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COMPUTING THE MAKING OF SELJUK GEOMETRIC PATTERNS

SUMMARY

This thesis proposes an integrated computational method for analyzing and
generating geometric patterns as material things. The study explores the possible
contributions of the computational aspects of formal relations between the shapes
and their making to the understanding of the design generation in craft and to the
contemporary computational design practice and education. The case study
comprises a number of geometric patterns carved into stone on monumental building
fagades in Anatolia from the Seljuk-period. The limited knowledge on the original
making processes of these historical designs provides an important opportunity to use
an integrated computational approach for understanding the generative process of the
stone carving craft as a cultural heritage.

Motivated by the making grammar approach that integrates making in computational
design, this thesis investigates its possible applications in analyzing the generative
process of making in the particular case of stone carved geometric patterns. The
method used in the analysis of the existing patterns relies on analyzing the geometric
patterns as material things instead of pure abstract geometries.

The study is comprised of three parts. Firstly, a number of existing stone carved
patterns from the Seljuk-period have been analyzed by means of the formal relations
between their design layout and the making process. The design layouts of the
patterns were examined as compass and ruler constructions that are based on
generating regular polygons on circular grids. Various shape transformations were
presented in the form of shape rules to indicate the possible generative methods of
producing the layouts of the patterns. Seven different types of general transformation
rules (tessellation, addition, subtraction, translation, extrusion, rotation, curving)
have been highlighted. The layouts of the patterns that can be produced by these
transformations are considered as the initial shapes of the carving process.

Secondly, possible scenarios of material transformations for generating the stone
carved patterns from the initial shapes were presented in the form of making rules.
Making rules developed for stone carved geometric patterns formalize the material
transformations that were generated by various making parameters such as tool
shape, tool diameter, cut depth and cut distance. The rule-based computational
making method presented in this study introduces tool-based emergence as a new
concept for the computational making studies.

Finally, the study concludes with examining the application of making rules with
today’s digital fabrication tools. The application experiments were conducted with a
3-axis CNC milling machine and highlighted the variety of possible pattern
generations that were enabled by integrating the knowledge of making parameters
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such as tool shape, tool diameter, cut depth and other parameters of the milling
toolpath generation.

The results suggest that the rule-based computational making method presented in
this study has several practical applications. Firstly, the integrated computational
approach for analyzing the generation process of stone carved Seljuk geometric
patterns can be used for developing a comprehensive making grammar of stone
carved Seljuk geometric patterns. The method used for this study may be applied to
other geometric patterns made with various materials, tools, and techniques in future
studies.

Formalizing material transformations as making rules has been found useful for
reasoning about the formal relations between the surface geometry (curvature,
dimension), the rotational symmetry group of the pattern, tools and actions. These
findings enhance our understanding of the design generation of stone carved Seljuk
geometric patterns.

The design generation experiments conducted with the 3-axis CNC milling machine
showed that the rule-based computational making method presented in this study can
be useful for enhancing computational design processes by means of diversity and
integrity. The results of the experiments from two student workshops suggest that the
method for generating carved patterns using making rules can be used for
establishing an exploratory making approach that can integrate the craft knowledge,
the concept of tool-based emergence and CNC milling technology in today’s design
education.

Experiments on integrating shape rules and making rules in design processes during
the student workshops have been conducted. Although the study is based on a small
sample of participants, the findings suggest that the integration of both rule types
enhance design generation by means of diversity. Moreover, both shape
transformations and material transformations are interrelated and can continuously
feed each other.

Lastly, the study suggests a possible contribution to restoration applications by
integrating the knowledge of the making of the existing stone-carved patterns.
Although the current study is based on a small sample of patterns, the open access
database of this research is to be expanded to serve as a base for future collaborations
with historians and restorators.
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SELCUKLU GEOMETRIK DESENLERINDE YAPIMIN HESAPLANMASI

OZET

Bu tez calismasinda, geometrik desenler 6rneginde yapim siireclerinin kural tabanl
hesaplamali yaklasimla c¢o6ziimlenerek hesaplamali tasarim siireglerine entegre
edilmesi hedeflenmistir. Caligma kapsaminda geometrik desenlerin tasarim
stireglerini incelemek icin gelistirilmis 6dnceki yaklasimlardan farkli olarak sekiller ile
yapim siiregleri arasindaki bigimsel iligkileri de hesaba katan ve yapim grameri
kuramina dayanan biitiinlesik bir yontem Onerilmektedir. Uygulama 6rnegi olarak,
Selguklu doéneminde Anadolu’daki anitsal mimari yapilarda bulunan tas {izerine
oyulmus geometrik desenler ele alinmistir.

[Ik asamada, geometrik desenlerin yapim siireclerinin analizi igin pergel ve cetvel
gibi temel araglarla secili desenlerin diizen semalarinin iiretimi ¢dziimlenmistir.
Desenlerin iiretken siirecinin ilk asamasini olusturan diizen semasinin iiretimi sekil
hesaplamasi olarak temsil edilmistir. Desenlerde goriilen ¢esitli geometrik bigimlerin
pergel ve diizkenar yardimiyla ¢esitli gember grid sistemleri iizerinde iiretimindeki
donsiimler gorsel kurallar olarak tanimlanmistir. Bu kapsamda incelenen desen
¢Oziimlemelerinde; doseme, ekleme, ¢ikarma, 6teleme, uzatma, ¢evirme ve biikme
olmak {izere yedi farkli kurala rastlanmistir. Bu ¢oziimleme yontemi ile varolan
desenlerin diizen semalarinin bigimsel iiretim siire¢lerine odaklanarak farkli desen
olasiliklarini tasarim siirecine katmak hedeflenmistir.

Desenlerin geometrik diizenlerinin ¢oziimlemelerinde varolan farkli desenlerin ayni
diizen semalarina sahip olabildigi goriilmiistiir ve bu farkliliklarin uygulanan farklh
yapim yoOntemlerinden kaynaklanabilecegi savunulmustur. Coziimlenen diizen
semalart kilavuz cizgiler olarak alinarak tas iizerinde oyulmus desenleri
olusturabilecek yapim yontemleri yapim kurallar1 olarak bigimsellestirilmis ve bu
kurallarin Selguklu geometrik desenleri i¢in bir yapim grameri olusturulmasina katki
saglamasi hedeflenmistir.

Calisma kapsaminda yapim siireci iic asamada incelenmistir. Bu asamalar; kilavuz
cizgilerin yiizeye yerlestirilmesi, oyma isleminin uygulanacagi pargalarin veya
sinirlarin  tanimlanmasi ve oyma islemidir. Bu {i¢ asamadaki degiskenlere bagh
oldugu gozlenen déniisimler yapim kurallarimi olusturur. ilk asamada kilavuz
cizgiler, yukarida gorsel kurallarla {iretimi incelenmis olan geometrik
kompozisyonlardir. Burada yapim gramerinin baslangi¢ bigimi olarak ele alinmstir.
Bu cizgilerin farkli ylizeylere yerlestirilmesi ile goriilen bi¢imler doniisiir. Desenler
yarim kiire bicimindeki kabaralara yerlestirildiginde bigimlerin egrilmesi ve uzamasi
bu duruma &rnek gosterilebilir. Ikinci asamada oyma isleminde keskinin izledigi
yolun bi¢im iizerinde nasil tanimlandigi ¢oziimlenmistir. Keskinin ¢izgiyi, ylizey
sinirlarini1 ya da yiizeyi takip ettigi ornekler mevcuttur. Ayrica ¢izgilerin paralel
olarak oOteleme ile cogaltilarak ya da kalinlastirilarak ylizeye doniistiiriildiigii
ornekler goriilmiistiir. Son olarak iigiincii asamada, oyma islemi degiskenleri mesafe,
derinlik, u¢ kalinlig1 ve ug bigimi olarak ele alinmustir.
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Calismanin {igiincli ve son asamasinda, sayisal liretim araglar1 yardimiyla bigim ve
yapim kurallarinin biitiinlesik  kullanimimin tasarim siirecine olas1 katkilari
arasgtirilmistir. Calisma kapsaminda en yaygin sayisal {iretim araglarindan biri olan
CNC freze makinesi kullanilarak uygulanma siireci temsil edilmis ve gergeklestirilen
denemeler incelenmistir. CNC frezeleme yontemi, tag oyma islemine benzer olarak
cikartmal1 bir {iretim tiiriidiir. Islem, genel olarak makinenin ucuna takilan freze
bicaginin ahsap, metal, tas vb plakalar iizerinde donerek ilerlemesinden olusur.
Bigagin izledigi yol boyunca bicagin ucunun kalinligi, bicimi, adim mesafesi,
ilerleme hiz1 ve ayarlanan derinlige gore malzeme eksiltilerek sekil alir. Tiim bu
islemler sirasiyla sayisal olarak G-Kod adi verilen iiretim kodu halinde bilgisayar
programi araciligiyla makineye okutulur. Giiniimiizde c¢esitli CAM programlari
sayesinde aracin izleyecegi yolun koordinatlari ii¢ boyutlu sayisal modeller {izerinde
tanimlanabilmektedir. Daha sonra yine CAM programi arayiiziinde kullanilacak arag
ozellikleri ve kesme isleminin degiskenleri kontrol edilebilir. Bu iiretim yonteminde
ara¢ u¢ kalinligi, bigcimi, mesafesi ve derinligi gibi degiskenlerin sayisal olarak
kontrol edilebilmesi ve parcalarin sayisal modelde tanimlanabilmesi, yukarida
Selguklu geometrik desenleri i¢in tanimlanmis olan yapim kurallarinin uygulanmasi
acisindan uygun bulunmustur. Son olarak bi¢cim kurallari ile yapim kurallarinin ortak
kullanildigi ve CNC frezeleme ile iiretimlerin gergeklestirildigi iki adet calistay
uygulamasinin sonuglar1 sunulmustur.

Tez caligmasinda sunulan kural tabanli hesaplamali yapim yontemi ile, tas
oymaciligindaki keski aracinin ucunun bi¢imi ve boyutundaki degisimler gibi yapim
bilesenlerine gore iiretilen desenlerin nasil farklilastigi ortaya konmustur. Varolan
desenlerin analizlerinde ve yeni desenlerin iiretimlerinin denemelerinde aracin
ozelliklerinden kaynaklanan yapim sonucu 6nceden tahmin edilemeyen bigimleri
olugsmasi durumu gozlemenmis ve yapim kurallart ile bigimsellestirilmistir. Bu
baglamda ara¢ tabanli belirme kavrami bu tez ¢aligmasinda yeni bir kavram olarak
ortaya konmustur.

Tez ¢alismasinin katkilar1 analiz ve iiretim olmak {izere iki yonden incelenmistir.
Calisma kapsaminda gelistirilen biitiinlesik yontemin tas lizerine oyulmus halde var
olan Selguklu geometrik desenlerine ait bir yapim grameri gelistirilmesine katki
saglayacagi distinilmiistiir.

Yapim siireclerinde fiziksel nesneler iizerinde gergeklesen doniisiimlerin yapim
kurallart olarak bicimsellestirilmesi, yapim bilesenleri arasindaki iliskiler iizerine
¢ikarimlar yapilmasim saglanmugtir.  Ornegin; farkli egrilie sahip yiizeylere
uygulanmis olan Selguklu geometrik desenleri incelemesinde, yiizey egriligi, yiizey
boyutu, desenin donel simetri grubu ile uygulamada kullanilmis olabilecek pergel, ip
gibi araclar ve kullanimlar1 arasinda iliski kurulmustur. Buna gore hesaplamali yapim
uygulamalarinda araclarin hangi sekilde kullanildigina bagli olarak cebirsel ifade
edilebilecekleri gosterilmistir. Tag oymaciligi ¢cogunlukla birbiri lizerine uygulanan
strali islemlerden olustugundan yapim siireci hakkinda fikir ytiriitmek zordur. Ancak
son Uiriinde goriilebilen arag izi kalmigsa bu izler lizerinden fikir yiiriitiilebilmektedir.
Bu tez calismasinda gelistirilen hesaplamali yaklasim ile yapim bilesenleri arasindaki
iligkilere dair ¢ikarim yapabilmenin, tas iizerine oyulmus Selguklu geometrik
desenlerinin olas1 yapim siire¢lerine dair fikir yiirlitmeye yardimer oldugu sonucuna
varilmis ve arastirmanin daha ¢ok deseni kapsayacak sekilde genisletilmesi gerektigi
diistinilmiistir.
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Calismanin son asamasinda gergeklestirilen yeni desen iiretimleri, tez kapsaminda
sunulan biitiinlesik ve kural tabanli hesaplamali yapim yonteminin hesaplamali
tasarima cesitlilik ve biitlinliik acisindan katki saglayacagi diistiniilmiistiir. Ayrica
tiretimler iki 6grenci caligtay siiresince el ile degil; bir sayisal tiretim aract olan CNC
frezeleme makinasi ile gergeklestirilmistir. Bu sayede, iiretimlerin otomasyona
indirgenmesi ve hatasizlik kavramlar ile eslestirilen ve kesfe kapali goriilen CNC
frezeleme yonteminin tasarim siirecine katilabilecegi gosterilmistir. Uretim
denemeleri, hesaplamali bir zanaat yaklasimi benimseyerek yaparak tasarlama
durumunu ve arag, nesne ve frezeleme islemi gibi yapim bilesenlerinin
ozelliklerinden kaynaklanan tiretkenligi ortaya koymustur. Desen ¢dzlimlemelerinde
oldugu gibi sayisal {iretimlerde de arag¢ tabanli belirme durumlarinin ortaya konmasi,
tez ¢aligmasinin en 6zgiin ve 6nemli katkilarindan birini olusturmaktadir. Buna gore,
giliniimiizde tasarim egitimi ve pratiginde giderek yayginlagan sayisal liretim araglari
ile tasarimcinin yapim asamasinda kontrol kazanmasina ek olarak yapim
asamasindan beslenebilecegini gostermek hedeflenmistir.

Son olarak, yapilan ¢alismanin olas1 bir diger katkisinin restorasyon uygulamalarinda
olabilecegi diisliniilmiistiir. Selguklu geometrik desenlerinin yalnizca sekilsel olarak
degil; aksine yapim siire¢lerini de hesaba katarak yeniden iiretilmelerinin desenlerin
Oziine uymayan restorasyon sonuglarinin oniine gecilmesine yardimci olabilecegi
Ongoriilmiistiir. Bu ¢alismanin sanat tarihi ve restorasyon uzmanlar ile birlikte
ilerletilebilmesi i¢in daha ¢ok sayida desenin incelenmesi ve incelenen desenlerin
erisime agik veritabani lizerinden paylasilabilir hale getirilmesi hedeflenmistir.
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1. INTRODUCTION : MAKING IN COMPUTATIONAL DESIGN

Today, integrating the knowledge of materials, tools and other constituents of
making with computational design processes has become more significant with the
increasing availability of digital fabrication tools in design practice and education.
Designers can take an active role in the production process by controlling the actions
of the digital tools through computation. Thus, the integration of design and making
processes has reminded the praxis of traditional master builders that acted as both
designers and makers in the pre-Renaissance era (Kolarevic, 2005). From then on,
the knowledge of making has been optional in design practice and education, and
even largely avoided as the intellectual and immaterial activities were regarded as
superior to manual skills (Giirsoy, 2016). Mitchell and McCullough (1995)
associated this inconsistency with how the knowledge of making and design is
exchanged. Accordingly, the distinction of design and making lies in the invention of
drawings to extract the design information, whereas the recent integration of design
and making is related to the ability to augment drawings through digital modeling
and fabrication tools. Hence, as noted by Kolarevic (2003), the future architect might
not physically construct a building, but might be able to generate all the necessary

information of the construction process.

