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MODELING BRICK SURFACES IN HISTORIC BUILDINGS WITH
DESIGN COMPUTATION METHODS

SUMMARY

Studies in computational design have increasingly turned to architectural heritage in
recent years, and this interest has helped the advancement of both disciplines. This
thesis aims to contribute to the field by exploring examples of brickwork from
Medieval Anatolia and modeling the correlation between the material construction of
brick surfaces and the design geometry.

Medieval Anatolia saw a flourishing of brick-built structures with the effect of Iranian
bricklaying tradition, a testament to the skill and artistry of the craftsmen who built
them. However, the preservation and restoration of these historic buildings present
challenges. Traditional methods and techniques for building with bricks are
insufficiently documented or existing documentation is not shared in a common
platform. The lack of documentation combined with the difficulty of access to
information makes it challenging to restore architectural heritage elements accurately,
and the know-how gets lost through time.

This thesis proposes a method for bridging the knowledge from the disciplines of
architectural history and building technology by developing grammars that enable the
production of selected samples of brick elements in monumental architecture in
Anatolia. The design reasoning behind historical brick structures is externalized and
transferred to the digital environment. This approach intends to preserve and transfer
the construction techniques and materials used in these historic buildings while
utilizing contemporary tools and fabrication technology. We aim to use computational
design tools as a medium to assist architectural heritage studies by providing a
common ground for studies that understand the architectural design process as a whole
with making.

The first chapter of the thesis presents a discussion of the use of digital tools in heritage
studies for surveying and modeling purposes, heritage building information models
(HBIM), and the importance of preserving the know-how in heritage studies, relating
construction techniques and materials to the design process. We use shape and making
grammars as computational approaches for our formalization. Shape grammars are
developed to formalize the visual thinking and reasoning of design as well as
generative processes with shapes. Their extension, making grammars that formalize
the design and making process, are discussed with their applications. Making
grammars have the potential to contribute to heritage studies by providing a more
comprehensive understanding of historical buildings and structures by documenting
not just the geometry and form but also the know-how and intangible qualities of the
construction process. However, there is still a need for further research and
development to integrate these methods into the architectural heritage field and make
them more accessible and useful to historians and conservation specialists. In the
second chapter, the literature review addresses the importance of geometry in
architectural design in the early Islamic period, with a particular focus on Medieval
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Anatolia, and provides an overview of the use of digital tools to analyze, design, and
produce brick surfaces.

The first step of the method of the research involves modeling, analyzing, and
reconstructing selected cases of brickworks with complex geometric patterns, aesthetic
appeal, and different curvatures that are also used as decorations in addition to their
structural function (single-curved surfaces, domes, and corniches below minaret
balconies). The cases were chosen due to their unique characteristics and the
challenges they present in terms of analysis and documentation. The similarity in the
period, geographical region, function, and materialization of abstract geometric
patterns through the bricklaying is considered.

The analysis includes the examination of historical documents and archival sources,
as well as the physical analysis of brickwork samples from medieval buildings in
Anatolia. Through this multi-faceted approach, we combine information from various
sources to model the parts and wholes of the sample cases. The formal features of the
selected cases are analyzed using digital modeling tools to uncover the underlying
geometrical compositions.

The second step is the synthesis of the information, which will involve the definition
of parameters and the development of grammars that capture the know-how of
traditional design and construction techniques, formalizing information on the
tectonics of existing surfaces. A modular approach has been used that takes into
account the types of bricks used, their sizes, and the sequential and spatial stages
followed in the traditional construction of brick surfaces. The potential use of practical
geometry is discussed and demonstrated through the method. The research focuses on
the flexibility in the perceiving of parts and wholes and the analysis of patterns as a
result of constructional relations between three-dimensional units rather than two-
dimensional arrangements. The parts of these compositions are obtained through a
specific material application and bricklaying technique. The production parameters
can change the visual characteristics of the results without altering the overall order.
Different surface types are associated with each other through analysis based on the
geometrical layout and the units. The constructional logic and order of bricklaying
behind complex patterns on different surfaces are examined, as are the three-
dimensional qualities of brick mugarnas on corniches below minaret balconies. The
third step involves the definition of the least number of rules required for the recreation
of the analyzed surfaces. There are two types of bricklaying rules namely, the brick
rules and the pattern rules. Brick rules define the three-dimensional relation between
two adjacent bricks and the shapes and dimensions of the bricks through the use of
parameters. Pattern rules define the geometrical order of the emerging pattern due to
bricklaying.

The final step is the conversion of the bricklaying generated with the grammars into
robotic fabrication codes and fabrication using a 6-axis robotic arm, KUKA KRC2, to
lay bricks in a specific pattern. The KUKA PRC programming language is used in
Grasshopper in Rhinoceros to generate G-code commands and toolpaths for the robotic
arm. The process involves picking up individual bricks with specialized gripping
equipment, called an end-effector, and placing them in the desired layout. Robotic
fabrication can potentially complete tasks more quickly and accurately than human
workers. However, it also has several limitations, including restricted working space,
the selection of stand-in materials for the bricks, the age of the software and hardware,
and the differences between manual and robotic bricklaying processes. Despite these

XX



limitations, the research suggests that robotic fabrication can be part of the workflow
used to document and transfer knowledge about historical bricklaying techniques and
can be integrated with conservation and restoration efforts. Although the pick-and-
place application of a brick with a robotic arm mimics the movements of a craftsman,
the construction parameters are different from analog production methods. Through
the production trials, the importance of material properties, tools, and the actions of
the maker and their differences with robotic production are discussed.

We suggest that the proposed method can assist in the documentation of architectural
heritage and can be integrated with conservation and restoration efforts through the
use of heritage building information models (HBIM). Further studies include the
improvement of the grammar with more examples, the robotic fabrication process with
the use of different materials, and the implementation of different brick designs.

XXi






TARIHI YAPILARDA TUGLA YUZEYLERIN HESAPLAMALI TASARIM
YONTEMLERIYLE MODELLENMESI

OZET

Hesaplamali tasarim caligmalarinin son yillarda artan bir sekilde mimari mirasa
odaklanmas1 her iki disiplinde ilerlemeleri beraberinde getirmektedir. Bu ilerlemelere
katki sunmak amaciyla tez ¢alismasinda Ortagag Anadolu'sunda tugla duvar yapiminin
incelenerecek tugla ylizeylerin malzeme yapisi ile tasarim geometrisi arasindaki
iliskiyi modellenmesi i¢in bir yontem Onerilmistir.

Ortacag Anadolu'sunda, Iran’dan gelen zanaatkarlarin giplak tugla yiizeyler ile ilgili
bilgi ve becerilerinin etkisi ile anitsal mimaride tuglanin yalnizca yapisal degil siisleme
amagh kullaniminda da gelisme goriilmiistiir. Geometri bilgisi ile birlesen yapim
teknikleri kubbe, duvar, gegis elemanlari, tonoz, kemer, minare gibi gesitli mimari
elemanlarin tasarim ve tretiminde kullanilarak, ayni tiirde veya farkli tiirlerde
tuglalarin gesitli uzamsal iligkiler ile bir araya gelmesi sonucunda geometrik diizene
sahip bezemeler tiretilmistir.

Literatiir taramas1 bezemelerin geometrik diizenini ele alan bir¢ok ¢alisma olmasina
ragmen tugla ile insa etmeye yonelik geleneksel yontem ve tekniklerin belgelenmesi
konusunda eksiklikler oldugunu gostermistir. Bu durum tarihi binalarin korunmasi ve
restorasyonu konusunda zorluklara yol agmaktadir. Tugla yiizeylerin tasarim siirecinin
bu yuzeylerin yapimlarinda kullanilan malzeme ve tekniklerle ile bir arada ele alindigi
kisitli calisma oldugu, var olan mimari miras arastirmalarinin bir araya getirilmesi ve
yapima odaklanarak detaylandirilmasi gerektigi goriilmiistiir. Ayrica yapilarin rolove
cizimleri ve restorasyon ¢aligmalari ile edinilen bilgilerin toplandig1 ve paylasildig: bir
ortam bulunmamaktadir. Bilgiye erisimin zorluguyla birlesen belgeleme eksikligi bilgi
birikiminin zaman i¢inde kaybolmasina sebep olmaktadir. Bu nedenle, bigim bilgisine
ek olarak yapma bilgisini aktarmak, bilginin analizi, korunmasi ve uygulamasi i¢in
biitiinsel bir anlay1s gelistirmek icin onemlidir.

Bu tez, Anadolu'daki anitsal mimari yapilarda bulunan tugla yiizeyler arasindan
secilmis Orneklerin tasarim ve {iretimini saglayan gramerleri gelistirerek mimarlik
tarihi ve yap1 teknolojisi alanlarindaki engin bilgi birikimini bir araya getiren bir
yontem Onermektedir. Tarihi tugla yapilarin tasarim prensiplerini malzeme ile insa
teknikleri ile birlikte digsallagtirmayi, dijital ortama aktarmayi ve belgelemeyi
hedefleyen bu yaklasim, cagdas araclardan ve {retim teknolojisinden
yararlanmaktadir. Tez kapsaminda hesaplamali tasarim araglari mimari tasarim
stirecini yapim ile bir biitlin olarak anlayan ¢aligmalar icin ortak bir zemin saglayarak
mimari miras ¢alismalarina yardimci olacak bir ara¢ olarak kullanilmaktadir.

Tezin ilk bolim{, mimari miras arastirmalarinda 6lgme ve modelleme amach dijital
araclarin kullanimina ve tarihi yapi1 bilgi modellerine deginmektedir. Cagdas yontem
ve araglarin mimari miras arastirmalarinda yapima dair bilgi birikimini koruma ve
tasarimla iliskilendirme amaciyla kullanilma potansiyeli tartigiimaktadir. Arastirma
icin hesaplamali yontem olarak bi¢cim ve yapim gramerleri kullanilmistir. Bigim
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gramerleri tasarlama eylemini sekiller araciligi ile gorsel diisiinme ve akil yiirlitme
stireci olarak modelleyen uretken bir yontemdir. Bicim gramerlerinin tasarim ve yapim
slirecini bir biitiin olarak ele alan uzantisi olan yapim gramerleri sadece geometri ve
formu degil, aym1 zamanda yapim siirecine dair bilgileri ve soyut nitelikleri de
belgeleyerek, tarihi bina ve yapilarin daha kapsamli bir sekilde anlagilmasini saglama,
boylelikle mimari miras c¢alismalarina katki sunma potansiyeline sahiptir. Ancak,
yontemi mimari miras alanina entegre etmek ve tarihgiler ve koruma uzmanlari igin
daha erisilebilir ve kullanisli hale getirmek i¢in daha fazla arastirma ve gelistirmeye
ihtiya¢ duyulmaktadir. Ikinci boliimde, literatiir taramasi Ozellikle Ortagag
Anadolu'suna odaklanarak geometrinin 0 donem mimari tasarimindaki Onemine
deginmekte, tugla yiizeyleri analiz etmek, tasarlamak ve iiretmek i¢in dijital araglarin
kullanimina iliskin daha ayrintili bir genel bakis sunmaktadir.

Uciincti bolimde sunulan arastirma yonteminin ilk adimi, dénem, cografi konum,ve
fonksiyon olarak benzerlik gosteren yapilarda bulunan tugla yapi elemanlarinin
modellenmesini, analiz edilmesini ve dijital ortamda yeniden insa edilmesini igerir.
Ornekler, tugla orgii ve Oriintiisiine dair 6zgiin 6zellikleri ile analiz ve belgeleme
acisindan ortaya koyduklar1 zorluklar nedeniyle secilmistir. Orneklemi olusturan
elemanlar farkli renk ve sekillerdeki ¢iplak ve sirli tuglalarin ii¢ boyutlu iliskileri
sonucu ortaya ¢ikan soyut geometrik desenlere sahiptir. Yatay veya diisey-yatay 6rgu
ile inga edilmis farkli egriliklere sahip elemanlar secilerek yapim bilgisinin yiizeyler
arasinda aktarilabilirligi tartisilmigtir.

Yiizeylerin analizi amaciyla tarihi belgelerin ve arsiv kaynaklarinin incelenmesinin
yani sira Anadolu'daki Ortagag binalarinda saha caligsmasi yapilarak 6l¢iim yapilmis
ve fotogrametrik veriye dayali nokta bulutu ve mesh modelleri olusturularak fiziksel
analiz yapilmistir. Bu amagla tek egrili ylizey 6rnekleri olarak Harput Ulu Camisi
(1144-1167) ve Erzurum Tepsi Minareli Cami’nin (12. yy sonlar1) minare govdeleri
ile Amasya Gok Medrese (1266-1267) ve Malatya Ulu Camisi’nde (1224) bulunan
tonozlarin i¢ yiizlerini olusturan tugla orgiiler se¢ilmistir. Tek egrili yiizey ornekleri
mevcut literatlire ve yapt rolove c¢izimlerine dayanarak analiz edilmis ve
modellenmistir. Ince Minareli Medrese (1258-1265), Sahip Ata Hankahi (1269-1270)
ve Beysehir Esrefoglu Camisi (1297-1299) kubbelerinden olusan ikinci 6rneklem
grubunun analizi ve modellenmesi i¢in fotograflardan, mevcut literatiirden, yapi
rolove cizimlerinden ve fotogrametrik veriye dayali nokta bulutu modellerinden
faydalanilmistir. Son olarak minare serefesi 6rnekleri olan Aksehir Gilidiik Minareli
Cami (1227), Aksehir Ulu Camisi (1213), Afyon Ulu Cami (1272-1277), Konya Sahip
Ata Camisi (1277), ve Afyon Kuyulu Cami (yaklasik 1250-1300) fotogrametrik veriye
dayali mesh modellerden ve saha calismasindan elde edilen veriden faydalanilarak
incelenmistir. Bu ¢ok yonlii yaklagim sayesinde, 6rneklemde bulunan ylzeylerin parca
ve bitln iliskilerini modellemek i¢in ¢esitli kaynaklardan gelen bilgiler bir araya
getirilmistir. Secilen Orneklerin bigcimsel 6zellikleri, tasarimin temelini olusturan
geometrik kompozisyonlar1 ortaya c¢ikarmak i¢in dijital modelleme araglar
kullanilarak analiz edilmistir.

