequent translation.

As an interesting exercise, investigate other, g@shmore exotic, transformation
situations, such as rotating a curve in space ar@uhne joining its end points or
around one of its tangent vectors. What is thecefba the transformed B matrix in
either case?
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There is one final transformation algorithm to expl It, too, combines rotations and
translations and is of considerable practical vatugeometric modeling in CAD
systems. It is called the three-point-to-three-ptiansformation, or the three-point

transformation. The problem is as follows: Givelgeometric model that contains

points p,, p, and p, and given three other pointg, g, and q,, find the total rigid-
body transformation that (1) transformgs into q,; (2) transforms the vectorp;-
p,) into the vector ¢,-q,) (direction only); and (3) transforms the plan@&teming

the three pointg,, p, and p, into the plane containing,, g, anda,.

Note: p,, p, and p, can be reference points in the model system.tltas relation-

ship to q,, g, and g, that determines the total rigid-body transformatapplied to

the geometric model. Figure 36 illustrates thes®litns and relevant parameters.

The following algorithm produces the desired transiation.

Step 1. Construct vectorp{- p,), (ps- p,), (0,-9,), and @;-q,).

Step 2. LeNl =P B \Nl =0 - G-

Step 3. Construcy, andW, by

V; =V X(ps - py) W, =W x (g, - q)

Step 4. Construcd?, andW, by

V, =V, XV, W, =W, x W,

Clearly the vectord/;, V,, andV, form a right-hand orthogonal system, as\Wg

W,, andW,.
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Step 5. Construct the unit vectors.

v = W= b
\4 W|
v, |V2| and W, |W2|
_ Vs _ W
RV "y

Step 6. To transform any point p in the v systeta the w system, use the transfor-

mation relationship
p*=pR+T (B.6)

Step 7.[w, w, w]=[v, v v F since[w] and[v] are the unit vector matri-

ces. Then the required rotation matrix with respethe w system is simply

R=[V"[w] (B.7)

Step 8. Obtain the required translation matrix blyssituting Eq. B.7 for Eq. B.6 and
solving for T with p* =g, and p =p,

T=q- p[v'[v

Step 9. Rewrite Eq. B.6 as

= [ [ p[¥ W ¢

This transformation is extremely useful for movimg solids into coincidence with

each other and for simply repositioning elemerd geometric model.
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Figure 36.Three-point to Three-point transformation

B.3 Scaling

The absolute size of a geometric element, such asnge or a surface, may be

changed by multiplying its geometric coefficients d scale factor. If we apply the

same scale factor to each coordinate componemt thieeelement will change in size,

but not in shape. If we apply different scale fastm each of the components, then
both size and shape will change. We will considaheof these cases.

The simplest kind of scaling occurs by applyingosifive scalar multiplier to each
of the geometric coefficients
*=sB (B.8)

The scalar is always positive. (If it is negatiwes are then dealing with reflection.)
In Eq. B.8, B is the matrix of geometric coeffidieiefore scaling and B* the scaled
or transformed coefficients. According to matrigetbra, each element is multiplied
by s. thus, for a parametric cubic curve,

SR
Sp
sp
sp

B*

(B.9)
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Figure 37 graphically shows the effect of this sgatransformation. The shapes if
the curves p(u) and p*(u) are identical, but cys¥@) is in this case larger by a fac-
tor of s. It is s times longer, and it occupiesiféetent position in space, since the

components of each point p* are s times larger tharcorresponding components of

p. The tangent vectorp," and p," are likewise proportionally greater thaj and

p,. The direction cosines at any point are unchangedever. The point wise

transformation of a curve is clearly

p* =sp (B.10)

Figure 37.Scaling a curve with respect to the origin

This transformation causes scaling, expansion atraction, around the system’s
origin. We can adjust the equation, however, toseascaling around (with respect
to) any point g. Figure 38 illustrates the effechaurve on a point p when the curve

is scaled around point g, where s is the scalatipfhiet.
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Figure 38.Scaling a curve with respect to an arbitrary point

Vector arithmetic simplifies the derivation of thedationship between point p and its

transformed counterpart p*

p*=q+s(p-0q) (B.11)

Rewrite Eq. B.11 as

p*=sp-(s-1)q

Figure 39 illustrates the effect of this type cdléng on the tangent vectors. From the

properties of similar triangles,

By assembling these results, we obtain the tramsftbon equation for scaling a pa-

rametric cubic curve around any point in space.
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-q(s 1)

-q(s 1
B*=sB+T, WhereT, = as 1)

Figure 39.The effect of scaling on tangent vectors

As in Egs. B.9 and B.10, apply the same scale rfatbo each component
P, Py, and p,. We are not constrained to do this in all caséerd are often situa-
tions in geometric modeling where it is necessargdale (stretch or shrink) each

component by a different factor. We denote thidestactors bys,, s, ands. The

operation of applying them is called differentiahbng. Figure 40 shows an example
of this for a curve in the x, y plane. Eq. B.12wkdow to use these scale factors to
construct a general, differential scaling transfation matrix for a parametric cubic

curve.
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Figure 40. Differential scaling of a parametric cubic curvighwespect tq,

s%-d(s-1D) sy 5D sz &SI
sx-0d(s-1D) sy 5D sz &5
S% § ¥ $¢
S X sY $¢

B* = (B.12)
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