The impacts of the integration of design and making on computational design has
generated the term digital craft in the literature. The term digital craft refers to the
crafting of forms by experimenting with material behaviors, fabrication methods and
assembly logics (Oxman, 2007). Much of the interest has been on material
explorations as many innovative studies suggested new generative design approaches
based on the experiments with computable material properties and behaviors
(Menges, 2012; Oxman, 2010). These studies suggest a new kind of
conceptualization in computational design that is based on digitally informed
tectonics similar to the former well-known approach of the Otto and Gaudi’s material

based form-finding experiments (Oxman, 2012).



In contrast to the material behaviors, very little attention has been paid to integrate
the other constituents of making such as tools and motions of actions to the
computational design. Often, the digital fabrication tools such as CNC (Computer
Numerical Control) machines, 3d printers, laser cutters etc. are used for rapid
prototyping purposes. Although the customization of forms is an evident impact on
the design process, the knowledge of its making is largely avoided in today’s
common design practice and education. As such, some designers see the know-how
even more unnecessary due to the automation available by the numerically controlled
machines. This approach is, in Pye’s (1968) terms, a workmanship of certainty. In
this approach, there is no exploration of the capabilities of tools and toolpaths and the
formation process has no effect in the design ideation process of the product. Yet, the
physical effect on the products is inevitable as the material things are results of
material formation processes that are done with particular tools in particular ways. In
fact, as Schodek et al. (2005) put it, the numerical controls do not replace the
knowledge of making, instead, the user needs to be fully familiar with the

methodology of the machine in order to produce an intended outcome.

In general, the responsibility to be familiar with the digital fabrication tools is often
given to manufacturers and avoided by the designers. Yet, some researchers have
focused on fabrication-informed design processes to promote innovative design
generations. Each fabrication method has its own advantages and limitations by
means of its particular action (adding, subtracting, milling, burning, bending etc.)
and movement capabilities. Typically, the method is chosen according to the desired
shape and material for prototyping purposes. On the other hand, the unusual spaces
and surface geometries of the 1:1 scale projects constructed with these tools in
educational areas show that the digital fabrication tools enable new form-making
methodologies (Iwamoto, 2009). Accordingly, for instance, laser cutters enable the
generation of sectioned and sequenced forms and structures, such as waffle
structures, as they produce sheet materials, whereas CNC routers are used for
contouring of solid surfaces or molding and casting of fluid materials in order to
create three-dimensional forms. Iwamoto (2009) also shows a number of projects
that have examined the customization of toolpath as a form-finding tool. For
example, the project named Tool-Hide by Ruy Klein articulates an iguana skin-like

surface texture by developing a particular toolpath that transforms a digital circular



pattern drawing into scallops (Figure 1.1). In another project named Satin Sheet by
Heather Roberge, a pattern drawing that is the repetition of a single shape has been
materialized and transformed into a homogenous unified surface with varying depths
by generating an algorithmic force-field based digital model that could then be
produced by CNC milling (Figure 1.2). The last example does not include a full
control and customization of the CNC toolpath, but the impact of the tool’s
movement capability is evident on design generation. All in all, these examples
indicate the notion of workmanship of risk (Pye, 1968). The workmanship of risk
refers to the explorative kind of making that allows mistakes but at the same time
may result in emergent outcomes. Pye (1968) describes the difference between the
workmanship of certainty and the workmanship of risk by comparing printing with
writing with a pen. Accordingly, printing indicates a more controlled process,
certainty, and perfection by means of accuracy, whereas writing with a pen involves
risk but also the ambiguous nature of exploration by interaction. In a recent study,
Giirsoy (2016) refers to Pye’s differentiation by examining the impact of making in
design ideation process by calling one making of and the other making for. Thus,
making of indicates the making of things and the workmanship of control, whereas

making for indicates the exploratory making of workmanship of risk.

Moreover, there has been little discussion about the relation between the tools and
the geometry of the becoming forms so far. One of the studies that highlight this
relation presents the generation of three-dimensional ruled surface geometries using
the hot-wire cutting method (Kieferle et al., 2008). Thus, paying attention to the
relation between the geometry and the tool’s movement capabilities resulted in

variable form generations that enhanced the design ideation process (Figure 1.3).

The contribution of digital tools to the computational design process is not only
form-finding methods but also performative outcomes. For instance, a load of opaque
materials like cardboard sheets may become a transparent surface by sectioning and
layering (Figure 1.4). In another major study, Oxman (2007) presents experiments on
form generations that couple the production and assembly methods with material
behaviors and therefore enhanced the computational design process by augmenting
shapes with both the material and movement information. Oxman’s experiments use
variable digital making methods such as cutting, scoring, etching and stretching

together with physical actions such as stretching and folding in order to generate



variable forms through flexible material behaviors. Thus, integrating material
behaviors with movements in the making process present a unified computational
design approach that can enhance both the creativity and practicality in the usual
practice. Menges & Schwinn (2012) compares this integrated and performative
approach to the biological systems by means of relation and adaptation of form,

structure, and performance.

(URL 1).

Figure 1.2 : CNC milled patterns from the project “Satin Sheet”” by Heather Roberge
(Iwamoto, 2009).
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Figure 1.4 : Translucent surface of the layered laser-cut cardboards from the project
“Mafoombey” byMartti Kalliala, Esa Ruskeepéd, and Martin Lukasczyk
(Iwamoto, 2009).



The integration of the knowledge of making in computational design is also strongly
related to how the knowledge is computed in the process. Throughout the years, there
have been several attempts that put material and fabrication information together in
scripted algorithmic codes, but only a few focused on integrating the information in
the design generation process. Sass and Oxman (2006) presented a model for
producing design variations at the small-scale component level by integrating rapid
prototyping limitations to the generative computing. Their work is focused on the
assembly details. Similarly, in another recent study by Sachs (2015), a G-code
scripting algorithm has been developed for producing a pre-designed folded
triangulated shape with variable material properties (strength, thickness etc.) with
computed manufacturing information such as connector elements (holes, folds etc.)
and assembly data. Even though Sachs’ work does not put the fabrication and
material information in the early stage of the computational design process, the result
provides insight to the formation process at a detail level. Sass and Oxman (2005)
addressed the issue, that integrating rapid prototyping in generative computing may
transform the design into a paperless process. Hence, the metaphor of being
paperless recalls the notion of the traditional practice of master builders as mentioned
earlier. Moreover, a recent study by Loh et al. (2016) argued that the integrated
process of digital craft process needs a more dynamic workflow to achieve the
creative process of craft. Their suggestion is that custom scripting of machine codes
will enable a more integrated workflow of computation in order to include the
interactive and dynamic notion of craft. Similarly, El-Zanfaly (2015) proposes a do-
it-yourself approach in design making, that encourages designers to start with
learning how the tools work in order to gain full control of the making process. This
approach is becoming more relevant as today’s open source culture is making
personal fabrication more available (Gerschenfeld, 2005). However, the
computational aspects of the generative process of making and its relation to design

thinking are yet to be discovered.

The dynamics of the generative computation is as significant as the development of
digital production methods in order to integrate the knowledge of making to the
computational design process. In fact, the motive of computational design is about
the description of transformations and interactions in shape formations with rules

(Aranda & Lasch, 2006). Therefore, as Kendir and Schork (2009) points out, the



transparency in the design ideation process allows a more extensive craft approach in

computational design that comprises both analog and digital tools.

Shape grammars, introduced by Stiny and Gips (1972), have been used and
developed extensively by many researchers for analyzing and applying design
generations in computational design. The significance of computing with shapes lies
in the integration of visual thinking and reasoning in computation. Thus, shapes are
formal representations of what we see and therefore they possess infinite parts that
enable computing emergent shapes with infinite part relations (Stiny, 2006). Visual
computation of shapes based on formal algebras provide an explorative way of
design thinking in computational design. The methodology is based on describing
and specifying the transformations in the form of shape rules. This approach has
been used for decoding and describing design styles as a process rather than a
finished product (Knight, 1994). Ozkar and Lefford (2006) argued that, based on
their examinations of the generation process of Seljuk and Celtic patterns, the
transformations of shapes are related to the materials, tools and all other components
of the making process and therefore the artist’s generative process can only be
understood by integrating all these components. A recent study by Giirsoy and Ozkar
(2015) developed a framework for formalizing the making process with shape rules
(Figure 1.5). Their method formalized the physical manipulations on dukta models
by hands and the resulting shapes. The result indicates an analytical study of the
physical transformations by abstracting the point of the manipulations with labels.
This approach promotes visual reasoning of making in design practice and education
(Giirsoy, 2016). Recently several researchers have examined the formalization of
making using shape rules. For instance, Harrison et al. (2015) formalized folding of
paper models and the resulting shapes by shape rules (Figure 1.6). The formalism
changes as different actions require different labels and other properties such as
weight formalisms. Thus, Harrison et al. (2015) used different lines such as
continuous, dashed or dotted lines for formalizing the actions. In another study by
Glirsoy et al. (2015) sensory aspects of material manipulations have been formalized
in form of shape rules. The study suggests visual reasoning of material manipulations
and behaviors by examining it on the variable light patterns on perforated cardboard
material. Another recent research by Noel (2015) illustrates the traditional wire-

bending craft in the form of shape rules (Figure 1.7). The shape rules of the wire-



bending grammar abstract the craftsmen’s actions at a connection detail level and use
shape formalisms with varying color, thickness, size and texture for describing
different materials such as wire, aluminum rods, fiberglass tape, cable tie etc. Hence,
the wires are formalized as basic lines, it allows the computation of wire-shapes
visually trackable. Yet, the formalism of the other materials and tools lack this

feature.

Moreover, the studies presented thus far on formalizing making with shape rules
were focused on analog processes. Yet, several other experiments have been
conducted for formalizing digital production processes with shape rules. For
instance, Jowers and MacLahlan (2014) formalized the material behaviors on 3d
printed multi-material surfaces by defining weight functions in addition to the
shapes. Another recent study by Bidgoli and Cardoso-Llach (2015) focused on the
motion of the tools and proposed a motion-grammar for robotic hot wire-cutting.
Their work abstracts the wire-cut foam surfaces as ruled surface geometries using
NURBS (Non-Uniform Rational B-Spline) definition in the digital medium. In that
formal description, the ruled surfaces are defined through surface segments with their
curvilinear boundaries, that changes its shape according to the NURBS degree in the
curve definition (Figure 1.8). Hence, this formalism specifies an unusual part relation
of shapes that presents a well-adjusted spatial relation to their physical manipulation
by robotic wire-cutting. Thus, the formalism enabled the authors to reason about the
relation between the geometry and the sequence of the motions since, for instance,
the robotic arm needs to finish one part before starting another if there is any

intersection.

All in all, the experiments on formalizing making with shape rules present a
generative computational framework to be used in design practice and education.
Integrating shape computation and making suggests a more transparent and
generative making process that reveal possibilities and limitations of tools, materials
and their relations with a range of becoming forms. Moreover, the variety of
formalization studies provides some of the initial aspects of the computational

making.

One of the important aspects of formalizing computational making is the scale issue.
Although the shapes are the abstract formalization of what we see on material things

and therefore are not related to physical quantities such as scale or dimension, the



formalizations need to differentiate for describing the actions at different scales. For
instance, in Noel’s (2015) work, the shape computations of the generation of a wire-
bent half-dome is formalized by illustrating only wires. Yet, the other materials in the
associated shape rules disappear. In that sense, the descriptions of the craft actions
and the descriptions of craft computations do not fuse together. Therefore, the
algebraic operations do not work. On the other hand, Jowers and MacLahlan’s
(2014) method suggests augmenting shapes with weight functions in order to allow
algebraic computation of the variable formal surface generations with material
features such as flexibility, hardness and mixture value of the composites, that are
either numerically or vectorially described. This semi-formal approach on formal
description presents an explorative framework for using additive manufacturing, yet
this method might get very complex and difficult to use when dealing with making

processes with much more parameters.

Moreover, another important aspect of formalizing computational making is the
dynamics of the process by means of sequencing and complexity. The fact in most
cases the transformations in a making process has a progressive nature. Therefore,
the formal relations between tools, materials and becoming forms might not be
visually tractable when transformations are described as shape rules that go from one
step to the next in a finite range of sequences. For instance, Bidgoli and Cardoso-
Llach’s (2015) formalized the motion rules as descriptions of transformations from
one surface geometry to another as a result of many parameters in the process that
are defined through verbal labels attached to the shapes. These verbal labels indicate
the motions. Yet, the formal relations between the shape and each motion is hard to
see on the overall metamorphosis of the surface geometry. Therefore, there is a need
for a more closer examination of the formal impact of each type of tools and actions
in order to associate the generative process of making with the formal aspects of the
computation. Describing the formal relations between each type of tools and actions
is crucial for computing any kind of making process since their effect on the part
relations is significant.In this context, it is important to consider that shapes are
formal descriptions of what we see and therefore they are not associated with any
kind of physical features. Therefore the usual way of shape computation with
algebraic part relations and reversibility of abstract notions do not work when

computing with material things. The part relations in shape computation relies on



that the lines fuse (Stiny, 2006), yet the materials often don’t. Therefore, formal
descriptions of material things require specifications of formal relations. Moreover,
in addition to the physical reversibility of the actions, the sequencing which is the
essence of the workflow of material practices, as mentioned by Loh et al. (2016),
needs to be considered for integrating the constitutive features of making in design

computation.

Recently, a new approach that extends shape grammars into making grammars have
been proposed by Knight and Stiny (2015). The making grammar establishes a new
theoretical framework for computational design that considers designing a kind of
making and extends the shape studies into a study of material things. Therefore, they
suggest a more integrated framework that augments shapes with other material
descriptions in form of making rules. The significance of this method lies in the
extensive formalization of the actions and material behaviors in order to reveal the
formal relations in between. The proposed formalization of making rules is expected
to examine and decode all constituents of the making process such as things and the
activities in the process (Figure 1.9). Accordingly, things are materials and tools,
whereas the activities are any kind of doings and sensings. Knight and Stiny’s work
highlights the computational aspects of making by means of the algebra of making
grammars, part relations (such as embedding of strings in the knotting grammar) and
time-dependency, i.e. sequencing. They suggest that algebras and related part
relations need to be reconsidered for each operation together with the time parameter
that can be integrated into the computation through labels. Later, Knight (2015)
examined the notion of algebras for stuff in the case of knotting grammars and
argued that, algebras for stuff are significant to reveal how the manipulations in
making by means of sensory and experiential features. Therefore, the applications of

making grammars in different cases are promising and yet to be discovered.

Motivated by the making grammar approach that integrates making in a significantly
comprehensive way in computational design, this thesis aims to investigate its
application in computational design for analyzing the generative process of making
in the particular case of geometric patterns carved into stone on monumental building
facades in Anatolia. The thesis study starts with analyzing the making rules of the
analog methods of medieval stone carving from Seljuk-era and concludes with

examining the application of making rules with today’s digital fabrication tools.



Thus, a method for analyzing and generating geometric patterns as material things

has been presented.