Ikinci adim, parametrelerin tanimlanmasini icerir. Parametreler, mevcut yiizeylerin
tektonigi hakkinda bilgiler derlenerek geleneksel tasarim ve ingaat yontemlerinin
teknik bilgisini belgeleyen gramerlerin gelistirilmesini saglayacak olan bilginin
sentezi icin ilk adimdir. Bu adimda kullanilan tugla tiirlerini, boyutlarini ve tugla
yuzeylerin geleneksel yontemler ile yapiminda izlenen sirali ve uzamsal asamalari
dikkate alan modiiler bir yaklasim kullanilmis ve yontem araciligiyla uygulamali
geometrinin potansiyel kullanimi tartigilmastir.
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Arastirma, g0zun farkli parca ve biitlinleri algilama esnekligini géz oniine alarak tek
tek tuglalarin yani sira ve tugla gruplariin olusturdugu geometrik oriintii desenlerinin
analizine iki boyutlu diizenlemelerden ziyade ii¢ boyutlu birimler arasindaki yapisal
iliskilerin bir sonucu olarak odaklanmaktadir. Hem Oriintiiniin bi¢imsel tasarimi, hem
de yapim asamasinda uygulanan orgii icin bir hesaplama ele almmustir. Oriint
birimleri tugla ve harcin belirli 6rme teknikleri ile bir araya gelmesi ile elde edilen
bigimler ile tanimlanmigtir. Ayn1 zamanda farkli yiizey turleri, geometrik dizen ve
birimler bazinda yapilan analizlerle birbiriyle iliskilendirilmistir. Boylece farkl
yiizeylerdeki karmasik desenlerin ardindaki tugla 6rgii ve orlintiisiiniin yapisal diizeni
ile minare serefelerinin altindaki kornislerdeki tugla mukarnaslarin ii¢ boyutlu
nitelikleri incelenmistir.

Ugiincii adimda parametreler  kullanilarak analiz edilen yiizeylerin yeniden
olusturulmasi igin gerekli olan en az sayida kural tanimlanmistir. Kurallar analiz
siirecine paralel sekilde drgii ve oriintii kurallar1 olarak ikiye ayrilir. Orgii kurallar:
tuglalarin uzamsal iliskisini gosterirken orlntl kurallari, 6rgli sonucunda ortaya ¢ikan
desenin geometrik diizenini tanimlar. Tanimlanan kural seti ile orgii ve Oriinti
birbiriyle iliskili olarak Uretilebilmektedir. Orgii kurallar1 ile birlikte &riintii
kurallarinin  uygulanmasi sonuclarda cesitlilik olasiligin1 artirmaktadir. Yapim
parametreleri, ylzeylerin genel diizeni degistirmeden sonucun gorsel ozelliklerini
degistirebilmektedir.

Son adim, gramerlerle olusturulan tugla Orgii Orneklerinin robotik fabrikasyon
kodlarina doniistiiriilmesi ve tuglalarin belirli bir diizende dizilmesi i¢in 6 eksenli
KUKA KRC2 robotik kol kullanilarak tiretim denemeleri yapilmasidir. Rhinoceros 3D
programi i¢inde Grasshopper eklentisi olan KUKA PRC programlama dili kullanilarak
robot kol i¢in G-kodu komutlar1 ve robotun izleyecegi yol olusturulmustur. Islem
kavrama ozellikli u¢ ekipmaniyla tek tek tuglalarin alinmasini ve istenen diizende
yerlestirilmesini igerir. Robotik fabrikasyon, potansiyel olarak yapilacak isi insan
is¢ilerden daha hizli ve dogru bir sekilde tamamlayabilir. Bununla birlikte, aragtirma
kapsaminda kisitli ¢alisma alani, tuglalar i¢in malzeme se¢imi, yazilim ve donanimin
eskiligi ve geleneksel ve robotik tugla 6rme siirecleri arasindaki farklar gibi cesitli
kisitlar vardir. Bu kisitlara ragmen tez c¢alismasi, robotik fabrikasyonun tarihi tugla
orgii teknikleri ve Oriintiileri hakkindaki bilgileri belgelemek ve aktarmak igin
kullanilan 1 akisinin bir pargasi olabilecegini ve koruma ve restorasyon ¢aligsmalariyla
entegre edilebilecegini gostermektedir. Robotun tuglayr almasi ve yerlestirmesi
ustanin hareketleri taklit etse de, yapim parametreleri analog liretim yontemlerinden
farklidir. Uretim denemeleri aracilig1 ile malzeme &zelliklerinin, araglarin ve Uretimi
yapan kisinin eylemleri ve bunun robot ile iiretim ile benzerlikleri ve farkliliklari
tartisilmistir.

Arastirma, Onerilen yontemin mimari mirasin belgelenmesine yardimc1 olabilecegini
ve tarihi yap1 bilgi modellerine (HBIM) aktarilan bilgilerin koruma ve restorasyon
caligmalart ile bitiinlestirilmesine katki koyulabilecegini varsaymaktadir. Gelecek
caligmalar, gramerlerin daha fazla 6rnegin incelenmesi ile iyilestirilmesini, farklh
malzemelerin kullanimui, iiretim siireci planlamasi ve daha fazla 6rnegin iiretilmesi ile
robotik iiretim siirecinin gelistirilmesini igermektedir.
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1. INTRODUCTION

Studies on architectural heritage preservation fundamentally depend on the
documentation of historical structures including any deterioration and interventions
over the years and to its materials. Conventional methods of architectural heritage
surveying typically involve the use of physical tools and techniques to create records
and representations of historical buildings and structures. Surveying involves the
systematic and detailed measurement of a building or site, including its physical
dimensions, materials, and construction techniques. This can include methods such as
text-based descriptions, measuring and drawing by hand, using photography and other
forms of visual documentation, and creating physical models or replicas. Measured
drawing involves using a ruler or other measuring device to create a detailed and

precise two-dimensional representation of a building or structure.

While traditional survey methods include measurements and detailed drawings on-site,
with digital developments, experts have access to tools such as total station
measurements, digital photogrammetry, and laser scanning that provide more accurate
and detailed results (Smars, 2008). The hybrid use of these tools allows fast and
detailed modeling of the architectural elements three-dimensionally. Digital design
tools allow for a level of precision and accuracy that would be difficult to achieve
using traditional methods. For example, 3D modeling software can capture the exact
dimensions and three-dimensional geometrical characteristics of a historical building,
which can be useful for preservation efforts. Building information models (BIM),
which cover a wide variety of components of architectural design knowledge, such as
building system, time, and cost, are recently developed to include built heritage as
Heritage Building Information Models (HBIM). The aim is to provide a ground for
interdisciplinary works on sustainable understanding and management of built
heritage. HBIM approaches still need to evolve and develop to respond to the needs of
architectural heritage studies (Ewart & Zuecco, 2018).

Architectural heritage reconstruction often makes use of parametric modeling. Such

applications are usually at the building scale and with regards to style. Examples



include the parametric reconstruction of Indian pavilions based on the descriptions
from the Mayamatam text (Garg and Das, 2013), the parametric rule set for ancient
Chinese buildings based on the Chinese design rule book named Yingzao Fashi and
the data collected from existing historical structures (Li et al., 2013), the parametric
models of the American Second Empire architecture (Kramer and Akleman, 2020),
and the regeneration of New Zealand's 19th-century timber churches based on
parametric definitions derived from architectural heritage studies (McLennan and
Brown, 2021). On the other hand, there is a need to incorporate the pre-production of
the material and construction information as a design component to provide a
comprehensive and sustainable understanding of the built heritage. Despite advances
in the documentation processes, contemporary approaches in architectural heritage
studies reveal the need to include other layers of information beyond geometry and
form that cannot be documented solely by drawing and modeling the existing situation.
Additional layers could include an expert's know-how, the tools, materials, and
intangible qualities such as semantic information combined with the existing survey
methods. The lack of analysis and documentation without including the parts and how
they are related physically and semantically leads to an incomplete understanding and
expression, possibly leading to poorly made restoration applications at the site.

The conservation processes can benefit from the inclusion of the skills and creative
knowledge in relation to the architectural heritage since, in traditional production
methods, design and making are integrated, with master builders being both the
designer and the maker (Kolarevic, 2005). The fabrication process was part of the
design generation through craftsmanship and materials, and the transfer of knowledge
of making to the practitioners in the field was tacit through making within the master-
apprentice relationship. The introduction of architectural representations made design
and making processes independent of each other, putting a distance between them. The
development of digital modeling and fabrication tools enabled users to engage in the
entire process simultaneously from drafting to production again. The separation
between design and making has disappeared, just as in artisanal times (Carpo, 2011).
With digital tools, end-users can model the process, and interfere during the
fabrication, only restrained by the software's capacity. However, the need to document
the know-how that developed and accumulated over the years and how to make use of

it still needs to be addressed. Contemporary interdisciplinary studies from the



computational design perspective still develop methods to learn from existing crafts,
externalize and incorporate the know-how to offer projections to novel designs.

Shape grammars is a method to formalize the visual thinking and reasoning of design
and generative processes in art and design (Stiny & Gips, 1972), which has been
intensively discussed in style studies. In shape rules, what we see is shapes whose parts
fuse in infinitely different ways, regardless of their pre-set definition, resulting in the
emergence of shapes to compute with and ambiguity (Stiny, 2006). The intention is
not to analyze the end product but to decipher the design process as a generative
system. In this respect, they provide the potential to examine historical buildings
comprehensively, yet the researches conducted with a focus on heritage are carried out
are not yet used by historians or conservation specialists. From a more technical point
of view, parametric shape rules as tools vital to understanding and exposing the three-
dimensional relations between units and the development of its generative system,
have been a research problem for the design of interpreters (Grasl and Economou,
2018; Yue et al., 2009).

An extension of shape grammars is making grammars that investigate the process of
design and production as a whole through acts of making and physical factors, which
are mostly reduced to visual representations as materials, tools, actions, and senses
with abstract shapes and their visual relationships (Knight & Stiny, 2015). It has
become a field of research that considers all aspects of the making process to integrate
formal rules between shapes, tools, and actions, formalizing materials and tools as stuff
and things; and actions as doing and sensing. Aspects that are complex to represent
visually, such as material interaction, time, and non-visual senses, are generally
represented with labels. Stiny and Gips (1972) laid out the foundation to include
material aspects to the shape grammars by including the mixing of different colored

paints.

Muslimin (2010) examines the traditional craft of interweaving with parametric shape
rules while considering material properties such as dimension, strength, and elasticity.
The research shows that the method is applicable to generate novel patterns and
analyze existing ones, with experiments of three different materials; brick, beam, and
plates. The outcomes provide insights into the potential of human-machine
collaboration in traditional crafts. MacLahlan and Jowers (2014) use weighted shapes

to formalize the material properties such as color, softness, and flexibility of multi-



material objects produced by 3D printing. The weight functions are defined with
algebras as vectors or numbers to compute complicated behaviors of combinations of
the materials. The research forms a basis for future explorations of additive
manufacturing and material behavior. Giirsoy and Ozkar (2015) formalize the making
of dukta patterns with the spatial displacement of the material. The drawing and cutting
of the material are abstracted using the shapes. Photographs are incorporated into
grammars to indicate materials, and the labels indicate orientation for physical material
manipulations. The research aims to externalize the design process by representing

material interactions through the acts of making.

Using shape rules, Harrison et al. (2015) formalized the motions and material
explorations of kinematic designs and the folding of paper models. Labels and weights
are used to formalize different actions. They explore the successful and unsuccessful
results to understand crucial relations and possibilities of variations. El-Zanfaly (2015)
redefines making as a process that includes a conversation between the maker, the
material, the tools, and the object in the making. The importance of learning through
doing is emphasized to create opportunities for improvisation and creation. Bidgoli
and Cardoso-Llach (2015) define a machine-specific motion grammar for robotic
stereotomy for hot wire cutting, slicing, and carving. They define two sets of rules for
motions of the tools for hot wire-cutting that show the sequential and composite
procedures and their effect on the physical manipulation of the material. Noel (2015)
defines the Bailey-Derek Grammar as the traditional craft of wire-bending in the
Trinidad Carnival using rules. Materials such as wire, aluminum rods and flats,
fiberglass rods and tape, PVC rods, and cable ties with the connection details are
formalized with symbols, shapes, colors, line thickness, texture, and text. The
application of rules is formalized on a different scale than the rules, which include the
connection details. Materials other than wires are not included in the visuals of the
overall structure. The significance of the study is the consultation process with the
experts and the observation of the transfer of know-how between them and other

practitioners and students.

Hamzaoglu and Ozkar (2018) analyze the relationship between design geometry and
its transformation during fabrication with the parameters of making in the stone-carved
ornament of the Anatolian Seljuk period with a 3-Axis CNC machine. Knight (2018)

integrates sensory aspects of making into traditional kolam pattern-making grammars.



Aspects such as gestures and actions of makers, time, and amount of material are
discussed with each other. On the other hand, the formalization shows the movement
and the resulting shapes instead of aspects. Krstic (2019) elaborates on the
formalization of the physical transformations emphasizing the importance of reflecting
the making process accurately. Kamath (2020) develops a making grammar to
formalize the hands-on making of thin-tile vaults. With a series of non-deterministic
rules, the whole process, from the material interactions to the laying of the tiles. The
tools and materials of making are formalized with symbols and hatches in the
identification rules. Material interaction rules are used to show the complex behavior
of materials when combined, and the building rules show the vault's construction. The
grammar is noteworthy for the formalization of the interaction of multiple materials in
various ways and the process of making independently from designing through
drawing. Even though researchers are focusing on traditional crafts or fabrication with
digital tools separately, except for the work of Hamzaoglu and Ozkar (2015), making
grammars are not considered at the intersection of cultural heritage and digital
fabrication. The potential of shape grammars to be used in heritage studies is enhanced
with making rules. The integration of the artisan’s know-how with all aspects of
making and the formal analysis offers an opportunity to fill the gaps in documentation

and examination of built heritage.