The main motivations of this thesis study are three-fold. The first one is to explore
the possibilities of the making grammar approach by means of analyzing and
generating geometric patterns as material things. The case study focuses on the
making of stone carved Seljuk geometric patterns. Seljuk geometric patterns are
examples of Islamic geometric patterns that were used as ornaments on monumental
building fagades in 12th-century Anatolia. Various shapes can be seen on these
patterns, such as polygons, stars, and lines. Geometrical constructions of these shapes
have been subject to many studies. Yet, there are only a few studies that focus on the
making process of these patterns. Seljuk geometric patterns are material things that
are made of stone, wood, brick or ceramic tiles using special craft techniques.
Materials, tools and all other components of the making process such as hand
movements are all related to the resulting shape of the pattern. Yet, there is very little
information about the making of Seljuk geometric patterns today. The knowledge of
the craft techniques from the Seljuk-era is not stored in written resources since these
techniques were carried by words of mouth and stored in the memories of the
masters (Miilayim, 1982). Therefore, the analysis of pattern generations should rely
on clues on the existing patterns. However, it is hardly possible to track the whole
process on the final product, since stone carving is a progressive process, that consist
of a series of different subtractive actions (Wootton et al., 2013). The construction
lines mostly vanish during the making process. There have been two major valuable
studies that examined and discussed the craft practice of stone carving in Anatolia.
One of which examines the historical findings from the medieval era and traces the
construction lines on the existing patterns (McClary, 2017), and the other examines
the impact of on-site material and social interactions in the craft practice of

stonemasons in today’s Anatolia (Kendir, 2014).

The limited knowledge of the making of stone carved geometric patterns provided an
important opportunity to examine the use of the integrated computational approach
for understanding the generative process in the cultural heritage of craft. Thus, a
possible contribution to this field formed the second main motivation of this thesis

study.
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The final experiments of the study examine the application of making rules with
digital fabrication tools. The method is simply the translation of the making rules that
were derived and learned from the analog tools into the digital tools. 3-Axis CNC
milling tool has been chosen for its similarity to the subtractive production method of
stone carving. The experiments were conducted with a group of student volunteers,
where they learned the making process of CNC milling and used the transformative
rule for generating new designs. In that context, the third main motivation of the
study is to discuss possible contributions of making grammar formalism for

establishing an exploratory making approach in design education.

The rest of the study is comprised of four parts. Chapter 2 provides the reader the
necessary background information related to the making of geometric patterns in
medieval Anatolia. Chapter 3 constructs a detailed study on analyzing the formal
relations between the design layout of existing patterns and their making process.
The outcomes of this chapter provide the possible geometric guidelines that can be
used as the initial shape in the making process. Chapter 4 presents the making rule
formalizations and the represent the computational aspects of the making of Seljuk
geometric patterns. Finally, Chapter 5 presents the experiments with the CNC milling

machine.
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Figure 1.5 : Visualisation of material manipulations by shape rules (Giirsoy &
Ozkar, 2015).
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Figure 1.6 : An experimental shape rule schema for selectively removing material
and the resulting model (Harrison et al., 2015)

Figure 1.7 : (From left to right) Sample wire-bending rules, generation of a wire-
bent half-dome with the rules and the hands-on application (Noel, 2016).

Figure 1.8 : (From left to right) Wire-cutting tool, example motion rule and sample
vocabulary of motions (Bidgoli & Cardoso-Llasch, 2015).
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2. MAKING OF GEOMETRIC PATTERNS IN MEDIEVAL ANATOLIA

For many years, the geometrical construction methods of the ornamental patterns
from the Seljuk period of Anatolia and other adjacent Islamic cultures have been
subject to many interdisciplinary studies. Since there are only a few written original
sources that address the historical techniques from that era, many researchers
developed unique methods for analyzing the generation of these complex
geometrical shapes. Hankin (1925), Critchlow (1976) and Bakirer (1981) proposed
that the geometrical compositions of the patterns can be constructed by drawing with
compass and straightedge. Hankin’s (1925) method is based on dividing the surface
into polygonal tiles that are in contact with each other. The tiling-based approach has
been further studied by Kaplan (2000; 2005) in order to derive patterns from
computer algorithms. Kaplan (2000) also developed a Java applet to produce patterns
with the same principle. Furthermore, a considerable amount of literature has been
published on the generation methods of quasi-periodic types of the patterns. Al
Ajlouni’s (2011) model differentiates from the traditional methods based on local
rules and suggests a global long-range order based method that can be applied by
using compass and straightedge. In another well-known study by Lu and Steinhardt
(2007), a set-based method of girih tile tessellation for constructing the quasi-
periodic patterns was introduced. The quasi-periodicity is often found on patterns
with 5-fold and 10-fold symmetries that more likely consist of pentagons and
decagons. Hence, Cromwell (2009) discusses that it is possible that the artisans in
that period were aware of the problem of repeating patterns with 5-fold and 10-fold
rotational symmetries on a plane and therefore generate these quasi-periodic patterns
by transformations such as reflection, rotation, and translation of the existing
geometries. Cromwell (2009) concludes that the fact that artisans were able to
produce quasi-periodic geometries does not mean that they know the concept of
quasi-periodicity. This approach draws attention to that examining the possibilities of
the primitive tools are more reliable than the new conceptual inventions since the

design ideation process from that era is mostly unknown. In another major study,
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Jowers et at. (2010) highlights that emergence in the compass and ruler construction
method occur in the process and therefore is related to the design space, whereas
emergence in the set-based method occur as a product and is not related to the design
space. Thus, Jowers et. al.’s (2010) study supports the idea that set based and motif
based approaches may be limited the describe generation processes of some

variations.

A number of innovative studies have examined the use of computational design
methodology for analyzing the design generation of Islamic geometric patterns.
Studies show that a shape grammar for Islamic geometric patterns can be developed
by examining the part-whole relations on the patterns (Cenani ve Cagdas, 2006; Ulu,
2009). In a more recent study, Ozkar (2014) suggests an integrated computational
framework that relates the tool and material knowledge of the Seljuk-era to the

formal relations in the generative process of the artisan.

The construction techniques from the Seljuk period have been subject to few but
valuable studies. Ozdural (2000) introduced and discussed the regular meetings
between geometers and artisans in the medieval Islamic world, where the geometric
methods necessary for applications were demonstrated by geometers visually.
Ozdural’s (2000) study is based on written mathematical sources, one of which is
Abi al-Wafa' Biizjant’s (ca. 940-998) scripts on geometric constructions addressing
the artisans. Sarhangi (2008) highlights that the interactions between mathematicians
and artisans can be seen on the spherical tessellation drawings of Al-Biizjani, that
shows the three-dimensional constructions with two-dimensional representations.
Thus, Sarhangi (2008) concludes that the mathematician was relying on the 3d
visualizations in craftsmen’s minds. In that way, the complex construction methods
may have become more comprehensible for craftsmen to apply. In another major
study, Necipoglu (1995) reported that the introduction of Al-Biizjani’s manual
comprises basic geometric constructions such as constructing regular polygons
inscribed in circles. For instance, Figure 2.1 provides some of the drawings from the
manual that show various regular polygons such as triangle, square, pentagon,
hexagon, heptagon and dodecagon inscribed in circles. The marks on the corners of
the polygons that intersect the circles indicate that the polygons were generated by

subdividing the circles. Similarly, other studies have reported the construction

16



methods of muqarnas units and layouts based on the writings of the 15th-century

mathematician al-Kasht (Dold-Samplonius, 1992; Koliji, 2012).

A

Figure 2.1 : Drawings from Abt al-Wafa' Biizjan1’s manual showing various regular
polygons inscribed in circles (Biizjan1’, 10th century).

In view of all that has been mentioned so far the design generation of patterns were
largely examined as abstract geometries regardless of how they were affected by
material properties, tools and formation methods that the craftsmen interact with. The
only exception is the consideration of compass and ruler method for generating the
layouts. Though, investigating the patterns as material things is beneficial to obtain
information from the tool marks on the existing patterns. Thus, some scholars rely on
such clues to speculate on how they were made. Seljuk geometric patterns were
applied to different materials such as wood, stone, brick, and ceramic. The
geometrical compositions differentiate inevitably based on the potential techniques
that can be done with specific materials. Bakirer (1981) examines the making of
brickworks as part of the formation of the geometry, instead of an automated
construction of a predetermined shape. Her drawings of patterns examples from
medieval Anatolia demonstrate the relation between the assembly of the bricks and
the emergent geometric outcomes. In a more recent study focusing on the patterns
from Persian architecture, Kharazmi and Sarhangi (2015) compared two methods of
ornamental brickwork construction, which are using standard sized bricks and shaped
bricks. Their argument that producing customized shaped bricks were useful for
generating complex motifs, is an interesting example of reasoning about the relations
between the material knowledge and design generation. Moreover, a large part of
their study focuses on the stucco works from the same period, where they analyze the
layout of the existing stucco patterns. This study is one of the few examples that

draw and analyze the formal relations on the images of existing patterns. Yet, their
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approach does not consider the dimensions of the material such as the thickness of
the lines but only focus on the abstract layout of the patterns. Therefore, the relation
between the making of stucco patterns and their geometries is not presented.
Similarly, the making of geometric patterns from ceramic tiles has been pointed out
in a recent study by O’Kane (2016), where he examines the placement marks and

joints on the tilings.

Much of the available literature on the making of Islamic geometric patterns
comprise the regions outside of Anatolia. Moreover, even fewer literature is available
on the stone carving methodology in general. A recent major study by McClary
(2017) presents a comprehensive research on the tools and methods of the craftsmen
and their working conditions in Anatolia from circa 1170 to 1220. His studies report
two distinct aspects of the methodology of stone carved ornaments. The first one is
that the stone was a new material to the Seljuks but the familiarity of the local
craftsmen with stoneworking techniques leads to the generation of a new and unique
aesthetic in Anatolia based on the application of the Seljuk-style to an unusual
material. Based on McClary’s report, some particular features of stone carved
patterns may be interpreted as the material based differentiations. For instance, the
smooth transitions, rich variations of depth and curved profiles may be the emergent
results of this encounter with the stoneworking techniques. The second aspect
mentioned by McClary is that the tool marks on the finished stone artifacts provide
information about the type of tools and methodology from the Seljuk-era, but such an
analysis requires an exceptional close examination of the surviving marks. Thus,
McClary points out the existing construction lines on the patterns that may have been
used as guidelines for the construction. These findings support the view of another
significant study by Bakirer (1981), that presents compass and circle traces on a
stone piece in Divrigi Great Mosque in Sivas. Figure 2.2 shows the image of the tool
marks, the representative grid of interlacing circles drawn by compass and an
exemplary resulting pattern layout from the same monument. Bakirer’s findings
demonstrate the use of circular grids for applying the geometric patterns on the
materials. The evidence of the use of inscribed circular grids on construction area
gives new meanings to the formal computations of the compass-ruler method by
integrating the material and surface specifications. Ozkar (2014) highlighted the

possible benefits of using circular grids for applying complex geometric patterns on

18



uneven surfaces. Hence, complex design symmetries can be calculated and preserved

by using primitive tools and techniques.

Overall, these studies highlight the need for a more integrated approach to the
understanding the making of Seljuk geometric patterns. The examinations of more
examples of existing patterns may provide insights to the research in this context.

s
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Figure 2.2 : The tool marks (first row), the representative grid of interlacing circles
drawn by compass (second row left) and an exemplary resulting pattern layout
(second row right) in Divrigi (Bakirer, 1981).
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3. ANALYSIS OF THE SHAPE GENERATION PROCESS

Stone carved geometric patterns from the Seljuk-era appear as uniform solid surfaces
carved on discrete stone blocks. There are examples of patterns that were applied on
a single block, such as the pattern on the engaged column at the entrance of the
Tomb of Mama Hatun near Erzincan (Figure 3.1-a). On the other hand, there are
patterns that were placed on a series of blocks, such as the pattern on the fagade of
the same monument (Figure 3.1-b). It is hardly possible to conclude whether the
patterns were carved before or after the assembly of the blocks. The repetition
frequency of the patterns is mostly identical with the dimension of the stone block. In
other words, the pattern on each block is the same and the sequence of the blocks is
unimportant. Yet, there are examples where the pattern is not equally distributed on
multiple blocks, such as the pattern on the engaged column at the entrance of the
hospital in Amasya (Figure 3.1-c). This distinction might indicate that the patterns
were carved after the assembly of the wall. On the other hand, the patterns may have

been remade or reassembled due to possible damages throughout the years.

Figure 3.1 : Examples of different assemblies of geometric patterns on stone blocks.

In any case, the surfaces consist of multiple levels of height. The variation of the
levels creates a contrast between different parts of the surfaces. Therefore, discrete

parts can be identified by the boundaries of the parts on different levels. These
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boundaries can also be the guidelines that were used in the carving process. The
guidelines are the geometrical shapes that the stone carved patterns are generated
from. However, there are different possibilities. The carving tool can be used exactly
on the guidelines or along them with a particular distance on the left or right side. If
the guidelines are closed shapes, then the direction of the tool can be described as

inside or outside of the shape. The toolpath depends on the decision of the craftsmen.

The guidelines of the patterns should be geometrically constructible using basic tools
like compass and straightedge. This study relies on the circular grid method that was
introduced by Bakirer (1981) for constructing the geometric shapes. Therefore, the
whole process of the shape generation from a single circle to the overall geometric
composition was examined for each pattern. Thus, the symmetry of the patterns was

matched with the circular grid structure.

In order to analyze the guidelines on a pattern, various possibilities should be drawn

and examined. The first example is the pattern on the engaged column at the entrance

of the hospital in Amasya (Figure 3.2).

Figure 3.2 : Photos of Pattern I which is on the engaged column at the entrance of
the hospital in Amasya.

Firstly, the pattern wraps around the cylindrical surface and has a six-fold rotational
symmetry. Therefore, the shape generation is expected to start from drawing a six-
fold circular grid. The process of constructing the grid starts with drawing one circle
using a compass. Then, another circle can be drawn by placing the steady arm of the
compass on any point on the first circle and opening the arms until the rotating arm

reaches to the center of the first circle. The result of this drawing will be two circles
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with the same radius intersecting each other and having the central point on the
perimeter of the other. This particular shape is called Vesica piscis in Euclid’s
Elements. After that, the third circle of the grid can be drawn by centering it on the
intersection of the first two circles and using the centers of these two circles as
reference points for determining the rotation path of the compass and therefore the
radius. The other circles can be drawn by using the center point of the existing circles
and their intersection points until there are six identical circles that interlace each
other around the first circle with a six-fold symmetry. Figure 3.3 shows the process
as a series of shape computations in order to illustrate how the circular tessellation of
the shapes can be generated by using only basic tools and visual computation. The
first shape is labeled with a plus sign in order to track the transformations visually.
Moreover, two more labels were used in this illustration. The x marks indicate the
center of the newly added circle in each step and therefore the location of the steady
arm of the compass and the circular marks indicate the reference points that the

compass was rotated through.

+
@ @ @ -
+
Figure 3.3 : Sequential shape computations for generating a grid of interlacing
circles with a six-fold symmetry.

Secondly, the geometrical composition is drawn on the circular grid. In order to
analyze from which geometrical composition the existing pattern can be generated,
different possibilities were drawn based on the three discrete parts on different levels
of the pattern. Moreover, the geometrical composition should be geometrically
constructible on the previously drawn circular grid and preserve the six-fold
rotational symmetry. Therefore, firstly, the circular grid is placed based on the
repeating shapes on the digital image of the pattern and then, three different possible

guidelines were tessellated on the circular grid. The first one goes through the central
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axes of the repeating parts at the highest level, whereas the second one goes through
the inner boundaries and the last one goes through the outer boundaries of the same
parts (Figure 3.4). The drawings show that the first and the second geometrical
composition fitted the six-fold symmetry, whereas the second one didn’t fit and
formed new shapes that do not belong to the original pattern. The pattern might have
been generated from both compositions. On the other hand, there is another pattern
on the same monument, that appears to have a similar underlying geometrical
composition. Therefore, the same analysis of possible guidelines was also done for
the second pattern in order to find out if both patterns can be generated from the

same geometrical composition.