This thesis aims to make a methodological contribution to bring the vast knowledge
of architectural history and building technology together while developing the codes
that enable the production of selected samples of brick elements in the monumental
architecture in Anatolia. We externalize the relations between parts and wholes that
enable the making of said structure, which depends on the period and geography
specific historical design and construction knowledge. Transformation of the relations
into parametric digital fabrication codes with digital tools to carry out robotic
fabrication experiments will provide a method to preserve construction techniques

with contemporary information and fabrication technology.

The method of research consists of three steps. First is an analysis elucidating the
correlation of the material construction of brick surfaces with the design geometry in
the selected cases of single-curved surfaces, domes, and corniches below minaret
balconies with a computational approach, based on the survey drawings,

photogrammetry-based three-dimensional models, and existing literature. The



following synthesis involves the definition of the parameters and development of a
grammar of the know-how of design by associating surface types within themselves
and with each other. Considering the types of bricks and the relation between their
dimensions, we take a modular approach in modeling and in the definition of the
parameters regarding the sequential and spatial procedures that are followed in the
manual building of a brick panel. Each type of brick, the bricklaying, and the pattern
are interdependent. The final step is the conversion of the bricklaying generated with
the grammars to robotic fabrication codes. The production is carried out with a 6-axis
robotic arm and focuses on the corniches and the single curved brick surfaces with
brick rows horizontal to the ground since the production in the scope of this research
does not involve the use of adhesives, scaffold, or specially designed bricks. The
architectural element cases subject to the study are limited in terms of time, geography,
brick types, bricklaying, and curvilinearity. The accuracy of production and feasibility
of the proposed method is tested in this context. The three-dimensional modeling and
simulations are carried out in the Grasshopper environment in Rhinoceros 3D to
combine the visual making rules with the control of the robotic arm in a parametric
model. The integration of the geometric model with fabrication parameters is followed
by production and testing.

The formal features of the selected cases from a certain period and geography with
similarities in the materialization of abstract geometric patterns through the
bricklaying and difference in the curvilinearity are analyzed to expose the underlying
geometrical compositions. The parts of these compositions are obtained with a
particular material application and bricklaying. The parameters of production change
the visual characteristic of the end result without changing the overall order. Similar
patterns can be carved into stone or constructed with bricklaying. The thickness of the
curves defining the pattern, their interactions with each other, and last but not least,
the structural features of the surfaces depend on the process of making. In the case of
brick surfaces, this relation is reciprocal between the geometrical pattern and the unit
based on the material properties. The distances between the pattern units are strictly
restricted by the number of brick units, their dimensions, and the mortar spacings. On
the other hand, the placement and the orientation of brick units are based on the

geometrical design.



2. LITERATURE REVIEW

2.1 Architectural Heritage of Medieval Anatolia and Design Computing

The practice of architectural design in Medieval Anatolia is strongly related to artistry,
knowledge of geometry, and materials. The problems of the design and construction
of complex geometrical patterns are known to be solved through the communication
between mathematicians and master builders in the Islamic era (Ozdural, 2000). The
written sources of explanations of practical geometrical applications to craftsmen, such
as Abu al-Wafa' Buzjani's, confirms the connection (Sarhangi, 2008; Necipoglu,
1995). The geometric constructions of basic forms are explained with simple drawings
making them comprehensible and applicable for the artisans. The example drawing
from the writings of Abu al-Wafa’ Buzjani in Figure 2.1 shows the connection between
geometry and design by addressing the artisans on the division of squares with the use
of applied geometry which constitutes the basis of many complex construction
methods. The outcomes of this communication and the integration between design and
making over practical geometry are most observed in the geometrical ornamentations
of architectural surfaces, making them the subject of interest for many interdisciplinary

studies over the decades.
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Figure 2.1 : Drawings from the writings of Abu al-Wafa’ Buzjani, showing division
of a square (Buzjani, 10th century, Bibliotheque Nationale de France, MS
Persan 169, sec. 23, fols. 141v—179v).



Researchers have studied the use of geometric ornaments in Islamic art and
architecture for a variety of reasons, including to better understand the historical and
cultural significance of these ornaments, to explore the mathematical principles
underlying their design, and to investigate the ways in which they were created and

used.

The majority of the studies focus on deciphering the generation of geometric
compositions of the ornaments based on two-dimensional analysis. Various studies
explain the use of practical geometry with a compass and a straightedge to draw
interlaced circles that are the base of the girih patterns with the use of symmetry and
repetition (Hankin, 1925; Critchlow, 1976; Bakirer, 1981; Lee, 1987; Lu & Steinhardt,
2007; Al Ajlouni, 2012; 2017). Kaplan (2000; 2005; 2017) developed an algorithm of
two-dimensional star-shaped motifs and their patterns in three-dimensional
interlocking layers to create sculptural polyhedral forms. Cenani and Cagdas (2006)
and Ulu (2009) apply shape grammars to develop generative systems for the two-
dimensional geometric Islamic patterns. Colakoglu et al. (2008) use the geometrical
design of Islamic star patterns and their potential to be constructed parametrically with

computational design tools to utilize them for educational purposes.

The division of spheres geometrically and the analysis of curved surfaces including
domes also have been the subject of various research. Kaplan & Salesin (2004)
developed an algorithm to divide curved surfaces with star patterns and produce the
results with digital fabrication tools. Sarhangi (1999) examines the geometrical
division of Persian domes with a focus on the division of a circle on plans without
commentary on three-dimensional construction. Kasraei et al. (2015) relate drawing
Girih patterns on the surfaces of domes to the curvature of the surface, yet do not
indicate an insight into the on-site drawing and the construction process. Ozgan &
Ozkar (2020) investigate the construction of patterns on domes of Medieval Anatolia
using latitudes and longitudes, vertical segments, and spherical polyhedrons. They

dwell on the relationship between surface division methods and craftsmanship.

The two-dimensional geometrical layouts were also used to design and produce more
complex three-dimensional units and compositions. Mugarnas, which is an element
that has been of interest among scholars for decades, is an important outcome of

experiments with more complex units. It is a three-dimensional ornamental element



that provides a smooth transition between shapes that are different in size, form, and
position in Islamic architecture (Imani, 2017). Similar to other architectural elements
and ornaments, the studies on mugarnas take a two-dimensional approach and examine
the geometric layout of the plan. The traces on the stone surface points out that the
construction is based on the two-dimensional plan scheme drawing (Harb, 1978).
Visual representation is one of the methods used to understand mugarnas (Tabba,
1985; Ozdural, 1990) Cromwell (2009) uses subdivision to analyze the geometric
pattern, while Dold-Samplinous (1992) and Yaghan (2000;2003) evaluate the
geometric relations of cells. Harmsen (2006), Hensel (2008), and Gokmen et al.
(2022) use a graph-based approach. Even though mugarnas provides a ground to
evaluate the formation of the design three-dimensionally, there is a lack of focus on
constructing three-dimensional cells, raising the design from the plan. Additionally,
even though both stone and brick are used as a material for mugarnas, studies on the
effect of the material and production method used for the application of design on the

surface are limited.

There is limited research with a computational design approach focusing on the
patterns emerging from the bricklaying. Panahi (2012) reviews the geometric
background of the ornamental naked brick patterns with an emphasis on the effect of
mathematics and geometry in Islamic architecture. The review concludes that the
layout and pattern creation are based on a set of circles and their divisions from
intersections to define other geometric shapes. Similarly, Kharazmi (2016) analyzes
the two-dimensional geometric layout of the Iranian Islamic brick decorations with
polygons. Another research by Al Ajlouni & Justa (2011) documents the existing cut
brick ornament on a flat surface of a minaret using digital tools and reconstructs the
two-dimensional pattern (Figure 2.2). The study is significant since it proposes a
method to analyze and reconstruct the geometrical composition of a deteriorated
historical surface based on the geometrical and constructional know-how of the period
and geography. However, beyond the design of the surface it is not clear how the
geometry will be transferred to the material. Safaeianpour & Valibeig (2022) study the
geometric brick patterns of cut bricks and unit bricks on the minarets in Isfahan by
projecting the patterns. Their conclusion includes practical solutions such as tapering
the bricks to prevent overlaps, using smaller bricks, and reducing mortar spacings to

make geometric compositions more visible. The research by Ozen Yavuz & Sagiroglu



(2016) approaches bricks as three-dimensional entities with a shape grammar method,
yet neither the order of bricklaying involved nor the related parts that emerge through

the application of rules are disclosed in the study.

Figure 2.2 : The use of two-dimensional geometrical layout for the reconstruction of
an eroded surface (Al Ajlouni & Justa, 2011).

2.2 Digital Applications on Brick

Due to its repetitive nature and identical parts, there are multiple studies on algorithmic
and robotic production of masonry surfaces with a unit building element such as brick.
Bonwetsch (2015) distinguished between top-down and bottom-up representations for
the automation of brickwork. Top-down representation reconstructs a predefined
surface with bricks, while bottom-up representation constructs the surface with bricks

without regarding the overall structure.

Some studies approach surface construction with bricks as a problem of dividing a
surface. Lachauer et al. (2010) propose a fully digital design process starting with
modeling a surface with form-finding methods, which is materialized with tessellating
with reference to a given plan geometry. CNC fabrication techniques are used to
produce customized units. Afsari et al. (2014) define corbelling and yaw rotation using
Processing and Rhinoceros 3D to design a parametric bricklaying pattern based on
interactive 2D sketch input. Rajabzadeh & Sassone (2017) experimented with

arranging bricks on a free-form curved surface with regular-sized bricks with stretcher
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and herringbone brick bonds. The use of bricks and the patterns are mainly structural,
and their ornamental quality is out of scope. They developed a plug-in for Grasshopper
in Rhinoceros 3D, calculated the alignments of brick units to define the targeted
surface aiming to create curvilinear surfaces by masonry, and tested the performance
with hands-on application. An existing surface can be redefined and reconstructed with
bricks using two-dimensional brick masonry visuals to train machine learning
algorithms (Zandavali Andrade & Jimenez Garcia, 2020). The training data is also
generated with a filling algorithm. While the brick bond types are accurate, the
dimensions of the bricks are not yet sufficient. These studies ignore the contribution
of the part whole relation and construction knowledge to the creative design process.
Imbern (2014) redesigns brick to deploy digital tools to design brick surfaces, yet the
fabrication tools are not integrated into the bricklaying process. Unlike these
approaches, Vazquez et al. (2020) implement shape grammars to design the perforated
brick walls, further emphasizing parts. However, direct production from these

grammatical models has not been realized.

Robotic assembly in construction sites for bricklaying has been researched since the
1990s (Anliker, 1988). Automated construction and the possible contributions of
robotic fabrication to the process have been subject to many studies. Mousavian &
Gentry (2014) propose a workflow with parametric tools and structural analysis to
model and construct masonry vaults. Sousa et al. (2015) compare manual and robotic
assembly of identical surfaces to analyze the possible contributions of robotic
automation in brick construction. Bruzl et al. (2017) propose a complete process
starting from modeling the architectural element in BIM of the surface to production
with a robotic arm. Their workflow focuses on the optimization of the process and
increasing the efficiency of production. Ariza et al. (2017) have designed local joining
details for freeform shell surfaces made of stone masonry using robotic fabrication. In
another experiment, Piskorec et al. (2019) have worked with a dry stacking method to
lay bricks with multiple robotic arms and custom-developed brick magazines. They
calculate the structural performance of the unit, whole, and the structural relations
between units. The research is part of an educational process to integrate the design of
the structural system and production into the design process. Brunn et al. (2021) have

conducted experiments on eliminating the need for scaffolding with the simultaneous
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operation of multiple robotic arms to construct complex surfaces with interlocking

units.

Simulation of the bricklaying process with augmented reality for optimizing robotic
production (Mitterberger et al., 2020) and planning through building information
models (Ding et al., 2020) are also discussed. Wu et al. (2018) implement a simulation-
based approach for designing, analyzing, and constructing a brick surface with a cable-
driven construction robot. Fingrut et al. (2019) use structural models and cable-driven
construction robots to test irregular stacking conditions. Dorfler et al. (2016)
experiment with a location-aware mobile robotic arm with real-time computation to

reduce human intervention and inaccuracies.

The possibilites for interactive bricklaying have also been addressed. A tool was
developed to precisely determine the positions where the units will be placed in the
sequence of manual bricklaying to produce a brick masonry surface designed in a
digital environment that can be used by the maker in the field (Fazel et al., 2022).
Robotic production is combined with the design process and has been made interactive
using computer vision (Das et al., 2020). On the other hand, Tish et al. (2020) propose
automated close-loop bricklaying with computer vision that could be improved to
include designer and robot interaction. In studies where a single robot arm is used for
stacking, solutions for the application of mortar must be produced. Oliveira and Sousa
(2015), learning from the architect Raul Hestnes Ferreira's works and conducted a
brick column production experiment, propose a model that the brick unit has taken
with the robotic gripper and moved to the area where the adhesive was sprayed and

left by taking it to its place.

Various pieces of research concerning producing brickworks with robotic fabrication,
reviewed by Eldemir Kara (2021), show the effect of traditional production methods.
However, in the current studies, it is seen that the aim is the optimization of production.
Learning from traditional methods is limited to the production of units or intermediate
products. No study has been found that integrates an approach that examines the
relationship between traditional bricklaying methods and design with robotic

production.
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2.3 Brick Masonry in Medieval Anatolia

The use of brick, one of the earliest materials used in construction, started from the
earlier periods in Anatolia, and brick structures were generally covered by revetments,
unlike the exposed brick applications and ornamentations in Iran and Syria. Even
though the stone was the primary construction material of the period, brick has been
one of the important traditional building materials in Anatolia (Kahya, 1992). The
exposed brick style was carried to Anatolia during the Seljuk period by the
immigration of Seljuk Turks (Bakirer, 2017). The brick-built structures after this
period were under Iranian influence. McClary (2017) explains the constructional and
aesthetic relationship between Anatolian and Iranian bricklaying tradition in brick
sizes, shapes, and types, as well as the formal and decorative features of ornamental

brick surfaces with the mobility of craftsmen and material (Figure 2.3).

Brick was mainly used in small-scale structures and on the upper structures of larger
edifices built of stone (Bakirer, 1981). It was mainly used in structural systems
combined with other materials such as cut stone, rubble stone, wood, and marble in
most of the examples instead of structures built entirely from brick (Aktas Yasa, 2016).
Both Bakirer (1981) and Aktas Yasa (2016) point out that Iplik¢i Mosque in Konya is
the only monumental structure built entirely of brick.

Figure 2.3 : Examples of brickworks from the period. (Konya Sahip Ata Hanikah
and Mosque, Konya Sirgali Madrasa, and Konya Ince Minareli Madrasa)
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2.3.1 Characteristics of bricks of the period

There are detailed studies on the dimensions and classifications of bricks used in
Medieval Anatolia. There are two types of bricks in the Anatolian Seljuk period based
on their application on the construction site, and these are respectively called unit
bricks and cut bricks (Bakirer, 1981). Brick units are premade and laid on the
construction site as they are, while cut bricks are generally produced as large elements
and shaped on-site according to the applied pattern. Bakirer (1981) divides the unit
bricks into four types based on their shapes: square-shaped whole bricks, rectangular-
shaped half bricks, small square-shaped quarter bricks, and radial-shaped tapered
minaret bricks (Figure 2.4).

Hejazi & Mehdizadeh (2014) illustrate other types of fired bricks, such as triangular
bricks used in Persian architecture in the thirteenth and fourteenth centuries. Types of
bricks are used by themselves or combined with others, except for the quarter bricks,
which are never used alone. The types form subgroups according to their sizes. The
dimensions of different types of bricks used to construct an architectural element are
interrelated with each other and mortar spacings to ensure the legibility of the pattern
with vertical and horizontal order in the borders between brick and mortar in the
pattern.

Figure 2.4 : Brick types (from left to right: whole brick, half brick, quarter brick,
minaret brick).

Another classification is based on the front surface finish of the brick as glazed and
unglazed (Bakirer, 1981). The implementation of glazed brick is a critical feature of
the Anatolian brickworks (McClary, 2017) (Figure 2.5). In the Anatolian Seljuk
period, turquoise was the most used color compared to the rarer use of navy blue and
brown-purple in the glazed bricks, a common material of the era (Ozkul, 2020). The
glazed bricks are mainly used vertically and define the pattern, while naked bricks are

laid horizontally to provide a neutral background.
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Figure 2.5 : An example composition of naked and glazed bricks; Side panel of
entrance iwan of Konya Sir¢ali Madrasah.

2.3.2 Characteristics of bricklaying of the period

The composition of bricks is another classification criterion. The pattern created by
structural bricklaying is called a brick bond. There are three types of brick bonds in
the Anatolian Seljuk period; horizontal bond, vertical-horizontal bond, and
herringbone bond (Figure 2.6) (Bakirer, 1981; Yasa, 2016).
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Figure 2.6 : Brick bond types (from left to right: horizontal bond, horizontal/vertical
bond, diagonal bond).

In horizontal bonds that can be applied with all brick types, bricks are set flat as
stretchers (Figure 2.7). The stride can be 1/2, 1/4, or 1/5 of the brick length. In
brickworks with 1/4 and 1/5 stride, the vertical mortar spacings can rise in one
direction or opposite directions. The arrangement of rising directions could be used to
visually form evenly spaced parallel lines with an angle, V shapes, or rhombus. The
rhombus pattern requires a quarter brick. There are some special applications with
changes in mortar spacings and additional materials, such as glazed tiles and tile strips,

support these patterns.
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Figure 2.7 : Examples of horizontal brick bonds.

In vertical-horizontal bonds, bricks are set as stretchers and headers alternatingly.
Since the borders between mortar and bricks are visually continuous on a line, the
dimensions of bricks and mortar spacings show a careful calculation during
bricklaying. Similar to the rising of mortar spacings in horizontal bonds, the rising of
vertical bricks visually forms patterns on the surfaces (Figure 2.8). Half bricks are
placed in different orientations, creating an impression of two different types of bricks.
Section drawings by Bakirer (1981) show that the level difference resulting from this
type of layout is compensated at the back of the brick surfaces, potentially with the use
of mortar.

Rising in one direction Rising in one direction Rising in two directions Complex pattern

Figure 2.8 : Examples of vertical brick bonds.
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Finally, bricks are set with an angle of 45 degrees to horizontal in the diagonal bond,
also called the herringbone bond. Herringbone bond improves structural performance
on brick structures by preventing vertical compression and horizontal shear
(Rajabzadeh & Sassone, 2017). Visually, the herringbone pattern is very similar to
vertical-horizontal brick bonds through euclidean transformations. On the other hand,
in herringbone bonds, there are no complex patterns but inclined bricks placed with 90

degrees of rotation alternatingly.

The last two brick bonds are not applied with minaret bricks (Bakirer, 1981); the
tapered form would not allow the balance of rotated bricks. There are subgroups of all
three brick bond types based on various qualities; the variations in the surface
finishings of the brick units, the wideness of the vertical and horizontal mortar gaps,
and the special treatments of the mortar spacings (Bakirer, 1981). The use of bricks
with different dimensions and variations of mortar spacings is observed on minarets to
maintain the relationship between the curved surface and the bricklaying. Bakirer's
(1981) work includes the assortment of the Anatolian Seljuk brick structures based on
these classifications. Aktas Yasa (2016) also points out that different types of mortars
are used for different purposes of bricklaying; lime mortar is commonly used in plain
applications, while gypsum mortar is preferred for decorative geometric applications.

2.3.3 Tools and methods of making

There are limited sources from the period that discuss historic construction techniques.
McClary (2017) carried out comprehensive research on the working methods and
mobility of the craftsmen in Anatolia between the late twelfth and early thirteenth
centuries, focusing on the primary construction materials of the said era and geography
are stone and brick. He explains the details of the tools used for on-site measurement
of brickworks based on the dimensions and proportions of the human body, such as
"shibr" (span of a human hand) and "igsba'maftiih" (length of a finger) with reference
to the historical written engineering sources such as. The calculation of the dimension
of a brick in relation to the human hand is related to the workflow's optimization since
the bricks were carried and placed with human hands without the need for additional
tools. The availability of the other hand for the laying of mortar and alignment of the
placed brick with a trowel is also essential for the manual bricklaying process.
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Brick was produced with primitive methods, with the knowledge transferred from the
master to the apprentice until the industrial revolution (Kahya, 1992). The main
ingredients are clay and water. The production has four stages; extraction of clay and
making dough, shaping, drying, and baking. The bricks are predicted to be mostly
baked on the construction site (Dalkili¢c & Nabikoglu, 2017).

It is known that the makers of the period made on-site calculations with tools such as
ropes (Ousterhout, 2008; Docci & Migliari, 1989) (Figure 2.9). A rope is used to lay
aligned rows of bricks with the help of gravity, align the bricks in a row on a line when
fixed at the corner of the surface, and enable builders to lay the bricks and define the
curve when fixed at the center of surfaces. A variety of artisans, brick masons, mortar
makers, and carpenters worked in the construction of the structures of the period.
Scaffolding is used to keep the surface stable during the production process or allow
builders to move and access high levels. The masons combined experience and
practical geometry (Prak, 2011).

Figure 2.9 : The procedure for measuring a circle. Vatican Library, Rome (MS.
1605) (Ousterhout, 2008)

The only source for constructing the herringbone on domes is the drawings of
Brunelleschi and the experiments carried out based on said drawings (Pizzigoni et al.,
2018). Pizzigoni (2015) also mentions a "gualandrino™ tool with three mobile arms for
three directions of alignment. He explains that the definition of the tool is complicated,

and there is no reconstruction of it. The research and experiment of Jones et al. (2010)
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show no single center point for the construction of Brunelleschi's dome but a central
platform. Our model shows that a system of ropes connected to a platform at the center
of the dome may have been used to follow up the path of the spiral over the dome as
the bricks are laid in the analyzed domes. If the azimuth angle between two ropes is
kept constant with a tool, the horizontal placement of the glazed bricks can be carried
out accordingly. The vertical angle is directly related to the brick height, so there is no
need for a secondary control tool for vertical calculation. A similar system could be

utilized for cornices and single curved surfaces.
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3. ANALYSIS OF PARTS AND WHOLES

The design of the brick surfaces depends on the relation of parts on different levels.
The first layer can be defined with the different types of construction units, which are
discrete parts of singular bricks and mortar spacings in between. While these make up
the constructional basis of the surfaces, they define other layers of parts which can be
identified by the boundaries of abstract geometric patterns formed through the
bricklaying. These parts unite and be perceived in many ways. The design knowledge,
which enables craftsmen to bring these levels together to create the whole, constitutes

the richness and cultural value of these architectural elements.

In order to analyze the parts and wholes of bricklaying, we modeled the surfaces brick-
by-brick using the data acquired from existing literature, photographs, and
photogrammetry-based mesh models in Rhinoceros 3D and Grasshopper. To estimate
the dimensions of the surfaces and the brick sizes, we referred to survey drawings and
the mesh models. Bricklaying is an additive production method; by its nature, the
making units correspond to well-defined shapes. At the same time, the mortar gaps are
modeled as null spaces, which can be redefined in further studies to include material

properties to use in HBIM models.

Prior research which established a starting point for this thesis was an analysis of a
single brick panel from the period that contains both naked and differently colored
glazed bricks in a vertical-horizontal bond (Altun & Ozkar, 2021) and its improvement
with parametric shape rules and inclusion of more examples (Altun & Ozkar, 2022).
In works of this genre, visual reasoning, with flexibility in perceiving different parts
and wholes, delivers the constructional relations between individual bricks and the
geometric patterns formed by groups of bricks. This thesis expands the research to
include curved surfaces, the development of robotic production codes, and production.
Birkett & Jurgenson (2001) also stated that the modules and proportions were the tools
of craftsmen in a historical context; they used practical geometry instead of complex
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algebraic methods based on numerical calculation. In our research, a modular approach
is used to analyze and model the cases by referring to the dimensional relations of the
units. The modular approach also ensures that the dimensions of the glazed bricks and
the levels of bricks on rows are constant, and the proportional relations are not
disturbed in surfaces with different curvatures. Different brick types are a combination
of one or more modules with mortar spacings. The bricks are modeled as ideal
rectangular prisms, and the rows of bricks are modeled as perfectly aligned, as
intended in the design of the existing surfaces. The local deformations, minor
divergences, and irregularities due to workmanship and deterioration are disregarded
to make holistic inferences.

In our study, we aim to understand if the instrumental role of geometry, the knowledge
of pattern design, and of construction can be translated between surfaces of different
curvatures. The cases are analyzed one by one with a focus on individual brick
relations and the patterns formed by these relations to expose underlying geometric
relations of laying bricks to form various surfaces to develop the grammar with the
least number of rules that enables the making of the brickworks. The convertibility of
the rules between different types of architectural elements with the use of parameters
is detected. The corniches below the minaret balconies differ from other samples by
using particular types of bricks, their three-dimensional qualities, and the definition of

the pattern.

We used the Sortal Gl interpreter developed by Rudi Stouffs (2018) to test and validate
the syntactic accuracy of the non-parametric rules and the grammar and Wasp
developed by Andrea Rossi to test and validate the parametric grammars in the
Grasshopper environment of Rhinoceros 3D. The models shown in this chapter are

generated with the generative system explained in Chapter 4.

The images of domes are collected within the site surveys of the project supported by
TUBITAK (The Scientific and Technological Research Council of Turkey) (Project
number: 119K896) and the images of minarets are collected within the site surveys of
the project supported by Research Fund of Istanbul Technical University (Project
Number: 43337). Mustafa Cem Giines collected the images of the dome of ince
Minareli Mosque and Sahip Ata Hanikah and processed the images to export point-
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cloud models in Meshroom Software using the computing sources provided by the
National Center for High Performance Computing of Turkey (UHeM) under grant
number 1010152021. The images of minarets are processed in RealityCapture

Software.

3.1 Selection of Cases

For the scope of the study, twelve brick surface samples are selected based on their
variances in curvilinearity in terms of being formed with horizontal or vertical-
horizontal bonds, patterns, and structural aspects. The thesis develops a method that
can be applied in the analysis and documentation process of different architectural
elements, which have architectural value, depend on know-how, and consist of units
that come together in a defined manner, so we focus on the physical aspects and reduce
the historical and semantic interpretation. The scope of the thesis is limited to the
examples of single curved surfaces, domes, and corniches below minaret balconies of
monumental structures, which are similar in terms of period, geographical region, and
function. Pattern diversity is another selection criterion to cover different levels of
complexity. The selected single curved surfaces and domes are formed of naked and
glazed bricks of different shapes and dimensions, forming abstract patterns through
the bricklaying in horizontal and vertical-horizontal bonds. The rows of bricks in the
single curved surfaces settle at different angles with the ground, while the bricks in the
domes face the center of the dome. The corniches below minaret balconies are formed
of both minaret bricks and triangular bricks with varying three-dimensional spatial
arrangements, in which the rows of bricks are horizontal to the ground. The existing
section drawings do not provide information about the underlying structure of the
analyzed surfaces, especially in the cases of domes and corniches; it is unclear what is
between the outer shell and the brick surface. Thus, this study focuses on brick

surfaces.

3.2 Single-Curved Surfaces

The brick units and the patterns on four single-curved surfaces are analyzed using

modules and proportions. The single curved surfaces analyzed in the scope of the thesis
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are inside surfaces of vaults and minaret bodies. The elements are the minaret body of
Harput Ulu Mosque (1144-1167) and Erzurum Tepsi Minaret (ends of 12th century),
inside the surfaces of vaults of the Amasya Gok Madrasah (1266-1267) and Malatya
Ulu Mosque (1224), from here on abbreviated as HUM, ETM, AGoM, MUM
respectively. Figure 3.1 shows that each element is composed of plain and/or glazed
bricks, forming abstract patterns through the bricklaying.