Figure 3.4 : From left to right: Drawings of the lines that go through the central axis,
outer boundaries, and inner boundaries of the repeating shapes.

The second pattern example is situated very close to the first pattern at the entrance
of the same monument (Figure 3.5). On this example, the pattern is placed on a flat
surface and the color of the stone blocks is different than the previous example. The
patterns appear to have two main discrete repeating parts that are separated by
engraved lines. In this case, three different possible guidelines were drawn based on
these two discrete parts and tessellated according to the circular grid. The first one
goes through the central axes of the thin parts that surround the thicker parts. The
second one goes through the inner boundary of the thin parts and the last one goes

through the central axes of the thicker parts (Figure 3.6). The first drawing is
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identical with the first drawing of the previous pattern and therefore can be used for

generating different patterns.

Figure 3.5 : Photos of Pattern II on the same monument.

Figure 3.6 : From left to right: Drawings of the lines that go through the central axis

This result shows that different patterns can share common phases and initial shapes
in their generation processes. Thus, in this study, I argue that various material shapes
can be generated from a single initial shape based on the craftsmen’s various actions
in the making process, and this generative process can be formalized and visually
computed with making rules. Figure 3.7 shows the transformations of the shapes by

the making process for the two example patterns. In order to formalize the shape
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transformations by the making process, the boundaries of the resulting three-
dimensional stone patterns on different levels were drawn as lines. The low areas of
the pattern are represented as black colored surfaces, whereas the high areas are

represented as white-colored surfaces.

¥r

Figure 3.7 : Formalizations of shape transformations by the making process for
Pattern I and II.

OIS I

Moreover, there is an unusual case of the second pattern example. The pattern
consists of seven stone blocks that were brought together, but not all the blocks have
the same geometrical composition. The pattern on the second and the third blocks
appears to be a little different than the other ones. The image and drawing of the
different pattern in Figure 3.8 show that the overall geometrical composition look
similar, but the six lines around the center were not engraved and instead another
three lines were engraved additionally. The reason for this difference might be that
these two blocks were damaged and remade by other craftsmen or the two blocks
were just made by different craftsmen at the same time with the other blocks. In any
case, this difference shows that the geometrical shapes of the discrete parts that are
seen on the stone carved patterns are not predetermined, but were generated and

emerged in the making process.
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Figure 3.8 : Clockwise from top left: The image, the location and the drawing of the
two blocks with the different geometrical composition.

The analysis of the generation of the initial shape, i.e. the guidelines, has been done
by formalizing two alternative processes. Figure 3.9 shows the first alternative. In
order to assist the reader’s understanding of the process, two colors were used for
formalizing the generative process. The black lines indicate the newly generated
shapes and the gray lines indicate the previously generated shapes that are used as a
reference. The shape computations represent the seven main transformation steps in
the algebra of Uiz. The first transformation is the addition of a hexagon on the circle
grid by using the intersection points of circles as a reference. The second
transformation is the multiplication of the hexagon by using the circle grid as a
reference again. This multiplication is a kind of periodic tiling and can also be called
tessellation. Since both the circular grid and the hexagon have a six-fold rotational
symmetry, the transformation rule can be described both as radial or planar. The third
transformation is the addition of a smaller circular grid with a six-fold rotational
symmetry at the center by using the midpoints of the lines as a reference. The lines
are the edges of the hexagon shapes. The fourth transformation is the addition of a
hexagon around the circle at the center. The fifth transformation is the translation of
the lines by the same particular distance in both directions. The distance, in this case,
is equal to one-third of any edge of the lastly generated hexagon at the center. Thus,
the distance can be calculated visually by using shapes. The sixth transformation is
the definition of a particular shape. The transformation in this step can be described

as the subtraction of the other lines that are erased at this point. Finally, the last
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transformation is the tessellation of the previously generated shape. In this case, the
multiplied shape does not have six-fold rotational symmetry. Therefore, the

transformation rule of this tessellation is clearly planar instead of radial.

The second alternative, shown in Figure 3.10, is represented as six main
transformation steps that generate the same initial shape of the pattern example at the
end. The first transformation is the addition of two circles. The radius of the circles is
equal to the distance between the center of one circle and the perimeter of the other
intersecting circle on the circular grid. The second transformation is the addition of
two hexagons around the newly generated circles. The hexagon shape can be
generated by dividing the circle into six equal parts and then drawing lines between
the dividing points. The third transformation is the translation of the hexagon by the
distance between the two hexagons. In this case, the translated hexagon shapes
remain. The fourth transformation is the tessellation of the hexagon shapes on the
circular grid. The fifth transformation is the subtraction of some lines by erasing
them in order to generate the particular shape that is embedded in the existing shapes.
Finally, the sixth transformation is the tessellation of the particular shape on the

circular grid.

Figure 3.9 : Shape transformations of the first alternative process for generating the
initial shape of Pattern I and II.
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Figure 3.10 : Shape transformations of the second alternative process for generating
the initial shape of Pattern I and II.

The third example is a group of patterns located at the corner of the same monument.
Figure 3.11 shows an image of the patterns and the drawing of the whole
composition. There are four types of patterns that were placed repeatedly, yet there is
no formal rule regarding the order. Moreover, the patterns look like they were
generated from the same original geometry and then differentiated by some rules in

the process.

In order to analyze the formal relations between these four patterns, firstly the
generation process of the first pattern from the top has been analyzed. Figure 3.12
shows the transformation steps for generating the pattern from a circular grid with
eight-fold rotational symmetry. The first step is the translation of the circles by a
particular distance towards their centers. The second step is the addition of hexagons
inside the small circles with an eight-fold rotational symmetry. The third step is the
addition of two squares inside the circle at the center. The fifth step is the
subtraction, i.e. the erasion, of some parts to get the final geometry. The last step
shows the transformation from the final geometry to the boundaries that can be seen

on the stone carved pattern.

Furthermore, Figure 3.13 shows that the final geometry of the first pattern can be
used as the initial shape for generating the other three patterns. The computations in
the first row demonstrate the shape generation process of the second pattern. In this

case, the first computation indicates the addition of sixteen lines that go through
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some of the intersection points on the existing shapes. The process continues with the
subtraction of the interstitial lines between the intersection points to form the final
geometry. The computations in the second row demonstrate the shape generation
process of the third pattern. The process starts with the addition of a new circular
grid with eight-fold rotational symmetry to the center of the pattern. The circles go
through the corners of the square and the center point of the whole pattern. The
computations in the third row demonstrate the shape generation process of the fourth
pattern. This process also starts with the addition of a new circular grid with eight-
fold rotational symmetry, but this time, the circles go through the intersection points

of the squares and the center point of the pattern.

Figure 3.11 : The image and the drawing of Pattern III.
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Figure 3.12 : The transformation steps for generating the pattern from a circular grid
with eight-fold rotational symmetry.

Figure 3.13 : Three pattern variations generated from the same initial shape.

The variations in Pattern III as a whole represents that, the variations based on
emergent shape transformations from an initial shape were intended as part of the
design generation process of Seljuk geometric patterns. Moreover, the presented
method in Figure 3.13 is only one of the possible scenarios for generating this
variation. For instance, the circular grids with eight-fold rotational symmetries in
Figure 3.12 and Figure 3.13 (below) are similar. Therefore, the first pattern and
fourth pattern can be derived from the same initial shape as well. All in all, it is hard
to give a definite answer to the question of how these complex geometric patterns are
generated, but the analysis shows that the transformations are relevant in their design

generation.
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Using shape computation formalism to analyze the generation process of the first
three examples has led to the following conclusions. Firstly, there are emergent
shapes derived in the process. Stiny’s (2006) shape theory suggests that shapes are
ambiguous in their nature. Shapes merge in a way that no parts can be distinguished
without a particular definition and therefore infinite parts can be seen on a single
shape. Thus, shape computations enable the emergence of new shapes and the
development of new computations with them (Knight, 2003). An example of this
kind of an emergence can be seen in the analysis of the second pattern example.
Figure 3.14 shows that the particular transformation where the edges of different
hexagon shapes are merged to generate a new and emergent shape. If there were no
emergent shape generation in Seljuk geometric patterns, the design space of these
patterns would be limited to the basic polygonal shapes. However, as Ozkar (2014)
puts it clearly, the limitless design space of Seljuk geometric patterns consist of
various geometric shapes that emerge from how the artisan sees and transforms the
shapes. Ozkar also emphasizes that the reason for the emergence lies in the fact that,
the patterns are non-figurative because of religious restraints in Seljuk-era and so,
using abstract geometric shapes enables adaptability and flexibility to the emerging
variations. In this study, the possible generation scenarios of the emergent shapes

have been examined on selected pattern examples as a series of shape rules.

Figure 3.14 : The emergent shape that was generated from the merged hexagon
shapes.

Secondly, general transformations can be identified as shape rules and these shape
rules can form a shape grammar model for generating Seljuk geometric patterns. For
example, Figure 3.15 shows three shape rules in the algebra Uiz that were identified
from the generation processes of the first two pattern examples. The first rule, shown

in Figure 3.15a, is the addition of a hexagon inside a circle. The second rule, shown
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in Figure 3.15b, is the translation of a hexagon by a particular distance. The third
rule, shown in Figure 3.15c, is the tessellation of a hexagon with a six-fold rotational

symmetry.

(a) (b)

Figure 3.15 : Shape rules that indicate the addition (a), the translation (b) and the
tessellation (c) of a hexagon.

Thirdly, emergent shapes can be generated by applying a simple rule to all parts of
the pattern. For example, Figure 3.12c¢ shows that multiplying and tessellating a
hexagon with a six-fold rotational symmetry generates triangles and rhombuses.
Ozkar (2014) explains this phenomenon in Seljuk geometric patterns as a result of
the various spatial relations that are based on the properties of the underlying circular

grid such as repetition and symmetry.

Moreover, the group of patterns in the third example shows that circular grids can be
used as part of the shape designs as well. In this case, fusing circles with polygons
generate emergent shapes and variations. This example is also important for

supporting the view that Seljuk geometric patterns are generated from circular grids.

Lastly, the shape rules can be more generalized in order to comprise e.g. the addition
of all polygons, the translation of any shape by any distance or the tessellation of any
shape with various rotational symmetries. In order to identify the generic and specific
transformation rules for generating Seljuk geometric patterns, various patterns should
be analyzed. In this study, fifty stone carved patterns from the Seljuk-era have been
analyzed. The aim of this analysis is to show that each pattern can be generated by
shape transformations in many different ways, and yet particular transformation
methods can be explored and specified in order to reason about the generation
process of the patterns. The patterns were drawn and analyzed with reference to the
digital images. The images were obtained from the database of the scientific research
project, which this thesis study has been involved in. The rest of this chapter
highlights the seven transformation rules that were encountered during the study and

the related examples.
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3.1 Tessellation

Seljuk geometric patterns consist of repeating shapes. In this study, the tessellations
of the repeating shapes are examined as shape rules. Applications of different

tessellation rules to different initial shapes may result in various patterns.

The multiplied shapes may form various patterns based on the symmetry group of the
circular grid. The patterns examined in this study show that, various rotational
symmetries can be found on Seljuk geometric patterns. Examples show the
tessellation rules on circular grids with six-fold (Figure 3.16), eight-fold (Figure
3.17), twelve-fold (Figure 3.18) and ten-fold (Figure 3.19) rotational symmetries.
Another example shows the unfolded and folded states of a three-dimensional
tessellation (Figure 3.20). Moreover, some examples obtain multiple rotational
symmetries. For instance, Pattern VIII in Figure 3.21 appears to have eight-, sixteen-
and twentyfour-fold rotational symmetries from the center outwards. These three
different tessellation rules were used on two different initial shapes, which are
hexagon and octagon. This unique example shows that various geometric patterns
can be generated by using different tessellation rules. Therefore, the use of different
tessellation rules appears to be one of the main generative processes for producing

the Seljuk geometric patterns.

Additionally, the tessellated shapes do not need to be in contact with each other since
they are constructed based on the underlying circles. For example, Pattern IV in
Figure 3.16, features tessellated hexagons on a circular grid with six-fold rotational
symmetry and the hexagons do not share any intersection points. Some other
examples show that parts of the regular geometric shapes might be translated towards
the center of the circles or subtracted. In these cases, the repeated shapes on the
finished geometric compositions may not be in contact as well. Yet, the overall
compositions preserve the radial symmetry, since their center points are always

identical with the circles they are inscribed in.

Moreover, a general assumption can be made about the relation between the
rotational symmetry of the polygons inscribed in each circle and the overall
rotational symmetry of the circular grid. The patterns examined in this study show
that the use of same rotational symmetry for each repeated geometric shape and the

overall grid is a common method. For instance, the hexagons are tessellated with six-
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fold rotational symmetry in Pattern IV (Figure 3.16); the octagons are tessellated
with eight-fold rotational symmetry in Pattern V (Figure 3.17); the hexagons are
tessellated with twelve-fold rotational symmetry in Pattern VI (Figure 3.18) and the
pentagons are tessellated with ten-fold rotational symmetry in Pattern VII (Figure
3.19). There are also examples of unlikely situations. For example in Pattern VII,
there are also hexagons at the center of the pattern and as a result of this variety, a
shape that looks like a half bow-tie has been generated between the hexagons and

pentagons.

After all, tessellations in Seljuk geometric patterns appear to be a specific kind of
tiling where neither the tiles nor the whole are predetermined but can be further
developed. Applications of different tessellation rules based on different circular
grids, rotational symmetries, and initial shapes may result in emergent wholes as

geometric designs that are constructed from basic geometric parts.

3.2 Addition and Subtraction

In this study, some of the shape transformations in design generation of Seljuk
geometric patterns have been specified as addition and subtraction rules. The

examples include additions and subtractions of single lines or polygons.

For example, an addition rule can be formalized to describe one of the
transformations in the shape generation process of Pattern X (Figure 3.22). The
pattern is a rosette design at the entrance of Kayseri Gevher Nasibe Hospital (Cifte
Kimbet), which was built at the beginning of the 13th century. The design can be
generated by adding three intersecting lines inside a hexagon that divide the hexagon
into six equal triangles. Afterward, these three lines can be translated towards both
sides to finish the design. Another addition rule can be formalized to describe a
transformation in the shape generation process of Pattern XI (Figure 3.23). The
pattern is located on the pediment at the entrance of the Hospital of Amasya, which
was built at the beginning of the 14th century. In this case, a square is added at the
center of four dodecagons in four-fold rotational symmetry. This example shows that
complex geometric compositions can be constructed by adding up various geometric
shapes. Some other example patterns can be generated by subtraction. For instance, a
subtraction rule can be formalized to describe one of the transformations in the shape
generation process of Pattern XII (Figure 3.24). The pattern is located on an arch at
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Mahperi Huand Hatun Complex in Kayseri, which was built in the first half of the
13th century. The subtraction rules show the removal of specific lines from two
intersecting squares. In another example, the design layout of Pattern XIII can be
generated with a subtraction rule (Figure 3.25). The pattern is another rosette design
from the entrance of Kayseri Gevher Nasibe Hospital. The shape generation scenario
starts with constructing a pattern with ten decagons in a ten-fold rotational symmetry.
A large part of the pattern is then erased to generate the final design. The trimming of
the large part of the geometric composition makes the initial shape unrecognizable

and enables the generation of an emergent new pattern design.