Figure 3.1 : Front view and section drawings of Bakirer for case surfaces (Bakirer,
1981) (From left to right: HUM, ETM, AGoM, and MUM).

We referred to Bakirer’s (1981) drawings for the modeling and analysis of
surfaces.The bricks used for the minaret bodies with the horizontal bond are minaret
bricks, while the ones in vertical-horizontal bonds are generally half and quarter bricks.
While the use of minaret bricks helps makers to lay bricks closely, the tapered sides
do not allow vertical bricklaying. In horizontal bonds with minaret bricks, the patterns

are emphasized with glazed tiles that could be placed in the mortar spacings.

There are two bricklaying directions for single curved surfaces with reference to the
ground (Figure 3.2). In the first one, the rows of bricks parallel the ground surface.
The bricklaying in minarets, drums, and corbelled domes are in this order; the surface
rises row by row, as on flat surfaces. This type of bricklaying defines spaces with
circular plan layouts and can be constructed without scaffolding. The rows of bricks
are perpendicular to the ground surface for the second type of bricklaying. In this type
of bricklaying, where a side of the surface rests on a vertical surface, scaffolding may
not be required, yet there is a need for scaffolding in freestanding ones. Especially the
use of quarter bricks decreases the stability during construction.

The production starts from both ends of the arc, the curved surface section as the rows

of bricks revolve around the arc's center, and bricks meet at the top. The methods and
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tools of making different surfaces are similar yet different due to gravity. For both
situations, a rope tied to the center could be used to lay the bricks around the arc. Ropes
hanging down with a weight at the end maintain the flatness of brickwork during
construction for bricklaying with rows horizontal to the ground, and a rope tied at both

ends of the horizontal surface could be used for the rotating surfaces.
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Figure 3.2 : Directions of bricklaying in single-curved surfaces: brick rows parallel
to the ground, brick rows are rotating around the center.

The surfaces are modeled using modules and proportions based on the rotation of
bricks around the center of the arc defined at one plane and translation in the other
direction. The bricks are placed ideally with perfect geometries and alignments. The
vertical and horizontal mortar spacings are calculated based on the size and proportions
of the bricks and vice versa. The drawings of Bakirer (1981) provided the basis of the
models. The brick types and dimensions for single-curved surface cases are given in
Table 3.1.

Table 3.1 : Table of brick types and dimensions in centimeters for single-curved

surfaces.
Surface  Whole Brick Half Brick Quiarter Brick Mortar
Spacing
HUM 14x12.5x4 20-21x12.5x4 4x4x4 3.5-4
ETM 19.5-20x12-13x5-5 5x5x5 1.5-3
AGoM 15x9.5x4 4x4x4 1.5
MUM 14-15x9-9.5x4.5 4.5x4.5x4.5 15

The unit dimension is the short side of a brick, and this unit dimension is also the
height of a circular brick row. When adding up the units, the thickness of the mortar

in between is also considered, and the vertical mortar thickness is taken as constant
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(Figure 3.3). The largest side of the half brick equals the sum of three units and vertical
mortar spacings between them, while the other side equals the sum of two units and
the vertical mortar spacing. The central angle that corresponds to the horizontal arc
between two aligned corners of a brick on the surface (o) approximately results from
the unit brick, and B and y approximately result from the longest and the shorter sides
of the half brick, respectively, as in equation 3.1.

(B=(ax2+5))A(y=ax3+5x2) (3.1)

The horizontal mortar spacing is calculated with the angles between the unit bricks.
The calculation of mortar spacings in vertical-horizontal bond brickwork on a single-
curved surface can be done by placing unit of bricks on the surface and combining

them for the placement of half bricks while repeating their relations.

Figure 3.3 : Placement of bricks: (a) unit bricks with vertical mortar (vm), (b) half
brick placement, (c) horizontal mortar angles calculation.

Hypothetical lines between the center of the surface and the edges of the long side of
a radially positioned whole or half brick that faces to the center coincide with the outer
edges of three quarter bricks, which are placed radially on a row, and the middle one
shares a center with the longer brick. During manual bricklaying, the corners of the
quarter and half bricks could be aligned or surfaces could be overlapped. This helps us

to calculate the angles of vertical mortar spacing.

All three types of naked bricks, including minaret bricks, are used in HUM. Vertical
units are laid in each row with a stride equal to the combination of a mortar gap and a
length of a quarter brick to form the pattern of inclined with 45 degrees curves that

change their directions in a zig-zag order parallel to the ground surface. These curves
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repeat seven times vertically and continue through the surface of the minaret and
quarter bricks, emphasizing the change of direction (Bakirer, 1981). The minaret

bricks are placed horizontally at the top of quarter bricks, separating curves.

In ETM, the surface is constructed with naked bricks of different shapes and sizes. The
bricks are laid in each row with a stride equal to the combination of a mortar gap and
a length of a quarter brick to form the interlocked squares, which are rotated
horizontally to cover the surface and are translated with a half stride vertically. The
pattern is emphasized by placing quarter bricks deeper than other bricks to separate
the adjacent edges of square patterns from each other and create a three-dimensional
visual effect (Bakirer, 1981). The long sides of the larger half bricks are laid vertically,
while the short sides of the smaller half bricks are laid horizontally. Dimensions of all
four types of bricks are proportional to each other, and the edges are aligned in the
order of bricklaying. This surface has two different half bricks, different from the
other.

The bricklaying in AGoM consists of half, and quarter bricks, which are both naked
and glazed. The glazed bricks are placed horizontally, while naked bricks are placed
vertically. The naked bricks were laid in each row with a stride equal to the
combination of a mortar gap and a length of a quarter brick to form the pattern of
squares. The glazed bricks protrude from the surface, gradually increasing from the
bottom level of the arch to the keystone. These bricks surround the square patterns,
enhancing the three-dimensional quality of the surface. Bakirer (1981) states that this
method, frequently used in Iran, is seen in Anatolia only in samples where glazed and

naked bricks are used together.

In MUM, both long and short sides of the naked half bricks are laid vertically with a
stride equal to the combination of a mortar gap and a length of a quarter brick, while
the glazed bricks are laid horizontally, forming a pattern of squares. The pattern is
visually similar to AGoM and ETM.

The bricklaying techniques used in HUM, ETM, AGoM, and MUM involve using
bricks in various shapes, sizes, and finishings combined with mortar to create distinct

surface patterns (Figure 3.4). The orientation and depth of brick placement and the
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differentiation of brick surfaces play a role in highlighting and emphasizing these
patterns. Overall, the bricklaying techniques described in this analysis demonstrate the
importance of mortar spacing in achieving curvilinearity and the versatility of naked

bricks in creating various visual effects on a surface.
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Figure 3.4 : Three-dimensional models of the single curved surfaces (From left to
right: HUM, ETM, AGoM, and MUM).

3.3 Domes

The division and construction of a sphere is a research area that has been the subject
of many studies of various disciplines. Latitudes and longitudes were abstract tools for
the geometric calculation of brick patterns in Medieval Anatolia (Ozgan & OzKar,
2020). For this thesis, the brick units and the patterns on three brick domes are analyzed
using modules and proportions. The buildings are the Ince Minareli Madrasa (1258-
1265), the Sahib Ata Hankah (1269-1270), and the Beysehir Esrefoglu Mosque (1297-
1299) from here on, abbreviated as IMM, SAH, and BEM respectively. Figure 3.5
shows that each dome is composed of both plain and glazed bricks, forming abstract
patterns through the bricklaying. The domes in Anatolia are generally half spheres
(Aktug Kolay, 1999).

There are limited studies on brick domes. One of the most researched, the herringbone
bricklaying in the cupola (dome) of Santa Maria del Fiore in Florence by Brunelleschi,
is often studied with a focus on its structural capacity. Pizzigoni (2015) suggests that
non-traditional bricks are used for the construction of the dome, while Paris et al.
(2020) and Beatini et al. (2019) analyze the structural role of the herringbone of the
dome showing the constructional purpose. Cross-herringbone bricklaying can also be
seen in but not extensively studied in detail for eleventh-century brick masonry domes

in Iran.
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Figure 3.5 : Selected domes, from left to right: Ince Minareli Madrasah (IMM),
Sahip Ata Hankah (SAH), and Beysehir Esrefoglu Mosque (BEM)

There are limited sources about the structure of the domes that this research focuses
on. Bricks were mainly used on the upper structures in the period and the historical
pictures of collapsed domes from the same period show there is an underlying brick
structure. Thus, we can conclude that these domes are entirely built of bricks.
However, there is no written information on whether the brick surfaces analyzed here
are structural elements or ornamental veneerings. Unlike Brunelleschi's dome, the
herringbone patterns of the analyzed domes are not physically continuous. The
structural importance of herringbone might not be valid for these domes due to these
interruptions. The continuity is visual in the case of IMM, where there are naked bricks
in between the parts of spirals, and we do not have any documentation of whether the
parts are connected behind the brick surface. On the other hand, the section drawings
of the dome show that the lead plates surrounding the domes have breaking points that
coincide with the patterns implying structural use. In SAH, spirals are independent of
each other and limited in slices. The rings of nine-pointed stars formed by the
intersecting spirals might be associated with the structural capacity of the dome. In
BEM, the visual continuity is there, yet the angle changes. There are rings of six-
pointed and twelve-pointed star-like patterns.

Data acquired through existing architecture and construction history literature,
photographs, and photogrammetry-based mesh models are used to model the domes,
brick by brick using modules and proportions based on a division by latitude and
longitude curves, ideally with perfect symmetries. There are two types of geometric

patterns applied on the non-Euclidean surfaces of domes in Islamic architecture, which

29



are the ones repeating radial gore segments and the ones repeating polyhedra (Bonner,
2017). All domes have radial symmetries, so we divided them into slices concerning
symmetry axes and accepted the slices as identical to others. The ratio of the radius of
the dome base to the height is approximately 1 for IMM and 1.03 for SAH, and 0.9 for
BEM. We model the domes as perfectly spherical and the bricks as perfect rectangular
prisms to reduce variables since we are after a generalizable understanding of brick

construction patterns.

Table 3.2 : Table of dimensions of glazed bricks and mortar spacings used in domes
in centimeters.

Dome Quiarter Brick Mortar
Spacing
IMM 14-15x12x4 1.5-2
SAH 20-22x10-10.5x4-4.5 1.5-2
BEM 4x4x4 2

The dimensions of the glazed bricks used in IMM are 14-15x12x4 centimeters with
1,5-2 centimeters mortar spacing, 20-22x 10-10.5x 4-4.5 centimeters with 1,5-2
centimeters mortar spacing in SAH, and 4x4x4 centimeters with 2 centimeters mortar
spacing in BEM (Table 3.2) (Aktas Yasa, 2016). All three domes have an oculus at the
center which play a part in cosmological representations along with the domes and the
pools underneath them (Peker, 1998)

In each of the three domes, color-glazed bricks create patterns amidst rows of plain
bricks. In IMM and SAH, the glazed bricks are placed only vertically in contrast to the
horizontally laid plain bricks. In BEM, the glazed bricks are only little squares amidst
plain bricks, again laid horizontally. The vertically laid glazed tiles consistently follow
a unit dimension in all cases. In IMM, the height of a vertically-laid glazed brick
matches the total height of three rows of plain bricks with mortar spacing. In SAH,
this is two rows, and in BEM, just one. The unit dimension is the short side of a brick,
and this unit dimension is also the height of a circular brick row corresponding to a
hypothetical latitude. When adding up the units, the thickness of the mortar in between
is also considered, and the vertical mortar thickness is taken as constant (Figure 3.6).
The central angle that corresponds to the vertical arc in between two aligned corners

of a brick on the dome (o) results from the height of a brick.
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The product of the number of latitudes (x) and a gives the total elevation angle of the
dome (8), which determines the height of the dome (h) with radius (r) or vice versa,
the height of the dome and its radius determine the elevation angle, or the number of
brick rows, etc. We designate the first and last bricks of a hypothetical spiral and draw
longitudes through these bricks, as shown. Then we measure the azimuth angle
between the longitudes for each latitude (B). We divide B into the number of latitudes
on the spiral (z) to get the azimuth angle between two unit bricks (y), i.e., the central
angle between the longitudes. The inclined curves of the pattern connect the
intersections of latitudes and longitudes and the center points of the bricks. The
analyzed domes are true domes rather than corbelled, and the bricks face the center
(Cowan, 1977). In our model, square units with normals coincident with those of the
dome join vertically for glazed bricks and horizontally for plain bricks. Since the arc
length defined on the dome with the angle y shortens towards the top of the dome and
the brick size is constant, the horizontal mortar gap decreases.

(xeN)a(yeN)=(5=(axx))a(s=(zxy))A(h=sin(5)xr) (3.2)

These calculations in equation (3.2) help us place the bricks and see the overall order
as well as the relations and symmetries. We accepted each slice of a dome as identical

to others with the same brick counts for this method.
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Figure 3.6 : Placement of bricks: (a) latitude calculation, (b) longitude calculation ,
(c) spiral calculation, (d) brick placement

In the dome of IMM, turquoise, brown-purple and navy blue glazed bricks are laid
vertically, forming the pattern as shown in Figure 3.7. The diameter of the dome is 11
meters (Akok, 1070; Erdemir, 2009). The plain bricks are laid horizontally and filled
between the motifs. The height of each vertical glazed brick corresponds to the
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combination of three rows of plain bricks and two mortar spacings in-between. The
pattern repeats in nine vertical slices in an alternating fashion that is a-b-a-b-... The
slices of the dome are asymmetrical in themselves. Yet the ninth slice that is different
from others has mirror symmetry—the irregularity results from the odd numbers of
slices without internal symmetries. The model shows that the symmetrical half of the
ninth slice is almost symmetrical to the half of the slices on both sides. There are fifty-
four left-handed and fifty-four right-handed spirals. Each spiral intersects with the
others seventeen times, including the intersections at the topmost and the bottommost
latitudes. There are sixty-four rows of horizontal plain bricks. The number of longitude
curves intersecting a latitude curve; thus, the order of spirals changes at the thirty-third
row from the bottom. While there are nine bricks between two intersections up to this
level, there are eight bricks after, which compensate for the change in the lengths of
spiral parts between intersections while keeping the lengths of the horizontal plain
bricks and their numbers per row consistent with the existing situation as rows go up.
It is worth noting that there is also flexibility in the design concerning the varying sizes
of the horizontal plain bricks. The very thin mortar spacing between them makes the
creases barely visible, rendering the use of same-size bricks trivial. This contrasts the
wider and easily perceivable creases between the glazed and plain bricks. The dome
has a complex pattern of whole and half squares rotated forty-five degrees, nested,

translated, or interlocking.

Figure 3.7 : Three dimensional model of IMM: bricks, pattern, and symmetry axes.

The dome of SAH consists of vertically laid turquoise and navy blue glazed bricks and

horizontal plain bricks, shown in Figure 3.8. The diameter of the dome is 8 meters
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(Akok, 1970). The height of the glazed bricks equals the sum of the height of two
horizontal plain bricks and a mortar spacing. There are eighteen vertically symmetrical
parts of the pattern. The spirals are not continuous between the slices. The pattern
creates intertwined nine-pointed concentric stars with altering colors. For each star,
nine right-handed and nine left-handed spirals intersect at two latitudes for the inner
and outer corners. There are fifty-nine rows of horizontal plain bricks. The bricklaying
of the domes has a simple pattern of inclined curves parallel and mirroring. The order
of the spiral changes for each star, a total of nine times, as it goes up to the dome. The
size and number of plain bricks vary depending on the spacing between glazed bricks.
The horizontal mortar spacing between two plain bricks is smaller than the one

between glazed and plain bricks.

Figure 3.8 : Three dimensional model of SAH: bricks, pattern, and symmetry axes.

The dome of BEM consists of navy blue square-shaped glazed tiles and horizontally
laid plain bricks, shown in Figure 3.9. The dome diameter is approximately 5.60
meters (Akok, 1976). There are forty rows of bricks. The pattern that the glazed tiles
form has a twelve-fold symmetry until the twentieth row, and it switches to a six-fold
symmetry from there to the top. The order of the spirals varies for different horizontal
rings of the dome, and there are ten different spiral orders. The vertical mortar spacings
are equal to half the height of bricks and are filled with turquoise tiles. The horizontal
spacings between the plain bricks are larger on the spirals, and the navy blue glazed
tiles fill these gaps. Turquoise glazed tiles also surround the navy blue glazed tiles.
The horizontal mortar spacings between two plain bricks are very small and serve their
perception as one long brick. The dome has a combination of inclined curves parallel
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and mirroring with a complex pattern of distorted squares that are rotated forty-five

degrees, nested, translated, or interlocking.

Figure 3.9 : Three dimensional model of BEM: bricks, pattern, and symmetry axes.

Further analysis of the photogrammetry-based mesh models of IMM and SAH reveals
several variations and inconsistencies from the idealized models. While the
proportions of the heights of naked and glazed bricks are still present, the rows of
bricks do not form a continuous latitude. This may be the result of the manual labor of
bricklaying, the small changes in the horizontal mortal spacing, and the deformations
through time. Additionally, the vertical distance covered by a segment between
intersections of spirals changes in relation to these deformations. While the bricks are
placed on the segment, the difference between the total height of glazed bricks and the
vertical distance they need to cover is compensated with the variations in mortar

spacings. These irregularities are not easy to detect by the eye.

The intersecting spirals in the domes correspond to the inclined curves in the flat and
single-curved surfaces. The patterns can be seen as parts of these spirals or the

deformed equilaterals that are the projections of squares to the spherical surface.

3.4 Corniches below Minaret Balconies

Corniches below minaret balconies are a type of mugarnas, and they are architectural
elements that can be constructed without using scaffolds. They provide the transition
from the body of the minaret to the balcony -from circle to circle and carry the weight
of the balcony. Various debates exist about the origin of mugarnas, varying from Iran,
Morocco, India, Egypt, and Algeria (Odekan, 1977). Iranian Seljuks commonly used
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brick and plaster to build mugarnas, yet in Anatolia, they are majorly built in stone.
The brick examples are thought to be works of craftsmen from Iran. There are limited
examples of brick mugarnas, which are most likely the contribution of craftsmen from
Iran, which can be divided into three functional categories; brackets, cornices below

minaret balconies, and hoods at the top of niches (McClary, 2014).

In the brick mugarnas of the selected cases, the horizontal rows of brick units are laid
with a slide away from the center. The diameter of the corniche rows is wider than the
radius of the minaret body and gets larger as the rows go up. The center of gravity of
the units and the whole structure are both critical in this pattern, in which bricklaying
needs to be applied with precision. The brick mugarnas are smaller architectural
elements with fewer units than the walls, minaret bodies, or domes. So the customized
shape and dimensions of the bricks are affordable. There are two main types of bricks
with variations; minaret bricks with long tapered sides and triangular bricks with a
triangular form pointing forward. The vertical and horizontal mortar spacings in case

of the corniches are independent from each other.

The buildings are the Aksehir Giidiik Minareli Mosque (1227), the Aksehir Ulu
Mosque (1213), the Afyon Ulu Mosque (1272-1277), the Konya Sahip Ata Mosque
(1277), and the Afyon Kuyulu Mosque (approximately 1250-1300) from here on,
abbreviated as AGuM, AUM, AfUM, SAM, and AKM respectively.

Figure 3.10 : The photogrammetry-based mesh models of the minarets (From left to
right: AGuM, AUM, AfUM, SAM, and AKM).

In the selected examples, the three-dimensional character of the pattern is emphasized
with the triangular extension outward from the center of the minaret at the front ends
of bricks and the rotation of the units around their centers, both making a V-shaped

projection. Similar to the ones used in the minaret body, the bricks used in the

35



corniches are tapered to enable the bricklaying and the rotations, preventing them from

overlapping at the inner parts of the minaret.

The rows of bricks with the same radius and brick types repeat multiple times for many
examples, enhancing the pattern. The rows of triangular bricks are numbered 1, while
the rows of minaret bricks and minaret bricks rotated around their centers are
numbered 0 and 2, respectively. In many examples, rows of minaret bricks follow the

rows of triangular bricks with the same radius, highlighting the triangular protrusions.

Due to limited literature on the corniches, the photogrammetry-based mesh models of
the minarets are used as references. We cropped the mesh models to draw the plans
and sections, counted the bricks, and placed them ideally with perfect geometries. We
divided the circles of the plan equally and perfectly aligned the bricks facing away
from the center of the minaret. The horizontal mortar spacings are calculated based on

the plans, while the vertical mortar spacings are calculated based on the sections.

Figure 3.11 : The exterior contours of the plan and section of AGuM taken from the
photogrammetry-based mesh model.

In the corniche of AGuM, three rows of overlapping triangular bricks are followed by
two rows of minaret bricks repeating in twenty rows in an alternating fashion that is
111-00-111-00... Brick fronts face away from the center of the minaret in this
example. The corniche of AUM, which is visually very similar to AGuM, consists of
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two rows of overlapping triangular bricks and a row of minaret bricks repeating in
alternating fashion 11-0-11-0...

The corniche of AfUM consists of rows of bricks that are rotated thirty degrees
clockwise around their centers in the same direction. There are twelve rows of bricks
in four groups of repeating bricklaying, and each group has three rows of the same
bricklaying. The count of bricks in every row is equal, and the angle between two
adjacent bricks is constant. Groups are rotated half of this angle around the center of
the minaret going up, resulting in a half stride. So, the brick groups have similar layouts
in an alternating fashion 222-222... other than the translation away from the center.
Due to the rotational layout, the axes extending from the brick center to the center of
the minaret overlap in the first and third rows and the second and fourth rows, and
horizontal mortar spacing gets larger as the bricklaying goes up with the increased

radius.

The corniche of SAM consists of rows of bricks that rotate around their centers both
clockwise and anticlockwise in different rows. The brick rows can be grouped into
three with rows of minaret bricks as transition groups. In the first group of rows, the
triangular bricks and the minaret bricks are used alternatingly in the same row,
differently from the other examples. The minaret bricks are translated away from the
center at the second row of the group, enhancing the three-dimensional quality of the
bricklaying. The transition in the third row is the only example that breaks the
repetition of the same rows twice or three times in selected cases. The other two pattern
groups, separated by minaret bricks, consist of bricks that rotate clockwise (+) and
counterclockwise (-) around their centers, respectively. These rows of bricks follow
the order 0/1-0/1-0-22(+)-000-22(-). The width of the minaret bricks is almost half of
the previous cases in the rows with rotations, resulting in an increase in the number of

bricks in a row and extrusions.

In the corniche of AKM, the brick pattern changes between each row. This example
has the most complex bricklaying, distinctive pattern, and unique brick types.
Triangular bricks divided from the center through the front and back surfaces create a
three-dimensional pattern. The corniche has a twelve-fold symmetry which creates a
potential to analyze it in slices like the domes.

37



Figure 3.12 : Three dimensional models of the corniches (From left to right: AGuM,
AUM, AfUM, SAM, and AKM).

Cornices below minaret balconies of bricks are primarily constructed using minaret
bricks and triangular bricks. These bricks are rotated around their centers to create a
three-dimensional pattern that helps transition from the minaret's body to the balcony.
The selected examples of brick mugarnas in AGuM, AfUM, SAM, and AKM
demonstrate the versatility of this technique, with variations in the orientation and
arrangement of the bricks used to create unique visual effects. Overall, brick mugarnas
serve as essential decorative and structural elements in these buildings and showcase

the skilled craftsmanship of the makers.
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4, THE GENERATIVE SYSTEM FOR HISTORICAL BRICK SURFACES

The information gathered through analysis is utilized to develop generative system for
producing the brick surfaces used for robotic fabrication (Figure 4.1). The
development of the generative system consists of two steps; the definition of the
parameters and the rules of bricklaying. The bricklaying parameters are divided into
three groups for all surfaces. These are the parameters of individual bricks, the relation
between two bricks, and the pattern. Based on the spatial and constructional relations
identified with the parameters, shape rules are defined either as pattern or brick rules.
These rules respectively correspond to the design and construction of historic
structures. The sequential application of sets of pattern and brick rules simulates the
reconstruction of existing and novel brickworks in the said genre to serve the purpose
of integrating cultural-historical knowledge and the making from a computational

approach.

Survey Drawings Setting up the
Generative System
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Figure 4.1 : Workflow of the method.

This chapter comprises developed versions of previous research (Altun & Ozkar, 2021;
Altun & Ozkar, 2022), and the development of both parameters and rules are
developed by examining the transformations of the bricklaying and patterns on flat
panels to be applied to surfaces with different curvatures. The similarities and
differences of patterns, regarding both design and making with historical tools and

methods, are discussed.
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4.1 Setting up the Generative System

The synthesis phase comprises the definition of the parameters of bricklaying and the
sequential and spatial procedures followed in the manual building of brickworks of the
era. Studying historical photographs, photogrammetry-based models, and survey
drawings, we identify the parameters of historical bricklaying in Anatolia and define
the smallest number of spatial relations between bricks required for recreating the

brickworks.

4.1.1 Parameters of brick

The parameters of the bricks are related to the shape and size of the bricks. The typical
dimensions for the brick types in the cases of single curved surfaces and domes studied
are the determinants of these parameters: the width, height, and depth for whole, half,
and quarter bricks. The width of a whole brick is equal to the width of a half brick, but
while the whole brick is a low square prism with equal depth, the half brick is a smaller
rectangular prism. In the horizontal position, the total height of three bricks on top of
each other and the mortars between them, likewise, the total of a short side of the one
half brick and the height of one brick with the mortar between them is equal to the
long side of one whole brick or a half brick. The depth of a half brick equals the total
height of two bricks lying on top of each other in the horizontal position and the mortar
between them. In comparison, the quarter brick is a much smaller cube with
dimensions equal to the heights of the whole and half bricks. Half bricks with different

orientations and quarter bricks are used in most vertical-horizontal bonds.

The bricks for the corniches under the balconies of the minarets have additional
parameters that differentiate them from these rectangular prism-shaped ones (Figure
4.2). The additional parameters for the curved minaret bricks are the radius of the curve
(r) and the proportion of cut parts on the back surface to the depth of the brick (d1/d,
d2/d). Similarly, the parameters for triangular bricks are the proportion of cut parts on
the back surface to the depth of the brick (d1/d, d2/d) and the angle of the isosceles
triangular front end or the proportion of cut parts on the back of the surface to width
(w2/w). The cut parts are not necessarily symmetrical and identical to each other,
considering the cutting is done with manual tools by hand, thus d1 and d2 can
potentially have different values. The shape and dimensions of bricks in corniches are

independent of the mortar spacings, but are related to the radius of the minaret.
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Figure 4.2 : Shape and dimension parameters of brick.

The secondary parameters of bricks are the surface finishings (Figure 4.3). The bricks
are labeled with letters to identify the naked bricks (a), turquoise-colored glazed bricks
(b), brown-colored glazed bricks (c), and purple-colored glazed bricks (d). The labels
indicate not only surface finishings but also the direction of bricklaying through the
use of numbering of the front edges of the front surface of bricks. Labels are also used

to identify minaret bricks (e) and triangular bricks (f) to make the definition and

application of the rules easier.

Figure 4.3 : Labels at the edges of the front face of the brick indicating surface
finishings of rectangular bricks and brick types for minaret bricks.

In most cases of vertical-horizontal brick bonds, such as the panel from Sir¢ali
Madrasah (Altun & Ozkar, 2021) and the case surfaces in this thesis, visually, there
are three different brick dimensions. However, two are half bricks with different
orientations, and the other is a quarter brick. Generally, the long side of the half bricks
is used horizontally, while the short side is used vertically. The short sides of the front-
facing half bricks are generally glazed in different colors (turquoise, navy blue, and
purple-brown) to emphasize the pattern, while the long sides can be both glazed or

naked. The quarter bricks define the corners and rotation centers of the square-based
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patterns and can be glazed or naked. Another method that is used by craftsment to
emphasize the pattern is the shift in alignments of the front surfaces of bricks.