3.3 Translation

Shapes are translated when they are transferred from one place to another. This
transformation can be formalized in the form of shape rules by using labels and can
be applied to any shape. In this study, the focus is on the translation of polygons
inscribed in circles. When drawing on a stone surface using only basic tools such as
compass and straightedge, polygons can be translated by first translating the
reference points to draw the polygons through. For instance, if the reference points
are translated towards the inside of a polygon, the new polygon that goes through
these points will be smaller than the first one. In this case, the transformation can
also be formalized as a scaling rule. Moreover, such transformations are not done in
one step, instead, they consist of many steps. Yet, the rules in this study indicate the
transformation from the initial shape to the final shape in one step in order to
formalize and compare different types of transformations that may generate the

patterns.

For example, Pattern XIV at the entrance of the Tomb of Mama Hatun in Erzincan
consists of hexagons inscribed in circles (Figure 3.26). The hexagons do not fit
directly in the initial circular grid, that is geometrically constructible. The circles that
the hexagons can be inscribed in are smaller than the initial ones. Therefore, in this
shape generation scenario, each circle is transferred towards its center with a
particular distance. This transformation can also be called scaling, but the
construction of the geometry consists of transferring moves and therefore it is
considered as a kind of translation in this study. As a result of this transformation,

six-pointed geometric stars are generated at the center of the circles. This shape
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generation process presents how simple transformation rules can generate emergent

shapes on geometric patterns.

3.4 Extrusion

Linear extrusion appears to be one of the typical transformation methods for
constructing geometric patterns. Extrusions can also be regarded as additions, but in

this study, they are specified as a particular transformation.

One of its typical uses can be seen in the shape generation analysis of Pattern XV
(Figure 3.27). The pattern is another rosette design from the entrance of Kayseri
Gevher Nasibe Hospital. The geometrical composition can be generated from ten
pentagons in a ten-fold rotational symmetry. Then, all edges of each pentagon can be
extruded towards both sides. The rule that was applied at this step is formalized as an
extrusion rule (Figure 3.27). As a result, a ten-pointed geometric star can be

generated at the center of the pattern.

In another example, the layout geometry of Pattern XVI can be generated by using a
particular extrusion rule (Figure 3.28). The pattern is located at the entrance of
Mahperi Huand Hatun Complex in Kayseri. The layout can be derived from squares
and octagons within a four-fold rotational symmetry. Then, squares and octagons can
be connected through linear extrusion s. As a result of this transformation, rhomboids
are generated on the pattern. This extrusion can be formalized as the extrusion of the
octagon towards the squares and vice versa. The related extrusion rule that was used

in this shape computation can be seen in Figure 3.28.

The last example for this transformation is Pattern XVII (Figure 3.29). The pattern is
located on the fagade of the Tomb in Kayseri area (Doner Kiimbet), which was built
in the second half of te 13th century. In this instance, the pattern is generated by
connecting octagons through linear extrusions. The extrusion rule can be formalized
in many ways. One way to describe this transformation is the extrusion of each edge
of the octagon towards the surrounding circles always in the right direction and is
represented in the Figure 3.29. In any case, the transformation results in the
generation of a rich geometric composition, that appears to be composed of repeating
unusual geometric figures. The related extrusion rules that were used in this shape

computation can be seen in Figure 3.29.
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3.5 Rotation

Some Seljuk geometric patterns can be generated by rotating particular geometric
shapes. Rotated shapes fuse together to generate emergent and unusual geometric
compositions. For example, a possible way to generate Pattern XVIII can resemble
this type of transformation (Figure 3.30). The pattern is located at the entrance of the
Tomb of Rabia Hatun in Erzurum. Firstly, the boundaries of the carved parts on the
surface look like two pentagons that are attached together by sharing an edge. Yet,
the angle between the lines is not equal to the interior angle of a pentagon. Secondly,
the pattern has a four-fold rotational symmetry. Therefore, after several experiments
were conducted to fit a regular polygon on a four-fold circular grid, a possible shape
generation process has been formalized by using a rotation rule. In this instance, the
pattern is derived from squares. Since the pattern layout has a four-fold rotational
symmetry, the use of squares appears likely. In the next step, two intersecting lines
are added inside the squares. Lastly, the intersecting lines are rotated to construct the
final layout geometry of the pattern. This transformation can be applied by
translating the lines on a drawing or drawing the repeating parts on separate papers
and then rotating them. The related rotation rules that were used in this shape

computation can be seen in Figure 3.30.

Another example pattern that can be generated by rotation is Pattern XIX (Figure
3.31). The pattern is located on a mugarnas unit at the entrance of the Tomb of
Mama Hatun. The rotational symmetry is six-fold. The boundaries of the carved
parts are six-pointed geometric stars, hexagons and, similar to the previous example,
a shape that looks like two pentagons attached together by sharing an edge.
Moreover, the hexagons are also stand in a six-fold rotational symmetry around the
six-pointed stars at their centers. The corners of each hexagon within the six-fold
rotational symmetry fits in the twelve pointed shapes around the six-pointed stars.
The shape generation process produced in this study starts with drawing two
intersecting hexagons inscribed in circles with the six-fold symmetry. Additionally,
the circles around the hexagons are smaller than the initial circular grid and therefore
are translated before drawing the hexagons. Finally, some parts are subtracted from
the overall composition to finish the layout design of the pattern. The related rotation
rule that was used in this shape computation can be seen in Figure 3.31.
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The last example in this study to represent pattern generation by rotation is Pattern
XV (Figure 3.32). The pattern is located on an engaged column at the entrance of
Mahperi Huand Hatun Complex in Kayseri. Unlike many other Seljuk geometric
patterns, the boundaries of the carved parts do not resemble any regular polygon
directly. There are parallel lines that stand in a six-fold rotational symmetry. The
eyes can pick Z-shaped figures in a six-fold rotational symmetry as well. However,
these lines do not fit on a hexagon as they are. One way to generate this pattern
might be to start with drawings hexagons inscribed in smaller circles inside the
circles of a six-fold circular grid. Then, the hexagons are rotated and three
intersecting lines are drawn inside each hexagon. Thus, all hexagons are divided into
six equal triangles. In the final step, some parts are subtracted from the overall
geometry to finish the layout design of the pattern. The related rotation rule that was

used in this shape computation can be seen in Figure 3.32.

3.6 Curving

In this study, curving refers to the transformation, where curvilinear shapes are
constructed by drawing a continuous line through the corners of a linear geometric
shape. In this way, variable complex curvilinear patterns can be derived from
polygonal geometric constructions. For example, the shape generation of Pattern
XVI at the Tomb of Mama Hatun can be described as such a transformation (Figure
3.33). The process starts with generating a circular grid with eight-fold rotational
symmetry. The squares are then inscribed in the circles. Some parts are subtracted
from the overall composition. Lastly, curvilinear shapes are constructed by using the
corner points on the previous geometric composition as reference points. The related
curving rule that was used in this shape computation can be seen in Figure 3.33.

All in all, this chapter has analyzed possible generative methods for producing the
design layouts of Seljuk geometric designs that were carved into stone. The possible
shape transformations in the analyzed generative processes have been represented in
the form of shape rules. The rules have been classified as seven different generic rule
schemas which are tessellation, addition, subtraction, translation, extrusion, rotation
and curving. This rule-based method could be further developed as part of a
comprehensive shape grammar for the Seljuk geometric patterns. However, this
thesis does not engage with developing a shape grammar for Seljuk geometric
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patterns, which would require extensive examinations of more example patterns. On
the other hand, various possible transformations examined in this study suggests that
design generation of the patterns can be formalized in discrete phases. This method
helps to reveal formal relations between various patterns, as well as to integrate
infinite possible other geometric compositions in the design generation of new

patterns.

The main purpose of this chapter was to analyze the relationship between shapes and
their making process. The results provided the layout geometries that can be used as
the initial shape in the making process., which will be presented in the next chapter.
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tessellation rule
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Figure 3.16 : Shape generation process and the tessellation rule of Pattern IV.
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Figure 3.18 : Shape generation process and the tessellation rule of Pattern V1.
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Figure 3.20 : Shape generation process and the tessellation rules of Pattern VIII.
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Figure 3.22 : Shape generation process and the addition rule of Pattern X.
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Figure 3.24 : Shape generation process and the subtraction rule of Pattern XII.



0¢

‘TIIX uIoned Jo o[n1 uonoenqns Ay} pue ssaoo1d uonerouasd odeys : ¢7°¢ 2In31y




-
v}

35

D@

8/ Y4

shape generation process

JAVAVAYA
V/MN/AV‘

VA/NV/N/AY, 'A"A\VIA'
AVAVAVAYA : Av.\ /.\v

translation rule

‘O -0

Figure 3.26 : Shape generation process and the translation rule of Pattern XIV.
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Figure 3.28 : Shape generation process and the extrusion rule of Pattern XVI.
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Figure 3.30 : Shape generation process and the rotation rules of Pattern X VIII.

55




9¢

" AIX UI938d JO 9N uonelos 3y} pue ssadoxd uonerouds adeys : [¢°¢ I3

a[nI uoneIoI

ssa001d uonerouds adeys




rotation rule

0-0

Figure 3.32 : Shape generation process and the rotation rule of Pattern XV.

57




8¢

TAX UIded JO 9 3uraind o) pue ssa001d uonerousd odeyq : €¢°¢ 9131

a1 Suramd ssaooxd uonerduds adeys




4. MAKING RULES FOR GENERATING AND PRODUCING SELJUK
GEOMETRIC PATTERNS

This chapter will present the analysis of pattern generations that can be derived from
the variations in the making process of stone carved Seljuk geometric patterns. Stone
carving is a complex process that involves many constituents. Carving geometric
ornaments is essentially the transformation of two-dimensional drawings into a three-
dimensional pattern as a result of a subtractive process. The resulted material shape
is related to the properties of the material, the cutting tools and all the actions that are
done with them. Thus, in this case, the pattern generation is the result of material

transformations.

Material transformations differ from visual shape transformations. The material
transformations analyzed in this study are the ones that are related with the ideation
process of the pattern formation. These transformations are constitutive and generate
variations as the shape generations do in the previous chapter. By all means, almost
each repetition of an application during the making process of a pattern may result in
different material outcomes unintentionally. Controlling and computing by hand is
not an easy practice, especially on huge stone blocks with variable heights and
curvatures. For instance, almost any tile on the repeating pattern examples in the
previous chapter is not identical to each other, if they are measured precisely. Yet,
this differentiation is not related to the design generation. In Giirsoy’s (2016) terms,
these transformations are making of, instead of making for. On the other hand, the
analysis of the first two patterns in the previous chapter shows that even when the
layouts are similar, various material patterns may derive from different actions and
interactions in the making process. In this context, the layout geometry is the initial
shape of the making process. Therefore, firstly, the layout geometry needs to be
transferred onto the material surface. The layout geometry can be replaced on the
surface by inscribing with tools like compass and straightedge. The process then
continues with various steps of actions such as seeing, placing, carving etc. These
actions can be formally represented with making rules in order to reveal the formal

relations that generate the material shapes.
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Making rules are improved version of shape rules that incorporate material
information and constraints. One of the main actions in stone carving is the removing
of a particular amount of material by percussive movements. Figure 4.1 shows an
illustration of a chisel on a stone block. The chisel is held vertically on the
construction lines on the stone. Depending on how deep the strike is, the subtraction
forms a three-dimensional niche on the surface. The contouring of the surface
transforms the two-dimensional surface of the stone block into a three-dimensional
geometry. The shape and diameter of the chisel and the cut depth are the basic
parameters that affect the final geometry. The cut depth is labeled as d, and the tool
width is labeled as w on the illustration. Moreover, stonemasons can choose between
applying the carving process on the construction lines or near them with a particular
distance. Therefore, the cut distance is one of the parameters that have been

examined in this study and is labeled as m on the illustration.

The making rules have been formalized as the transformation from one state to
another as the result of a particular activity. The making rules of different activities
are named differently such as carving rules, placing rules, seeing rules etc. in order to
differentiate the varsous formalism styles required for each activity. For instance, the
carving rule represents the vertical and horizontal sections of both states with lines.
The carving rule 1, in Figure 4.1, shows the generic rule of the carving on a
construction line. The horizontal section is shown above and the vertical section is
shown underneath. The section line is represented by a dashed line and works as a
shared label for both sections in order to specify the spatial relation in between. In
this context, the first rule always starts with the construction line on the surface, and
therefore the vertical section is absent and zero. However, its transformed state on
the right side of the carving rule obtains a vertical quantity that is represented by a
horizontal line, the width of which equals to the width of the tool width or diameter.
Thus, for the next steps of carving the shape in the vertical section will be
transformed into another shape or just translated as a result of carving deeper.
Moreover, as can be seen on the horizontal section of the same rule, the application
results in transforming one single line (the construction line) into two parallel lines.
In other words, by formalizing the visible boundaries of the material, the formal

aspect of carving through a line can be specified as making one line double.

60



chisel

o

stone carving
block rule 1
(d,w,m)

w

itz
[~
chisel
stone carving
block rule 2
m (d,w.m)
1 X x
d

W

Figure 4.1 : Idealized illustrations and rule formalizations of carving on a line(first
row) and along a line (second row).

Moreover, the carving rule 2 shows another alternative rule that differs from the first
rule by its distance value (m).The formalization method offers some important
insights into the formal relations between the things, activities and the resulting
material shapes in the making. Firstly, the impact of all things and activities can be
seen on the transformations with the same algebra, which is U3 in an algebra Uj;
Moreover, formalizing the transformation in both horizontal and vertical planes
reveals some formal distinctions of the carving process. For example, if the same tool
is used to carve through the same construction line but with more depth, the vertical
sections of both rules would differ, whereas the horizontal sections would remain the
same. Therefore, in this most straightforward example, one can visually reason about

the formal relation between the cut depth and the resulting material shape.

The x marks in the vertical sections label the central axis of the initial construction
lines. These marks help to recognize the cut distance value in the application. For
example, the relation between the x mark and the line in the resulting vertical

sections are different in the carving rule 1 and 2 for the cut distance values vary in
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these two cases. If there were no x-marks, the distinctions in computing the resulting
material shapes would not be recognizable. Thus, such labels in making rules are
important as they limit ambiguities in material computations as they do in shape

computations.

The scale issue is an important aspect in computational making applications. Unlike
abstract shapes, the features of the represented material shapes change as the scale
changes. For example, if a material shape is seen closer, more details will be
recognizable, and therefore different formal relations might reveal. The
formalizations in this study focus on representing the formal aspects that appear
important for the generative process of the making process. On the other hand, the
consistency between the formalization of the rules and the computations of the same

action was taken into consideration in this study.

The making rules so far presented actions that are applied to single lines. On the
other hand, the making of Seljuk patterns consists of multiple lines, curves, and
surfaces. The computation of the making of multiple lines is not equal to the sum of
the computation of each part. For example, the first computation in Figure 4.2 shows
that carving two intersecting lines would result in generating four boundaries with
corners on the material shape. The second computation in Figure 4.2 shows the
carving of two intersecting polygons. In that instance, carving two intersecting
polygons generate three closed polygons in the middle. The result of such
computations is mostly unpredictable unless formalized or applied. Thus,

computations with making rules allow computing emergent material shapes.

carving carving
rule 1 rule 1
(d,w,m) (d,w,m)

Figure 4.2 : (From left to right) Application of the carving rule 1 to two intersecting
lines and polygons.

The shape of the tool is another important parameter in stone carving. The carving

rules so far demonstrated the applications with flat chisels. Figure 4.3 shows some of
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the various chisel types with different shapes. Carving with different shaped-chisels
generate different geometries and is, therefore, a very generative tool. Figure 4.4
presents several alternative carving tools that could be applied using differently

shaped chisels.