4.1.2 Parameters of spatial relations between bricks

The parameters of the relations between bricks are crucial for defining the three-
dimensional spatial relations between two consecutive bricks. There are many possible
relations between the half bricks of different orientations and the quarter bricks. The
position of the bricks, the stride, and the mortar spacings are the parameters of the
brick relations. In a vertical-horizontal bond, the stride is generally constant and equals
a horizontal dimension of a brick and a vertical mortar spacing (Bakirer, 1981). Based
on the proportion of the height of the brick to the long side of a brick, the vertical

mortal spacing is 1/3, 1/4, or 1/5 rising.

The vertical and horizontal mortar spacings are not interdependent in the horizontal
bond. There are examples of various combinations in existing historical brickworks
with combinations of wide and narrow mortar spacings in different directions. On the
other hand, in vertical-horizontal bonds, the mortar spacings are constant as distance
or angle in each direction for flat and spherical surfaces respectively. The equality of
mortar spacings is visual in the single-curved surfaces where vertical and horizontal
spacings are not required to be equal yet still dependent on each other and the radius

of the surface..

Figure 4.4 : Parameters of spatial relations between the bricks for single-curved
surfaces and corniches; and spherical surfaces.

Figure 4.4 shows the difference between the calculation of vertical and horizontal
mortar spacings and parameters of spatial relations between bricks on different
surfaces. In single-curved surfaces, horizontal mortar spacing equals angle (ha), while
vertical mortar spacing is a direction vector. The height difference between two
vertically adjacent bricks (v) is the combination of a brick height with vertical mortar
spacing. The only difference between single-curved surfaces and corniches is between

the radius of rows of bricks (r-r2). Corbelled domes have the same relation as
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corniches. Both mortar spacings are expressed with angles (va-ha) and equal to each

other in true domes on spherical surfaces.

4.1.3 Parameters of pattern

What we refer to as the pattern units in the scope of this analysis in the complex
bricklaying examples cases of flat, single-curved, and spherical surfaces are the
squares and rhombuses rotated forty-five degrees, nested, translated, or interlocking,
emerging from the relation of the intersecting inclined lines parallel to or mirroring
each other. In both horizontal and vertical-horizontal brick bonds, the rising of vertical
mortar spacings defines intersecting inclined lines parallel to or mirroring each other.
The inclination is related to the stride of bricklaying, and the distance between the lines
is related to the dimensions of the bricks. For the simpler bricklaying patterns, the unit
of the patterns is inclined curves parallel and mirroring each other. The stride is strictly
related to the brick dimensions in the complex vertical-horizontal bond examples, and
thus the inclination is constant and alike for different examples.

In complex patterns, their intersections define the square pattern units. The squares are
distorted with the curvature of the surface. In single curved surfaces, the distortion is
in one direction and visually not very disruptive, while in domes and narrows at the
top due to the scaling down of horizontal rows of bricks to define the surface curve,
which is compensated through the change of brick count on the curves. The distortion
of the squares and curves does not visibly change the overall effect of the bricklaying

but adapts the geometrical order of design to the curvature of the surface.

Pattern parameters are closely related to brick parameters since the patterns consist of
multiple bricks laid together to define a whole (Figure 4.5). The placement of the
squares depends on units of the bricklaying. The offset distance between horizontally
aligned corners of nested squares (p2) or the stride between two squares (p4) equals

the width or the depth of a half brick, depending on the bricklaying pattern.

The pattern units are more ambiguous for the corniches below the minarets than for
the other surfaces. The rows of bricks and the circular boundry they define in the plan
are the units of the pattern repeating at different levels with changing the number of
brick units and different brick types (Figure 4.5). The parameters of the pattern units
are the radius of the rows and the vertical distance between them as well as the types

of bricks. The vertical distance is equals the height of one brick and a vertical mortar
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gap. The vertical difference between the rows is flexible as horizontal and vertical
mortar gaps are not dependent on each other, and increasing the horizontal mortar
spaces creates steeper surfaces. Labels express the type of brick used to lay the circular
rows; minaret brick (m0), triangular brick (m1), and rotated minaret brick rotated
around its center (m2), respectively. Another parameter is the radius of the circle,
which gets larger going up and effect the structural performance of the architectural

element.
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Figure 4.5 : Parameters of pattern.

These are only some of the pattern systems perceivable on the brickworks. However,
they are general enough to match the shapes that horizontal and vertical-horizontal
brick lays used to achieve brickworks in this genre. The pattern units in domes and
some corniches which resemble brick mugarnas, such as AKM, can also be perceived

as slices of a circular form.

4.2 Bricklaying Rules

Bricklaying rules are the least number of rules required for the recreation of the
analyzed surfaces. There are two types of bricklaying rules namely, the brick rules and
the pattern rules. Brick rules define the three-dimensional relation between two
adjacent bricks and the shapes and dimensions of the bricks through the use of
parameters. Pattern rules define the geometrical order of the emerging pattern due to
bricklaying.

4.2.1 Brick rules

In flat surfaces and domes, there are twelve spatial relations between any two bricks
(Figure 4.6), while bricks come together in the order of laying. In the single-curves
surfaces, the visual effect of the relations are the same, yet the count of the spatial

relations is doubled due to surface characteristic.
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For each brick relation, there are two possible reciprocal shape rules except the first
three, which are spatially symmetric. The rules are named based on the relation they
define and the order of the bricks added to the right-hand side. For instance, Rule 4.1
and Rule 4.2 represent two alternatives to achieve Relation 4. In rules, we use labels
to indicate the front-facing borders of the bricks to indicate their type and colors, which
are used to define the parameters used to calculate dimensions and distances between

bricks. For different interpreters, the labels are associated with tags or types.
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Figure 4.6 : Spatial relations between individual bricks. Adapted from (Altun &
Ozkar, 2022).

The first four rules define the relation of bricks placed with the same orientation
regarding their front-facing surfaces and are the most commonly used ones. They show
the addition of bricks in a row and the laying of additional rows with a stride. The
second and fourth rules also show the definition of the borders of square pattern units.
Horizontal bonds of whole bricks without quarter bricks can be reconstructed with the
first two rules or the third and fourth rules. In the fifth rule, the long faces of the bricks
face to the front or the center of the surface, but one is rotated around the plane the

brick sits on. The following four rules include bricks laid in different orientations
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regarding their front-facing surfaces. Rules 10, 11, and 12 are for relationships

between quarter and larger bricks.

The difference between the brick rules for flat and spherical surfaces is the definition
of distance and direction. The directions are defined with X, Y, and Z axes in flat
surfaces, corresponding the width, depth, and height of a brick, and the distances are
numerical values of vectors in that direction. On spherical surfaces, directions and
distances are defined with angles between the bricks placed tangentially to the
spherical surface. These are the horizontal angle (ha) in XY plane and the vertical
angle (va) in the YZ plane. These relations in spherical surfaces and flat surfaces do
not require variations based on the order of the left-hand brick and the brick added on
the right-hand side since both cases would be the same with euclidean transformations.
The symmetry is disturbed in cases of single curved surfaces where the three-
dimensional relation between two adjacent bricks in the same row is different from the
ones in adjacent rows. The number of rules doubles up by describing the visually

similar relationship with vectors and angles.

We specify the color of the bricks with the letters a, b, and c in labels which correspond
to naked brick, turquoise colored glazed brick, and navy blue colored glazed brick,
respectively. The rules can be applied for bricks of the same color or for transition, in
which case the color of the brick on the left is the same as the newly added brick on
the right. They can also be used for the transition between bricks of different colors.

The labels of bricks are constant and do not change during application.

Similarly the special types of bricks in corniches below minarets balconies are
specified with letters e and f which correspond to minaret brick and triangular brick
respectively. The bricklaying of the corniches could be reconstructed with the first two
relations with reference to the parameters that determine the dimensions of the
rectangular prism framing the bricks and the related labels, but there are three
additional rules (Figure 4.7). First two special rule for the corniches below minaret
balconies transform the bricks into the cut brick. The thirteenth rule is only applied to
minaret bricks (e) for the rows of bricks rotated around their centers. For the bricks

that are cut half such as the ones in AKM, we use subletters.
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Figure 4.7 : Special rules for corniches below minaret balconies.

The parameters that express the directions and distances between the front-facing
borders of bricks define the brick dimensions, shapes, subtle shifts in the placement of
bricks in Y direction due to craftsmanship or the change of radius between rows in

corniches, and mortar spacings for both directions.

Labels are used to formalize the relations and parametrically restrict the distances and
angles between labeled curves for application of the rules. The labels are not removed
after the application of a rule since the same brick could be the left hand shape for two
different applications. After the creation of brickworks with shape rules, the curves
can be used to transform the model into robotic fabrication codes, converting the rules

into making rules.

To formalize material transformation in making with a brick and mortar, the settlement
of bricks in the mortar can be represented with a post processing brick rule showing
three-dimensional rotation of prisms representing bricks around their centers. This rule
would require a change in the labels to select and rotate the bricks without a direction

restriction.

4.2.2 Pattern rules

In brick surface designs where the bricklaying is a horizontal bond or a vertical-
horizontal bond, glazed bricks are utilized to overlay additional layers of patterning.
The groups of glazed bricks form certain shapes, i.e., rotated squarish ones, and the
geometrical arrangement of these shapes forms a pattern, i.e., one with interlocking
rotated squares. The complex brickworks of horizontal and horizontal-horizontal
bonds are fundamentally based on inclined lines and an arrangement of squares. There
are interlocking squares of different sizes for each brickwork. The arrangement of

squares in the surfaces can be repeated with three rules (Figure 4.8).
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Figure 4.8 : Pattern rules for single-curved and spherical surfaces. Adapted from
(Altun & Ozkar, 2022).

The modular approach is utilized to project squares of the pattern onto the curved
surfaces. The borders of the squares are the curves connecting the centers of the
modules, and the bricks are the modules or the vertical or horizontal combination of
the modules. The relationship of the inner squares defines the overall arrangement of

the model as well as the intersections between the other squares.

The first pattern rule shows the translation of the same-sized squares, while the second
shows the relation between two different-sized squares. These two rules can be used
to set up the layout. The third rule is for the placement of nested squares. The distance
between the squares is directly related to the dimension, count, and orientation of the

bricks that fill them as well as the mortar spacings.

Squares and the areas between nested squares are filled with different bricklaying rules
(Figure 4.9). For all pattern rules, the format on the left side of the rule is the same,
regardless of the size. The right size of the rules shows the vertical placement of bricks,

which can be rotated for horizontal placement in flat or spherical surfaces.

The number of pattern rules is doubled in the case of single-curved surfaces, in which
the vertical or horizontal alignment of the bricks in pattern-filling rules is essential.
With the rule set, the bricklaying and pattern on different surfaces can be produced in
relation to one another, while the squares that form the basis of the geometric layout

of the brickwork turn into a bricklaying pattern with the brick rules.
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Figure 4.9 : Pattern filling rules. Adapted from (Altun & Ozkar, 2022).

The pattern rules for the corniches below minaret balconies are related to the coming
together rows of bricks aligned from the center with varying radii and brick types
(Figure 4.10). Three different pattern units are repeated in rows of bricks. The first one
is the stellate plan that emerges with the laying of triangular bricks (mpl). The second
one is the circular pattern of horizontally laid minaret bricks facing away from the
center of the minaret (mp0). Finally, the third is the windmill pattern of minaret bricks
rotated around their centers (mp2). The pattern units in corniches usually repeat two
or three times without a change in parameters to make the pattern easy to grasp from

the perspective of a human from the ground.
—>
QRule 1@

Figure 4.10 : Pattern rules for the corniches below minaret balconies.
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The sequence of pattern units in corniches can be repeated using Rule 19. The radius
of the circle left-hand side and the radius of the circle added on the right-hand side can
be equal or different. Generally, after rows of triangular bricks or rotated minaret
bricks, at least a row of minaret bricks is used as a transition. The circles that make up
the geometrical order of the corniches turn into patterns with the brick rules. The
number of bricks to be placed in each circle is calculated in the parametric model using
the radius of the circle, the brick dimensions, and the horizontal mortar gap. The
balcony of Afyon Kuyulu Mosque is an exception to this rule set. Unlike other
examples, this brickwork has rotational symmetry similar to the domes; the pattern
unit can be considered a slice of a conical surface. In order to examine this pattern in

detail, it may be considered to increase the samples in future studies.

For validating the grammar on designs of the same genre, we apply the parametric
rules to recreate selected existing brick surfaces from the same period and geography.
We have reconstructed simple vertical-horizontal brick bonds from the period
implementing brick rules which are HUM and SAH; and more complex patterns with
both brick and pattern rules. For the latter, we also have recreated brick bonds from
the ETM, AGoM, MUM, IMM, and BEM.

4.3 Application of the Generative System

We use Sortal Gl and Wasp to test and validate the syntactic accuracy of the grammars.
We defined the bricks with the borders in Sortal GI and labeled the front-facing
borders, and used tags related to these labels. The tags enabled us to define distance
and angle directives to set specific constraints. The labels indicate the different edges

of the bricks and the define type of the bricks with their colors or shapes.

We used Wasp in the Grasshopper environment for the parametric implementation of
the rules. We defined the relationships that enable the bricks to come together
parametrically and form surfaces with different curvatures. For this purpose, the
parameters of bricks and the parameters of the relation between bricks were used. In
Wasp, the surfaces of the geometries must be in contact, so each brick is defined with
a geometry including mortar gaps. The exact geometries of bricks are defined as
attributes that reveal the bricks after units come together. We used the connection from
the direction component while defining the parameters of relations between the bricks
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and determined the points and direction of the junctions. As in the brick definition in
the rules, front-facing surfaces are used as references.