Figure 4.3 : Stonecutting chisels with different shapes (Higgins, 1974).
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Figure 4.4 : Alternative carving rules using different shaped chisels.

Turning now to the analyzing the existing Seljuk geometric patterns, making rules
for each pattern can be derived from the transformation between their layout
geometries and physical dimensions. Two existing patterns with the same layout
geometry provide a good opportunity to examine variable generations of the making

Pprocess.

Figure 4.5 represents the study of making rule formalization for each line on Pattern I
and II. First, the existing visible boundaries of different levels on the pattern were
added to the layout geometry. Then, the transformation from each line to the
resulting segmentation on the pattern was presented in the form of a carving rule. As

a result of two different carving rule, two different geometries appear on the resulting
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material shapes. For instance, as can be seen on the images in Figure 4.5, Pattern |
resulted in a continuous surface and boundary on the highest level that could be even
regarded as a single thick line metaphorically. On the other hand, Pattern II resulted

in closed shapes as boundaries of different segments on the surface.

Moreover, the formation in a carving process does not happen in a single step like
the casting of a form. In fact, the process includes many sequential percussive
movements. Besides, different tools are needed for different forming actions.
Therefore there is a sequence in the making of the patterns carved into stone.
Usually, the workflow goes from the general to the specific (Wootton et al., 2013).
First, there is the rough-shaping of the material, which is the removal of the largest
material as possible to achieve the intended form. Second, there is the fine shaping of
the material, which constructs the final shape in a more careful manner. Thus, in this
particular study, the focus is not the sequencing of the rough and finish stages,
instead, the focus is on different steps that might be relevant for generating geometric

pattern designs in situ without pre-designing the outcome.

N

carving
rule 7

—

carving
rule 8

Figure 4.5 : Carving rules for generating Pattern I (first row) and Pattern II (second
row) from the same initial shape.

The possible scenarios for generating Pattern I and II can be seen in Figure 4.6. The
carving rule 9 and 10 show the generation of Pattern I in two steps. First, in carving

rule 9, the carving action is applied parallel to the construction line with a particular
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distance. Then, in carving rule 10, the curvilinear profile of the surface is generated.
In this instance, carving rule 9 is more likely to apply at first for practical purposes.
First, the carving rule 9 enables to generate the boundaries that are later used in
carving rule 10. Second, removing adjacent materials before working on a surface
curvature might be easier for hands-on applications. Thirdly, the directions of the
toolpaths on the material surface also need to be different. The carving rule 9 can be
applied following the construction line, i. e. a vertical direction. However, the
carving rule 10 can be applied by horizontally moving a tool with a smaller diameter
in order to trace the curvature of the resulted shape. Moreover, the carving rule 11
and 12 represents the generation of the Pattern II in two steps. The carving rule 11
shows the carving through the construction line on both sides with a particular
distance. The v-profile on the existing pattern indicates the use of a V-shaped chisel.
In the next step, the carving rule 12 shows the curving of the surface similar to the
carving rule 10, but with a different curvature. By all means, this sequencing
represents only one of the possible scenarios. More scenarios can be explored

through hands-on experiments and discussed in further studies.

carving carving
rule 9 rule 10
4 * P
carving carving
rule 11 rule 12
x ey T Ean Ve

Figure 4.6 : Carving rules for the intermediate transformations of Pattern I (first
row) and Pattern II (second row).

The making rules so far presented the applications on single lines that are parts of the
layout geometries. Moreover, some applications in the carving process require a
redefinition of the boundaries during the practice. For example, the carving of a

region cannot be represented with lines, instead, the region should be redefined as a
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plane with linear boundaries. In fact, there are infinite ways to define discrete parts
depending on how they are seen, as it is in the shape computation (Stiny, 2006).
Accordingly, eyes can pick new shapes that are embedded in a shape. If we now
return to the craft practice of a stonemason, infinite parts can be picked on a
geometric pattern to apply specific carving actions. Figure 4.7 represents the
definition rule and the carving rule of a surface region as an example. The definition
rules and the carving rules are sequential as well. Therefore this study argues that
integrating seeing in the making process enhances our understanding of the

generative process of making geometric patterns.
- -

— Iz — N

definition = o S carving
rule 1 S . o rule 13

% %

Figure 4.7 : Rules for defining the boundary (left) and carving inside a closed shape
(right).

The generative making process of existing patterns can be analyzed as a sequence of

definition and carving computations. Figure 4.8 shows the six rules for generating

Pattern I in a sequential order. The result of this case study on one pattern shows that

the generation process of carved geometric patterns is related to the parameters in the

carving activities such as distance, depth, tool shape and tool diameter, as well as

how the boundaries of these activities are defined on a material pattern.

Moreover, this analysis relies on the unfolded state of the pattern. However, the
surface geometry that the pattern is placed on is another relevant issue for two
reasons. Firstly, the computation of the making process starts with the application of
a layout geometry on a stone surface with particular tools. Thus, analyzing the
placement process as a making computation can reveal formal relations between the
surface geometry, geometric pattern, material, and tools. Secondly, the placement
process may have an impact on the formation of the pattern geometry and therefore

be generative.

Overall, the first case study on Pattern I and II suggests that there are three

generative stages in the making of stone carved geometric patterns, which are the
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placement on a stone surface, the definition of the parts and the carving. The rest of
this chapter examines how different patterns may generate at each stage, in a

sequential order.

4.1 Placing on a Stone Surface

Seljuk geometric patterns were applied on different types of surfaces with positive,
zero or negative curvatures. For example, some patterns have been placed inside
domes and muqgarnas units, whereas some patterns cover columns and hemispherical
surfaces on monumental building facades. Craftsmen preserved the complex
rotational design symmetries on complex curvatures during the hands-on
applications. Visually and manually computing these symmetrical placements require
either the knowledge of trigonometry or the know-how of simple drawing tools and

techniques.

One of the argued advantages of the circular grid method is the possibility to apply
geometric patterns on uneven surfaces (Ozkar, 2014). The circular grids can be
constructed by using compass, straightedge or different tools. Therefore, in a case
study!, possible scenarios for placing three of the existing stone carved patterns on

different types of surfaces have been examined.

The investigations focused on different types of applications using different tools and
their relation with the surface geometry and applied design geometries. The case
study comprised the examination of three different tool methodologies on each
surface types, which are compass, rope, and paper. Each tool has its own formal
espects regarding their movement capacities and limitations. Therefore, the tools
have been assigned to specific formal algebras for the computation of the making

process.

The first pattern is located on the cylindrical surface of an engaged column at the
entrance of the Tomb of Mama Hatun in Erzincan. Since the cylindrical surface is

developable, the folded and unfolded states of the pattern layout are identical.

! This case study is published in Bridges Finland 2016 Mathematics, Music, Art, Architecture,
Education, Culture Conference Proceedings, written in collaboration with Mine Ozkar. The
corresponding section in this chapter is largely from this publication, titled “Geometric Patterns as
Material Things: The Making of Seljuk Patterns on Curved Surfaces” (Hamzaoglu & Ozkar, 2016b).
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The pattern layout can be constructed from a circular grid with a six-fold rotational
symmetry as shown in Figure 4.9. The lightly drawn circles indicate the intermediary
construction circles, that are used for generating the next circles. In the first
alternative application, the circular grid is drawn on a sheet of paper or tissue that has
a length equal to the circumference of the cylindrical surface. The radii of circles are
equal and follow a linear and uniform repetition on the rectangular sheet. the ratio of
the radius of a grid circle to the radius of the cylinder is /3. The paper wraps around
the cylinder and acts as the template as its dark lines press onto the stone and mark it.
Figure 4.10 shows the placement rule of this application. Afterward, the circular grid

and the additional geometric shapes can be inscribed onto the surface with a chisel.

In terms of formal algebras, a paper is a plane when placed on a planar surface and

therefore can be formalized with the algebra Ux. Yet, in this case, wrapping of paper
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Figure 4.9 : (Left) Photograph of the pattern on the engaged column at the entrance
of Tomb of Mama Hatun. (Right) A circular grid and the pattern
constructed from it.

is computed in the algebra Uas.
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Figure 4.10 : Placement rule showing how the paper wraps around the cylinder.

The second alternative application is based on using a rope for placing the circular
grid on a cylindrical surface. Figure 4.11 shows the sequential drawings and photos
from the experiment of this alternative. The circles are drawn one by one based on

the intersection points of te former circles. One hand locates the center of the next
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circle by pressing the end of a rope from the top and the other hand holds a marking
tool and stretches the rope so that it follows the curved surface. The length of the
rope is equal to the radius of each circle drawn. The hand with the marking tool then
turns around the center to draw o full circle. As a result, the circles have the same
radii as on the planar surface of the paper. Besides, it is important that the hand that
locates the center point should be pressing the rope from the top and not cover its

sides so that the length of the rope won’t change during the rotation of the rope.

In this application, craftsmen’s arms are used as a flexible and organic compass that
can draw circles on curved surfaces with the help of a piece of rope for specifying
the radius. Considering the dimensions of the tool, the rope can be computed in the
algebra Uis. Yet, the movement capacity of the craftsmen’s arms limits the

maximum dimension that the pattern can be generated of.

&

M 4 |9

Figure 4.11 : (above) Drawings that show how each circle is drawn on the cylinder
using a rope. (below) Photos showing the process.

The second pattern is located on a curved squinch on the same monument. A squinch
is a typical muqgarnas unit, that has been used in Islamic architecture for covering
vaults. Figure 4.12 shows that the pattern can be constructed from a circular grid

with a six-fold rotational symmetry.

07

Figure 4.12 : (Left) Photograph of the pattern on a curved squinch at the entrance of
the Tomb of Mama Hatun. (Right) A circular grid and the pattern
constructed from it.

The curved mugqarnas units are constructed according to the triangular cell structure
of their plane projections, in which the angle between two vertical edges meeting at
is usually 90°, 45° or 135° (Dold-Samplonius, 1992/3). The cells are then raised and

the curved surfaces expand between the edge of the lower cell and the corner of the
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cell above. Figure 4.13 illustrates the developable surface inside this particular

squinch.

Figure 4.13 : (Left) Photograph shows the location of the curved squinch. (Right)
The geometric model of the squinch that develops upwards then curves.

In the first alternative, the circles can be transferred on the surface by using paper as
a tool again. The circular grid pattern is drawn on a paper and the paper is bent on the
curved squinch. Figure 4.14 shows the placement rule for the application. In this

case, bending of paper is computed in the algebra U>s.

O
—>

placement
rule 2

Figure 4.14 : Placement rule showing how the paper is bended on the squinch
surface.

However, if the bottom edge of the squinch were curved, as it sometimes is in
mugqarnases, the surface then would not be developable and the paper template
application would require extra steps such as physically modeling the unfolded state
of the surface as interrupted parts. On the other hand, the material of the paper would
also change the placement of a geometry on an undevelopable surface. For example,

if the material is flexible, the paper can be placed on an undevelopable curved
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surface. Yet, in this case, the layout geometry that was drawn at the unfolded state
would also be bent when placed on the surface. Therefore, a different design layout

would be generated.

In the second alternative, shown in Figure 4.15, circles can be drawn by using a rope.
This method is similar to the second alternative of the first pattern. However, in this
case, the geodesic distances between the points on the circle and its center because of
the concavity of the surface. Therefore, the resulting shape is not a perfect circle.
This application could be used for this pattern since the main part of the geometry is

located on the flat area of the surface and the curved area is relatively small. As a

result, the distortion of the geometry is hard to recognize at this scale.

Figure 4.15 : (Left) Photographs show the drawing process using rope. (Far right)
Drawing illustrates the stretched rope and the geodesic distance between
the shape and the center.

The last example of this case study is a pattern on a hemisphere-shaped stone surface
from the entrance of the late 13™ century Buruciye Madrasah in Sivas. Figure 4.16

shows the image and the drawing of the pattern.

Figure 4.16 : Photograph (Left) and drawing (Right) of the pattern in Sivas.

The surface geometry of the pattern is not developable and therefore the folded and
unfolded states are not identical. Figure 4.17 shows the unfolded state of the circular

base and the pattern constructed from it. The circles are not in contact in the unfolded
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state as they are when folded on the hemispherical surface. Therefore the geometry

can only be constructed on the stone surface with the circular grid method.

The pattern is comprised of interlocking geometric shapes of various sizes. The
illustration of the unfolded state in Figure 4.17 reveals the layout of the geometric
shapes on the pattern. At the center, there is one central pentagon that is divided into
five rhombuses, five triangles, and a pentagon. The triangles and a pentagon
constitute a star. These five triangles may also be perceived as five trapezoids
because their lines are thickened up. Then there are ten other pentagons of the same
size around the central polygon. Then, there is a single decagon that goes through the
centers of these pentagons. Finally, towards the outer rims, there are ten additional

smaller pentagons around the decagon that are interlocked with the bigger pentagons.

Figure 4.17 : The circular base and the polygons for constructing the pattern.

Moreover, the circular base includes circles of three different sizes. The diameter of
the smallest circle is equal to the radius of the intermediate circle and the diameter of
the intermediate circle is equal to the radius of the largest circle. Figure 4.18 shows
the application of the circular base on the surface with the rope-compass method.
The process of application starts with drawing two concentric circles with varying
radii at the top of the hemisphere. The smaller one of these, with a diameter "2 the
radius of the hemisphere, is for inscribing the pentagon and the bigger one is for the
decagon. Then another circle that has the same radius equal to the small one is drawn
around one random point on the big circle. The process continues with drawing nine
more circles in a way that each time the next circle intersects at the center of the
latest drawn circle. Finally, the smallest circles on the grid can be drawn around the
intersection points of the ten existing circles around the center. In this way,
differently sized polygons can be adjusted on a spherical surface using simple tools.
The same method can also be applied by using a regular compass instead of rope-

compass in this particular case of the hemispherical surface.
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Figure 4.18 : Each circle is drawn on the hemisphere using a rope or a compass.

Overall, this case study examined the first generative aspect of placing the pattern on
different surface geometries, which is the formal relation between the tools, actions
and surface geometries. The results indicate that the formal algebras in which a tool
can be computed can vary depending on the dimensional possibilities and limitations
of the action that is done with a particular tool. Moreover, the relation between the
surface geometry and the formal algebra of the tool has an impact on the variations

of the pattern design.

Furthermore, there are examples of existing Seljuk geometric patterns, on which
patterns appear to be transformed due to placing them on uneven or arched surface
geometries. For example, the differentiation of tiles on the arch at the courtyard of
Mahperi Huand Hatun Complex in Kayseri can be examined as transformations.
Figure 4.19 shows the location and the images of two different tiles on the arched
ornament, together with the rule of the pattern transformation as a placement rule.
The rule shows that the square shaped carved area is identical in two cases, yet the
outer boundaries are different-shaped. The reason for this differentiation might be
that the patterns were fit accurately inside the boundaries of the stone tiles they are
applied on. Therefore, the patterns appear to be carved in situ after the arch was built.
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Figure 4.19 : Deformation of the geometry placed on different tiles of the arch and
its placement rule formalization.
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Placing a pattern on a surface is a comprised of multiple sequential stages. The
possible processes for generating pattern B1 and B2 have been formalized as a series
of computations (Figure 4.20). The first row shows the computation of the pattern B1
on the square-shaped tile, whereas the second row shows the computation of the
pattern B2 on an acute angled archstone at the top of the arch. Both processes start
with drawing one of the circles from the grid of nine circles with an eight-fold
rotational symmetry. The layout is comprised of three circles in each row and in each
column. The stone tile on which the pattern B1 was placed has a fixed width.
Therefore, the first circle can be placed at the center of the tile and the other eight
identical circles would fit inside a square. A horizontal line can be drawn from the
midpoints of opposed edges. The first circle can be applied by using a simple
compass. The radius of the circle needs to be one-quarter of the horizontal line.
However, the placement of pattern B2 needs to start from drawing one of the circles
from the bottom row of the grid, where the stone tile has the minimum width. The
other eight identical circles of the grid and the geometric shapes can then be applied
to the tile. As a result, the pattern B2 will be smaller than the tile that it is placed on.
Therefore, at the final stage, some of the geometric shapes of the pattern can be
merged with the boundaries of the tile by the craftsmen and some parts can be erased
for generating the layout geometry on the tile. This example shows that the shape

formations vary according to the surface geometry of the pattern.

Figure 4.20 : Sequential stages of placing the pattern on a square-shaped and an
acute angled archstone.

Another example for the transformation of geometric shapes by placing on a specific
surface has been found at the portal of the hospital in Amasya. A part of a complex
geometric pattern was placed on a hemispherical surface. The difference of this
pattern from the pattern on the hemispherical surface in Sivas is that in this case, the

pattern continues and expands between the flat area and the hemispherical surface.
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Therefore, the intermediary geometries were transformed by stretching them towards
the reference points of the pattern on the flat area. Figure 4.21 shows the images and
the drawing of the pattern, together with the illustration of possible three stages of
the placement computation. Firstly, the spherical base is constructed. Secondly, the
pattern layout has been applied on the surface. Finally, the corners of quadrangular
shapes on the flat area have been moved to the corners of the quadrangular shapes on
the hemispherical area.

The last two pattern examples show that different geometric patterns can be
generated by placing the patterns on curved or arched surfaces. Therefore, the
placement process can be integrated within the design ideation process of a
computational geometric pattern design considering the features of the surface

geometry such as curvature value, dimension, and boundary shape.

Figure 4.21 : Transformation of a 2D pattern by extending towards a 3D pattern
placed on a hemisphere.

4.2 Defining Parts

The second part of the making process examined in this study is the definition of the
parts of the patterns to apply the carving action. This intermediary process is a visual
activity. As in the shape computation (Stiny, 2006), infinite parts can be defined on a
pattern depending on how it is seen. The shapes that are seen on the layout
geometries fuse and the definition of the parts do not need to be related with which

particular shapes were considered to geometrically construct the whole layout. For
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example, two pattern examples in Figure 4.22 represent this differentiation. The
pattern above is comprised of multiple lines within a four-fold rotational symmetry,
that can be generated from subtracting some parts of the square shapes. The
definition Rule 1 indicates that vertically repeating planes were defined to be carved
by their boundaries on this particular pattern. The carving Rule 1 formalizes the
carving of the planes and how the boundaries change vertically and horizontally after
carving. Additionally, the definition Rule 2 indicates the definition of other planar
parts that are then carved with the carving Rule 2.

Repeating geometric shapes on a pattern may form unintended geometric shapes as
they fuse together. For instance, the definition Rule 3 in Figure 4.22 represents the
definition of rhomboid shapes from a pattern that may have been constructed by
extending octagon shapes. The rhomboid shapes were embedded in the pattern.
Therefore, the definition of the parts has an impact on the resulting stone carved

geometric pattern.

The layout geometries of the example patterns examined in this study are planar
entities. Therefore, parts of them can be defined as points, lines or planes. A plane
can be defined by its boundary, which is a line. The definition is related to the
carving process as well. For example, if a point is defined, then the carving action
will be drilling. If the toolpath is defined as a line, then the action will be engraving
or cutting. If the toolpath is defined as a plane, then the toolpath will comprise

multiple lines that cover that plane. Hence, by defining different parts to apply

different actions variable patterns can be generated from a single initial layout shape.

4.3 Carving

In this study, the carving process has been analyzed in terms of carving distance,
carving depth, tool shape and tool diameter. This section examines variable pattern

generations by changing each parameter particularly.

4.3.1 Distance

The chisel can be located at the sides of a construction line with a particular distance.
As a result, the boundaries of the carved geometry will differ from the initial layout
geometry depending on the distance between the chisel and the construction line.

When formalizing the process as a series of computations, the central axis of the
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construction line can be labeled with x-marks for differentiating various distance

values, as shown in Figure 4.23.

Two pattern examples in Figure 4.23 show that the distance parameter can be also
used to articulate surface forms and textures. For example, the pattern above appears
to be carved on both sides with the same distance. As a result, cylindrical parts are
generated along the construction lines on the stone surface. Similarly, the pattern
below exemplifies the case of articulating a surface by engraving lines. In this case,
the construction lines are transformed into a cluster of three engraved linear paths.
Together, these examples highlight that different distance values can be used for

generating various patterns.

IR

Figure 4.22 : Two examples of pattern variations by defining the parts and applying
the carving rules accordingly.
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Figure 4.23 : Two examples of pattern generations by using particular carving
distances.
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4.3.2 Depth

The depth value of a carving process indicates how deep the chisel will be struck
inside the stone blocks. The value can be defined with fixed length or a vertical
section line. Some of the existing stone carved patterns have curved profiles, that can
be carved by defining a particular curve as the depth value of the surface. For
example, the pattern on the left of the first row in Figure 4.24 has been articulated by
using varying depth values on particular parts. For example, The hexagon shaped
planar parts of the design layout have been carved deeper on the edges, as shown in
carving rule 1. As a result, the hexagon-shaped parts of the design layout are
separated from their neighboring parts at the surface area and therefore highlight the
geometric design by creating shadow effects at their boundaries. Moreover, the
example pattern on the right and the other possible carving rules on the second row

represent different carving rules to generate various stone carved geometric patterns.

4.3.3 Tool Shape

As mentioned at the beginning of this chapter, differently shaped chisels are can be
used during the carving process. Thus, various patterns can be generated by
engraving through a construction line with different chisels. Figure 4.25 shows two
pattern examples that can be generated by using particular chisels. The pattern on the
left can be generated by engraving the construction lines with a sharp-pointed tool,
whereas the pattern on the right can be generated with a ball end cutter. Besides
smooth shaping, these tools outline particular boundaries on the surface around them.
Therefore various geometric patterns can be generated by using different shaped

tools on a single initial layout geometry.

4.3.4 Tool Diameter

Similar to the tool shape, tool diameter is another parameter that can be used to
generate various geometric patterns in the carving process. The tool diameter
specifies the width of the carved area on each point on te surface that the cutting tool
was stroke onto. Since geometric patterns are comprised of multiple construction
lines, various geometric compositions can be generated by using tools with different
diameters on them as the boundaries of carved areas will change on the pattern.
Figure 4.26 shows three pattern generations by using three different carving rules.

The patterns in the first two rows are generated by engraving the lines with two
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different tool diameters. The impact of the tool diameter is related to the dimensions
of the layout geometry. In this case, different geometric compositions are generated
from the same initial layout geometry. In the first pattern, the resulting boundaries of
the uncarved areas are connected as one large geometric shape. However, in the
second pattern, the resulting boundaries of the uncarved areas are multiple separated

geometric shapes.
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Figure 4.24 : Two examples of pattern generations by different surface curvatures
for defining the carving depth (above) and four alternative depth
definitions for generating various patterns (below).
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Figure 4.25 : Two examples of pattern generations by using tools with different
shapes.
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Lastly, the third pattern in Figure 4.26 demonstrates the impact of carving out planar
parts of the material surface with a particular tool diameter. The tool can not engage
in the parts that are smaller than its diameter. As a result, the corners inside the
boundaries of the carved parts are rounded with the same radius as the carving tool.
Consequently, the carved areas are separated from each other on the resulting
pattern. Together, these examples show that various geometric patterns can be
generated depending on the formal relations between the tool diameter, the
dimensions of the geometric shapes on the initial layout and the definition of the

parts to be carved as lines or planes.

Figure 4.26 : Three examples of pattern generations by using flat-shaped tools with
different diameters.
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5. APPLICATION OF MAKING RULES IN DIGITAL FABRICATION

Making grammars provide a generative system for analyzing and generating material
productions using making rules. In this chapter, experiments on applying making
rules with digital fabrication tools for generating new pattern designs will be
presented. The case study focuses on generating new patterns by computing the
making of a 3-axis CNC milling process since it is a subtractive production method
like stone carving. Although the milling toolpaths differ from a stonemason’s hand
movements, the resulting material shapes are formed by similar making parameters
such as tool shape, tool diameter, depth, distance, part definition and surface

geometry.

The computation of the making of a 3-axis CNC milling process is controlled by
scripts applied by the mechanical system of the machine. The toolpath is defined by
the machine language named G-Code. The code consists of alphanumeric characters
that define coordinates and particular motions. There are also Computer Aided
Manufacturing (CAM) softwares special for each CAM tools that provide simple and
quick toolpath generation. These softwares enable users to choose or define the
making parameters in visual interfaces based on the digital model of the desired
material shapes. Digital models provide reference points for the toolpath coordinates.
Yet, the resulting shape of the milling process is computed as a result of a process.
Therefore, various material shapes can be obtained from a single digital model by

using different milling parameters.

A basic toolpath generation process on a CAM interface usually starts with choosing
a digitally modeled geometry. Then, the user decides which machining operation to
apply. There are multiple preset operation options such as engraving, pocketing,
facing, profiling, horizontal roughing, horizontal finishing, parallel finishing, hole
drilling etc. Each operation can be used for different purposes depending on the
desired geometry. Moreover, each operation requires particular part definitions. The
parts can be defined as points, lines, planes or three-dimensional surfaces on digital

models. For instance, in an engraving operation, the tool follows linear or curvilinear
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paths. Therefore the parts are defined as lines or curves. Figure 5.1 shows the 3-axis
CNC Milling machine used throughout this study and a sample engraving process on
a circle-shaped path. Some operations such as pocketing require a part definition in
form of planar closed shapes like a boundary of a plane shape, so that the inside of
the boundary will be defined as a pocket. Some other operations such as parallel
finishing require a part definition in form of surfaces. These surfaces can be two- or
three-dimensional and the tool will flow along the surfaces by following linear paths

that scan the surfaces.

Figure 5.1 : (Left) The 3-axis CNC milling machine used in this study; (Right)
Engraving through a circular path with a v-shaped milling tool.

If the parts are defined by points, lines or curves on the digital model, the depth
parameter is to be defined by the user. Therefore, different depth values can be used
on a single initial geometry that consists of points, lines and/or curves. By defining

different depth values to different parts, various parameters can be generated.

If the parts are defined through surfaces on the digital model, the depth value is
defined as the coordinates of the surface geometry. Additionally, the direction and of
the flow of the tool on the material surface can be defined as a pattern. Some preset
carving pattern options include linear, zig-zag and spiral patterns. Many other
options can be custom scripted in the G-code. Moreover, the distance between the
paths on a toolpath pattern can be defined as the step distance (stepover) of the tool.
The stepover is usually defined as very small distances in order to get smooth
surfaces without any material left in the carved areas. However, the stepover
parameter can be changed according to what kind of a surface the user wants to

articulate on the material. For example, stepover values that are larger than the tool
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diameter will result in various kind of scalloping surface textures depending on the

stepover value and the motion pattern of the toolpath.

Lastly, the tool parameters such as shape, diameter, length, cutting length, holder
length, and holder diameter need to be defined in order to finalize and generate the
toolpath as a G-code. If the parts are defined by points, the tool shape and diameter
will determine the shape and the radius of the holes on the surface. If the parts are
defined by lines or curves, the tool shape and the tool diameter will determine the
shape and the width of the carved volume on the surface. If the parts are defined
through surfaces, the tool shape and diameter will determine again the shape of the
surface. The tool will carve only the parts that it can reach. For example, if some
parts of the surfaces, such as corners and concavities, are smaller than the tool
diameter; those parts can not be carved with that particular tool. As a result, the
resulting material shape will differ from the initial surface geometry in the digital

model.

After the toolpath is generated, the milling processes can be simulated. The
simulations enable users to get a basic idea about the resulting shapes prior to the
production. In this way, users can experiment with different parameters for form-
finding purposes without actually milling each experiment. Today’s technology
allows the users to obtain simulations that show fine details very quickly. However,
the toolpath computations and their simulations are not usually materially informed.
Therefore, the results may differentiate at the end of the milling process according to
different material behaviors. Various materials such as different kinds of wood,
metal, styrofoam, plexiglass etc. can be carved by the same machining operations.
Yet, users need to consider material behaviors when choosing some milling
parameters such as feed and spindle speed, and all other parameters mentioned

before that effect how the material is formed.

In view of all that has been mentioned so far, one can generate and produce various
geometric patterns by generating different milling toolpaths from the digital model of
a single pattern and these toolpaths are generated by using different milling
parameters. By all means, there are many other parameters controlled in the milling
processes that have an impact on the formation of the resulting shapes. A full
discussion of generative aspects of the making of CNC Milling lies beyond the scope

of this study. The case study is focused on the parameters that were analyzed in the
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making of carved geometric patterns in the previous chapter. These common
parameters are depth, distance, tool shape, tool diameter, together with the definition

of the parts and the surface geometry.

The study is comprised of two parts. Firstly, experiments for making the two of the
existing patterns were conducted with the CNC milling machine in order to examine
the generation and application processes using the making rules of Seljuk geometric
patterns. The processes were formally represented in the form of making rules and
then applied using CNC milling tools. The second part explores a new methodology
to generate new patterns by using shape rules and making rules of Seljuk geometric

patterns carved into stone by using a single initial shape.

5.1 Experiments on Using Making Rules for Generating and Producing Patterns

The first experiments were focused on the carving parameters, which are tool shape,
tool diameter, depth, and distance. The initial shape is chosen as the layout geometry
of Pattern I and II from the previous chapters in order to examine the application of

different existing patterns from the same initial layout geometry.

The application of Pattern I was divided into three phases (Figure 5.2). Firstly, an
engraving operation was applied along the initial lines with a particular distance and
depth. Thus, the intermediate level on the existing level was generated. The resulting
shape defined the boundaries of the next carving applications are generated.
Therefore, this sequence was considered a possible scenario for original generation
of this existing pattern. Secondly, inside of the newly generated boundaries were
carved with a depth, that is twice the depth of the first phase. Lastly, the highest level
of the rest of the parts of the existing pattern has been carved to generate the curved
surfaces. All three phases were applied with the same flat-shaped milling tool with a
diameter of 2 mm. The roughing of the second phase could have been applied with a
wider tool in order to speed up the process, but the finishing of the formation process
should be done with the smallest tool possible in order to get the corners of the
carved areas as sharp as possible. However, the experiment was conducted on a small
scale, so the use of the small milling tool for the roughing part did not cause a major

delay.
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The material that the pattern is applied on is an MDF (Medium-density fibreboard) is
a type of an engineered and homogenized material made out of wood fibers. The
stepover value was set at the %30 of the tool diameter in order to get a quick result.
The traces of the toolpaths could be seen during the process and the on the end
product (Figure 5.3). The texture can be removed with sandpaper in order to get a
smooth surface as it is on the example existing pattern. The application can be further

examined and developed using ball-shaped or other types of milling tools.
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Figure 5.2 : Three sequential making rules of Pattern I and the simulated results of
the CNC milling toolpath computation based on the rules.
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Figure 5.3 : (First row) Images of the three-phased production of Pattern I; (Second
row) Images of the resulting pattern.

The application of Pattern II was divided into two phases (Figure 5.4). Firstly, an
engraving operation was done around the lines of the initial pattern. In this case, a V-
shaped milling tool was used in order to get the carved geometry on the example
pattern. In this case, tool diameter changes according to the carving depth. The
milling tool with an angle of 60° was chosen considering these both dimensions.
Secondly, the curved areas on the surface were generated by using a flat-shaped
milling tool. Images of this application, the V-shaped tool and the resulting pattern

can be seen in Figure 5.5.