Even if the brick unit is the same, bricks with different orientations in the XY plane
are defined separately to prevent undesirable combinations when used with different
orientations, as the use of labels indicates in the rules. Similarly, since the side and
top/bottom connections of the bricks are different on single curved surfaces, bricks
with varying orientations in the XZ plane had to be defined separately. Connection

surfaces are divided with type input as side connections and bottom/top connections.

We used Graph-Grammar Aggregation to enable the sequential application of the
rules. Each unit is given a name in this laying method, and the two units are brought
together by specifying the number of points they connect to. Separation of the
connection surfaces by type creates confusion in the numbers; thus, type inputs are not
used in this method as the manual selection is made among the possible results of the
application of rules. This method defines sequentially combined brick units as pattern
groups by obtaining geometry and connection points information via the deconstruct
part component. Thus, we can apply the pattern rules. To set the parameter values, we

refer to the existing literature.

The brick surfaces generated through the application of rule sets via the tools
mentioned above are used as inputs for robotic fabrication. In order to create models
for production without the use of adhesives, the vertical mortar gap parameter is set to
zero, horizontal gaps are enlarged to enable the fabrication of scaled models, and the
planes on the upper surfaces of the geometry representing the bricks are defined in the
Grasshopper model. These planes are aligned with the plane defined at the center of

the bore of the gripper, creating production codes.
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5. THE MAKING OF BRICK SURFACES WITH A ROBOTIC ARM

Robotic fabrication is the process of using robots to build architectural elements. For
automatic bricklaying, a robotic arm is necessary to lay the bricks to construct a surface
with specialized gripping equipment as an end-effector to pick up individual bricks
and place them in a specific pattern or design. This common task is called pick and
place. The toolpath for the robotic fabrication is programmed with the desired layout
using G-code, a standardized numerical control programming language that tells the
robot arm where to move and what actions to perform. Using G-code the robot arm is
able to lay the bricks automatically, potentially completing the task more quickly and

accurately than a human worker.

The G-code commands are typically generated by Computer-Aided Manufacturing
(CAM) software that automates and optimizes the manufacturing process by
generating instructions for machine tools based on digital models. These tools provide
simulations of the process, enabling the designer/maker to quickly and easily test
different design configurations and make changes as needed. In this study, a KUKA
KRC2 robotic arm with 6-axis is used to fabricate the reconstructed surfaces of
selected cases to test whether the generative rule system for the bricks informs actual
production processes as well. To define a complete and integrated workflow with a
holistic understanding of the bricklaying of the period, we used the KUKA PRC

programming language developed by KUKA in Grasshopper in Rhinoceros.

A pneumatic parallel gripper with a 15 cm open and 11 cm closed bore size is used as
an end effector. The bore size is reduced with 3D-printed extensions, and soft materials
that are easily compressed are placed at both sides of the inside surfaces to prevent the
gripper from crushing triangular ends of bricks made of XPS. Since the thickness of
the gripper ends are greater than the mortar gaps between the bricks, the bricks were
held from their front and back surfaces and placed according to this axis (Figure 5.1).
For HUM, to pick bricks of different sizes, soft materials with different thicknesses

are used during bricklaying.
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Figure 5.1 : Working space for robotic fabrication and the gripping of the bricks.

The generative process outputs that use the rules of developed grammar are scaled,
moved to the working space of the robotic arm in the Grasshopper, and directly
connected as inputs to generate the toolpath as 3D polygons. The planes for gripping
the bricks are placed at the center of a line connecting the front and back of the brick
geometries at the top surfaces. These planes are aligned with the gripper plane, which
is placed in the middle of a line connecting the centers of the fingers of the gripper.
Thus, there is no need to alternate the definition for the pick locations of the bricks
with different shapes but the same depth, especially in corniches. The movements
between the origin point of bricks in pick and place locations are created with "linear
movement" between the planes placed in these points. To eliminate possible collisions
between the already laid bricks and the robotic arm, we defined the movements as
“hover over the brick to be picked, go down, pick up the brick, go up, hover over the
coordinate where the brick will be dropped, go down, drop the brick, go up, and repeat”
as shown in Figure 5.2 with the toolpath curve. The lists of the linear movements and
the digital outputs for the gripper are divided, merged, and weaved with the use of
Grasshopper components. The digital outputs of the pneumatic gripper involve two
commands for an action. To open a closed gripper, first, the boolean value of a closed
valve is turned to false, and then the open valve is turned to true. We divided the list
into two as pick and place lists and weaved them separately with gripper open and
close commands. Then these two lists are weaved together. The initial and final
movement is different from others since it involves the home position of the robot, and
they are handled separately. Finally, these commands are merged with other

commands.
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Figure 5.2 : Simulation of toolpath with curves and the working space in KUKA
PRC.

One limitation of robotic fabrication is the restricted working space around the robot.
The scales of the partial models are determined as 1:2 for HUM shown in Figure 5.3
and 1:5 for corniches (AGuM, AUM, AfUM, and SAM) to enable production and have
sufficient space to move and operate inside the confined space of the safety cage.
Considering the mortar gaps become very small when working with scaled models,
minor deformations on the brick surface or small shifts in the placement cause friction
between bricks and disruption of the order. We ensured that the mortar gaps were more

than 3 mm to prevent friction.

Figure 5.3 : Results of robotic production (HUM).

Separate production codes were created for each row of bricks, taking into account the
limit of the number of lines of code that the existing robot arm can run at once and the
control of the production stages (Figure 5.4). Even though the pick and place tasks

55



would potentially mimic the movements of a maker, the making parameters are
different from the manual bricklaying process. For example, the displacements of
bricks due to friction, air flows, or gravity would be corrected immediately by the
maker in analog bricklaying. Robotic fabrication requires human intervention to

remove the disruptions and repeat the process.
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Figure 5.4 : Laying the rows of bricks for the case of SAC.

Another limitation is the selection of materials for the bricks. Expanded Polystyrene,
XPS, is used in this study to produce bricks due to financial limitations and the
workability and ease of cut of the material. It is a very lightweight material that the
slightest impact would displace, limiting the range of applications and precision of
surfaces that can be produced using robotic fabrication. To produce the bricks, we used
stencils that are 3D-printed based on the generative model and hot wire cutter to cut
the material. Adhesives or mortar are not used in the fabrication, and the surfaces are
laid with the dry-stacking method, enabling the re-use of the material for different
experiments. The vertical mortar spacing parameter is adjusted as zero to generate the
models for robotic fabrication. The lack of mortar spacing resulted in the change of
proportions in the bricklaying. We also carefully adjusted the speed of the robot not to

cause air flows that would affect the fabrication.

Due to stability issues, the dry-stacking application of surfaces with numerous quarter
bricks is not rational. With the scaled models, the intersecting surface between bricks
is reduced, and the small deformations on the surface become critical. Similarly, the
surface collapses when the loads cannot be transferred due to the inclination of the
surface in corniches; the design is revised with the change of parameters. The density
of brick material and the use of adhesives are effective in the static stability of the

surfaces. Generated surfaces could be simulated, and the optimum inclination could
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be calculated with the help of digital design tools, such as Kangaroo Physics, in the
Grasshopper environment integrating the material properties into the model.

The placement of the bricks at the exact height they are supposed to be causes pressure
on the brickwork at the highest rows, so the placement height needs to be redefined
for different rows. Additionally, the ground surface is not entirely flat, and there are
millimetric height differences at the upper surfaces of bricks in the same row. The
bricks in the upper rows were placed by lowering them from a height of 5mm while
aligning the gripper with the upper surface of the brick, unlike the ones in the lower
rows, to prevent these problems from negatively affecting production by applying
pressure during placement. For this reason, small shifts due to the dropping were

observed in the bricklaying.

The age of the software and hardware of the robot was another limitation for the
fabrication. It resulted in slower processing speeds, caused problems during the
implementation, and reduced the number and variety of experiments, thus limiting the

efficiency and effectiveness of the robotic fabrication process.

The experiments (Figure 5.4) can be further improved with the involvement of mortar
or adhesives, different materials, and ground with more friction. The use of mortar
would require an additional robotic arm or a change in end effectors for each brick.
The robot can be programmed to dispense the appropriate amount of mortar and apply
it to the bricks in the desired pattern, ensuring that the bricks are properly bonded
together. Additional solutions could be needed to remove excess mortar materials from
the surfaces. On the other hand, adhesives could be incorporated into the toolpath with
related periphery units. These improvements would enable laying steeper surfaces or
surfaces with numerous quarter bricks while increasing the accuracy of dimensions

and proportions of the brickwork.
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Figure 5.5 : Results of robotic production (From top to bottom: AGuM, AUM,
AfUM, SAM).
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6. CONCLUSIONS

The primary aim of this thesis has been to propose a methodology to serve in bridging
the knowledge from the disciplines of architectural history and building technology by
modeling brick surfaces in historic buildings with design computation methods. To
demonstrate the correlation between the design of the surface pattern and material in
historical bricklaying, brickworks with different curvatures and three-dimensional
qualities are modeled, analyzed, reconstructed both digitally and physically, and
compared. The information about the tectonics of existing surfaces is formalized
through the development of grammars which helps us to externalize design reasoning
behind historical brick structures based on the know-how of making. The models
produced and fabricated with digital tools show that the method can be applied to
transfer the implicit design knowledge of the case studies and transfer it to a digital
environment aiming to provide a holistic transfer of the knowledge to future
generations. The importance of this study is that the flexibility in parts and wholes are
taken into consideration, and the patterns are analyzed as a result of constructional
relations between three-dimensional units instead of two-dimensional arrangements.
The design of the patterns with the arrangements of squares are combined with the
sequential repetitions of individual brick relations for single-curved surfaces and
domes. The analysis revealed that the constructional logic and order of bricklaying that
lies behind the complex patterns on different surfaces share some fundamental
principles. The construction of brick mugarnas and its three-dimensional qualities
related to individual relations between bricks are also discussed through the examples

of corniches below minaret balconies.

The research points out the use of practical geometry and modules for bricklaying.
However, to propose a more comprehensive grammar, further studies needs to include
many examples and other bricklaying architectural elements, such as transition
elements and brick mugarnas that provide a transition from point to rectangle or

rectangle to rectangle would be necessary.
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The experiments of robotic production show that the reconstruction of a surface can
be completed in a single model from the analysis to production. The importance of
material properties, tools, and the actions of the maker is revealed. The unexpected
results due to all these aspects and limitations implied the need for intervention by the
designer. Future studies to improve the robotic fabrication part of the research include
solutions to eliminate inaccuracies and minor deviations created by the incorrect
holding of the brick by the gripper. These inaccuracies would have a negative impact
on surface quality. A possible solution would be the development of an end effector
and some changes in the brick design. Another improvement would be using different

materials or bricks as a unit.

Having valued a historical perspective, the research focus has mostly been a technical
one. This thesis does not propose a generalization for Medieval Anatolian brick
patterns but instead proposes a method to document formal and material design
attributes belonging to the field of architectural and cultural heritage. The examples
constitute a case. The proposed method has the potential to assist in the documentation
of architectural heritage, with improvements with more resources and collaborations
with experts in architectural history. It can add another layer of information to heritage
building information models (HBIM) by identifying the parts separately and in relation
to each other, with the design and construction logic required to reconstruct the
surfaces with digital fabrication tools. One of the difficulties in HBIM applications is
that the architectural heritage elements do not match the ones in a library of typical
software (Dore & Murphy, 2012). While HBIM models mainly focus on the structural
information, and the building components of historical structures are assumed to match
those already in libraries (Garagnani & Manferdini, 2013), this study proposes to
integrate the semantic part-whole relations and a generative tool to model components
as they are in the scale of construction units. This method can integrate HBIM studies
with conservation and restoration applications to transfer knowledge from experts to
digital fabrication tools and help protect architectural and cultural heritage.
Additionally, integrating digital tools to document architectural heritage allows a
broad audience to share and access information quickly. The know-how could be
incorporated into HBIM models, which could provide a common ground for
discussions and enable the production of accurate and efficient models that include

multiple layers of information in different scales.
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The results imply that the combination of computational modeling, geometrical
analysis, and historical research with robotic fabrication could provide new insights
into the relationship between geometry, materials, and design. While the analysis and
modeling based on the architectural construction history contribute to the
documentation efforts, the application with the robotic arm shows that the generative
model could provide the basis for transferring the understanding of material relations
and their influences on the design into the design and production of novel brickworks.
The workflow and the experiments of the thesis present the importance and potential
of transdisciplinary works for preserving knowledge of architectural heritage.
Information from different disciplines gains value when associated with each other,
providing a deeper understanding of the subject. The research shows that combining
information from different sources can be essential for a more comprehensive
understanding of a subject. For example, the analysis of the domes shows that a
photogrammetry-based point cloud model can provide detailed, three-dimensional
information, while text-based descriptions from the existing literature provide
additional context and background information about the materials, tools, and making.
Additionally, the survey drawings help to clarify and visualize the exact shapes and
dimensions and be used as a reference to measure the accuracy and scale of the point
cloud model. Combining these different sources makes it possible to gain a more well-
rounded understanding and propose a more informed model. Using multiple sources
of information can also help to verify and validate the accuracy of the information
being gathered. The research shows a need for increased collaboration and partnerships
between organizations working to document cultural heritage and those with expertise
in digital design. By working together, these groups can share knowledge and
resources and develop more effective approaches to using digital tools for cultural

heritage documentation.

Another opportunity the method presents is integrating digitally processed real-world
data into the parametric model to create a site-specific model of the constructional
parts and wholes. The combinations of discrete parts, which are the parts of the design,
can also be detected and documented as other layers of design elements. As Altun et
al. (2022) discussed, the data collected from the site could be processed with deep
learning and digital modeling tools to be used as input for the stochastic parameters of

spatial relations and the rules of designs with repetitive units.
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Last but not least, the developed model has the potential to be used as a generative
model to produce a synthetic dataset. Future studies include the creation of a dataset
that can be the training data for a deep learning model, which may be used for semantic
segmentation of real-world data from existing historical structures. The application has
the potential to contribute to the SCAN-to-BIM applications by automation of
documentation in a level of detail of a construction unit that needs to be more

considered.
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