Similar to the first application, the processes were started with the engraving of lines
in order to generate the boundaries to be defined as parts at the next phases. This
sequencing can also be meaningful for the hands-on carving applications of these
patterns. In this way, the resulting geometries can be generated by material
transformations as a paperless process. The carving tools are kind of drawing tools
that generate three-dimensional forms manually and also digitally on the simulations.
In this way, the perception of the becoming forms can be part of the generative

processes of the pattern designs.

The last example is an experiment on pattern generation derived from the tool shape
parameter. This particular experiment is not an application of an existing pattern. An

engraving operation was applied on the typical circular grid in Seljuk geometric
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patterns with six-fold rotational symmetry. The use of a V-shaped tool for engraving
the intersecting shapes on the pattern resulted in a pattern with various shapes. The
images from the application process, the resulting pattern, the making rule and the
representation of the overall computation can be seen in Figure 5.6. As a result of the
making process, the initial linear geometry has transformed into three different
closed shape boundaries on the highest level of the product. The result of this
experiment shows that various shapes can emerge as a result of the making

computation even with a single basic making rule.

Figure 5.4 : Two sequential making rules of Pattern II and the simulated results of
the CNC milling toolpath computation based on the rules.

Figure 5.5 : (First row) Images of the two-phased production of Pattern II; (Second
row) Images of the v-shaped milling tool and the resulting pattern.

89



=\
A%

< <

Figure 5.6 : (First row) Images of the one-phased CNC milling production and
the resulting pattern; (Second row) The making rule and
computation of the process.

5.2 Experiments on Integrating Shape Rules and Making Rules for Generating

and Producing Patterns

Experiments conducted in this section aims at integrating the shape rules and making
rules in digital fabrication. Two different pattern layouts from the Seljuk-era were
used as initial shapes in two different one-day workshops?. The participants used
different milling tools for carving the wood panels. The simulations provided the

participants an insight of the formation of the models and the resulting forms.

The participants of the first workshop were twelve undergraduate and graduate
students from different design disciplines such as urban design, industrial design, and
architecture. They were provided with the necessary background information on
Seljuk geometric patterns and then they were introduced to the basics of generating
toolpaths for the CNC milling production. The participants were divided into four

groups. All groups were provided with the same initial geometry.

At the first phase, the participants transformed the initial geometry by using shape
rules. They were expected to use maximum two shape rules. The shape

transformation options were addition and subtraction of some parts on the initial

2 The first workshop was titled “Seeing and Making Geometry”. More information about the
workshop can be obtained on its website: https://makinggeometry.blogspot.com.tr/ . The second
workshop was titled “How do we compute design making?” More information about the workshop
can be obtained in its website: https://cdmworkshops.wordpress.com/.
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shape without changing the rotational symmetry of the pattern. The first two groups
used only addition rules, whereas the last two groups used both addition and
subtraction rules. As a result, four different patterns were generated from the same

initial pattern.
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Figure 5.7 : Transformations from the same initial pattern into four different patterns
using shape rules.

In the second phase, participants were expected to generate toolpaths by using the
making rules to generate and produce the patterns. They were provided with the
information of the available milling tools and the base material. The participants then
developed patterns by experimenting with different tools, milling operations, and
part definitions. The simulations enabled the participants to gain insight about the

result of the toolpaths they generated.

After the workshop, the resulting patterns and their generation processes in the were
analyzed as a series of making rules. Figure 6.8 shows the analysis of the first two
outcomes. Each row describes one phase of each process in terms of part definitions
from the initial shapes, making rules, resulting boundaries of the material shape,

simulation results and physical models.
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The first pattern was generated as a result of two phases. In the first phase, the linear
paths are defined and engraved with a flat-shaped milling tool. The tool diameter was
equal to 10 mm and the depth was equal to 6 mm. As a result, triangular islands
emerged on the material surface. In the second phase, the parts are defined again as
lines and engraved with a flat-shaped milling tool. However, in this instance, the tool
diameter was smaller and equal to 2 mm, and the carving depth was equal to 3 mm.
Consequently, the second operation carved through the triangular island tops on the
material surface and generated trapezoid shaped boundaries on the highest level of
the surface. In both phases, a single making rule was applied to all lines on the
defined parts and as a result, the geometric layout of the pattern is transformed by the

making process.

The second pattern was generated as a result of three phases. In the first phase, the
toolpath was defined as linear parts. The linear paths were engraved with a flat-
shaped milling tool. The carving depth was equal to 2 mm and the tool diameter was
equal to 10 mm. The result was similar to the first phase of the first pattern, but in
this instance, the depth is smaller. As a result, triangular island tops resulted on the
material surface. In the second and third phases, different trapezoid-shaped parts
were defined as planes and carved by a flat-shaped milling tool with different depths
at each phase. The resulting pattern consisted of four levels and the geometric layout

of its initial shape was transformed by the making rules.

The analysis of the third and fourth patterns was presented in Figure 6.9. In these
cases, the second columns in each row show the placement of the defined planar
parts on particular surface geometries. Since the 3-axis milling machine is able to
subtract the reachable parts of the top of these planes, the transformations of the
carved material shapes are related to the different surface geometries and tool

choices.

The third pattern was generated as a result of three phases. In each phase, the parts
were placed on surfaces with particular slopes. Different patterns were generated
sequentially at the end of each phase. The computations of these pattern generations
are related with many parameters such as surface geometry, tool shape and tool
diameter, and the resulting form of the previous phase. Therefore, the pattern
generation was hardly predictable for the participants. The simulations helped the

participants to gain insights about the emerging material shapes.
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Figure 5.8 : (First two rows) Generation process of the first pattern; (Last three
Figure 5.9 : (First three rows) Generation process of the third pattern; (Last row)



The fourth pattern was generated as a result of a single phase. The planar parts were
defined and placed on a digitally modeled surface geometry. In this instance, the
surface geometry included sharp angled concavities at the lowest level. The smallest
tool diameter that could be used for the 3-axis machine is equal to 2 mm. Therefore,
the tool could not reach to the corners of the concave parts. As a result, circle-shaped
flat areas with a diameter of 2 mm were generated instead of sharply angled
concavities on the surface. This instance highlights the difference between digital

and physical generations of a pattern design.

Figure 5.10 shows the making rules of the third and fourth patterns. The first rule
indicates the scalloping texture that the participants in the third group generated in
one of their experiments. The simulation of the resulting patterns can be seen in the
same figure. The pattern on the left was generated by using the tool with a diameter
of 2 mm and the pattern on the right was generated by using the tool with a diameter
of 5 mm. As a result, the surface textures are different. Moreover, the second making
rule indicates the differentiation of the resulting vertical section by carving of sharp

angled concavities with a flat-shaped tool.

In the second workshop, a different geometric pattern was used as the initial shape.
The participants were introduced to the six transformation rules that are also
presented in the third chapter of this thesis study. The aim was to enhance the
integration of the use of shape rules and making rules by enabling the participants to
gain control of the both processes. For example in the first phase, the participants
were expected to transform the patterns by formalizing the generation process at the
same time. Figure 5.11 shows the shape rules of one example student work and the

shape computation process that were done with these rules.

Similar to the first workshop, participants were asked to generate and produce
material shapes based on the final result of the shape transformations done in the first
phase. Figure 5.12 shows the generation process of the example pattern in five
phases. At each phase, different making rules were applied to different parts defined
as lines or planes. The making rules differentiate from each other in terms of tool
shape and carving depth. The first three phases were applied with a flat-shaped tool
and the last two phases were applied with a V-shaped tool. At the end of the five
phases various material shapes emerged at the intersection points of the initial

geometry (Figure 6.13).
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The methodology, as illustrated in the results of the two workshops on existing
patterns, unifies the components of making and design, and expands the design space
of any pattern with the factors of production. The results suggest that using making
rules enable designers to reason about the complex process of making and its
emergent results. For example, the use of various depths and surface geometries
diversifies the emergent surface forms by generating various lateral faces on the
material shapes. The method can be considered as both a form-making and a form-

finding study informed by the generative aspects of the making.

Moreover, it is also worth noting that, integrating shape rules and making rules
enhance the generative process of making by expanding the variations in the design
space. The main limitation of the method was the one time only use of shape rules
and making rules. Yet, the design generation and ideation can be further developed
by integrating the feedbacks from the making process by returning back to the shape

transformations again in future studies.
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Figure 5.10 : (Left) The making rules of third and fourth patterns (Right) The
generation of two different surface textures by using different milling tools.
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Figure 5.11 : The shape transformations of the example pattern.
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Figure 5.12 : Generation of the pattern as a result of the milling process.
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Figure 5.13 : Images of the resulting material shape and the detailed images showing the various carved forms where different parts intersect on
the initial shape.
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6. CONCLUSION

This study investigated how the design generation and the making of stone carved
Seljuk geometric patterns correlate. A selection of patterns from the Seljuk-era has
been analyzed in terms of transformations that generate the final patterns. The
significance of this study lies in the analysis of patterns as material things rather than
pure geometries. The issue of analyzing the progressive generation process of the
carved patterns on finished artifacts has been addressed. Firstly, a method for
reasoning in the layout generation of patterns has been developed based on the
integration of the knowledge of making and visual computation. The underlying
geometric compositions, i.e. the initial shapes of the making of the patterns have
been examined by illustrating the generation processes as a series of shape
computations starting from the circle grids. The distinction of the method lies in the
consideration of possible application and transformation scenarios that may generate
the final patterns. The method uses circular grids that match with the symmetry
group of the patterns as the base point and therefore reveals the relationship between
the visible boundaries on the stone carved patterns and the possible initial structure.
These relations were then examined later as material transformations of the making
process. Secondly, the algebraic transformations of the compass-straightedge
construction of the geometric shapes from circular grids have been represented in the
form of shape rules. Seven different types of general transformation rules
(tessellation, addition, subtraction, translation, extrusion, rotation, curving) have
been highlighted. The results revealed that the ambiguity in the part relations of the
shapes and various algebraic transformations are related to the emergence of these
rich geometric compositions. Thus, this research presented a circular grid-based
method for analyzing the Seljuk geometric patterns and by doing so, allowed the
integration of many other possible variations in the design ideation of these patterns.
This approach has the potential to contribute to the development of a comprehensive
shape grammar for Seljuk geometric patterns based on visual schemas. In that case, a

further study comprising many example patterns in other monuments from the
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Seljuk-era would be needed. This study can also be expanded by comprising the

patterns made with different materials such as brick, ceramic or wood.

Moreover, the analysis of the shape generation process revealed that patterns can
share the same design as the initial shape even when they appear differently.
Therefore, it has been showed that there are specific material transformations
involved in the design ideation of Seljuk geometric patterns. These findings led to
the idea of developing a making grammar approach to externalizing these
transformations and understanding the design generation process of the stonemasons
from the Seljuk-era. A rule-based computational making method for illustrating

possible scenarios of these applications were presented.

The formalization study of the making rules has led to the following conclusions.
Firstly, tool-based design generation and emergence have been introduced as new
concepts that emerged from the rule-based computational making method presented
in this study. The research on tool-based emergence can be further developed by
examining design generations emerged from various tool parameters with a
computational approach. This approach may bring new meanings to the concept of
digital craft as well. Secondly, abstracting the boundaries of the carved patterns as
horizontal and vertical sections can be useful for tracing the transformations of
carved geometries. The lines in the section drawings work as shapes in visual rules
and therefore represent the ambiguous and emergent nature of the material
transformations. Yet certainly, this formalization cannot be used for different
materials with different behaviors. Thirdly, the formalizations of geometrical
constructions on curved surfaces using different tools show that tools need to be
represented with specific formal algebras. The formal algebras of tools depend on the
particular action in which they are used as well. For example, wrapping paper on a
curved surface can be described with Uz3 algebra, whereas bending a folded paper
can be described with Us3 algebra and on the other hand wrapping a string on a
curved surface can be described with U3 algebra. Hence, algebraic formalizations of
different tools can be useful for specifying and categorizing making computations
and therefore reasoning about the relations such as the one between the surface
geometry and the making rules. The matrix of practical relations in the making of
geometric patterns can be further investigated and integrated into the making

computation. Furthermore, one of the main differences between computing with
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material things and shapes is that making computations may not be reversible. In
other words, materials do not fuse as shapes do. For instance, the transformations in
the case of stone carving are not reversible. Consequently, the order of the actions is
important. In this study, the cut order was indicated with numbers within the rules.
On the other hand, timestamp was not relevant in the computations analyzed in this
study since the actions do not happen simultaneously and stone is a stabilized matter.

Yet, the cut order signifies a time-based grammar as well.

The applications at the end of the study implicate that, making rules can be useful for
enhancing computational design processes and the use of digital fabrication tools
limited to automating form generation by means of diversity and integrity. The
significant contribution of this model lies in the integration of the knowledge of
making to the design ideation. In the case study, the main focus has been on the
cutting tool parameters such as tool diameter and tool shape, and the milling
parameters such as depth. The results suggest that integrating tool parameters of
digital fabrication tools in design ideation process can lead to tool-based emergence.
This integrity may bring new meanings to the CNC milling and other digital
fabrication aided design processes. Furthermore, the experiments of using shape
rules and making rules together showed that these two generative processes can
enhance each other in a mutual way. The outcomes of the experiments conducted in
two student workshops revealed that it would be useful to apply shape rules and
making rules in a more cyclical order. Then it would be possible to enhance the
geometrical compositions as initial shapes based on the results of the material
transformations. The reason is that making is such a complex process and the results
of its computations often cannot be predicted until the end of the experiments. The
simulations, such as the ones for simulating CNC milling codes, can assist designers
by enabling faster decision making. However, the simulations do not reflect all
material behaviors and moreover, the digital fabrication tools can bring unexpected
results since the digital fabrication machines are not yet capable of recognizing
failures such as misinformation and misplacement of the material. On the other hand,
combining shape rules with making rules in computational design, essentially
concurs well with Knight and Stiny’s (2015) argument that “design is a kind of

making”. In that context, the whole process can be regarded as making.
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The rule-based computational making presented in this study may bring new
meanings to the stone carved geometries from the Seljuk era by introducing the
impacts of the parameters such as tool shape, tool diameter, carving depth, carving
distance, boundary definition and surface geometries. This approach could be useful
for developing a more comprehensive making grammar for stone carved geometric
patterns. The literature can be expanded in numerous ways. For example, it would
be useful to investigate the making knowledge of stone carved patterns in the
geographically and chronologically adjacent cultures. Furthermore, one of the most
significant roles of the rule-based approach presented in this study is to reveal formal
relations between pattern layout geometry, surface geometry, rotational symmetry,
initial shape, location and its place in the cultural history. These findings enhance our
understanding of the design generation of stone carved Seljuk geometric patterns.
The study also suggests a possible contribution to the restoration applications of the
existing Seljuk geometric patterns. Integrating the knowledge of the making of the
patterns may prevent improper restoration applications based only on the analysis of
the final forms of the existing patterns. Although the current study is based on a
small sample of patterns, the open access database of this research is to be expanded
to serve as a base for future collaborations with historians and restorators. Therefore,
this thesis represents the initial stage of a more comprehensive study of the cultural
heritage of the craft based on the rule-based computational making approach. Future
studies should target different carving tools and methods including the ones for
making particular textures with various kinds of stones. Furthermore, the research on
the algebraic formalizations of the materials, tools and the actions and their relations

in the computational making of geometric patterns will be the next challenge.
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