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ABSTRACT

DIGITIZING ARCHAEOLOGICAL EXCAVATIONS IN 3D,
AN IMAGE BASED MODELING APPROACH AT KOMANA PONTIKA

Orman, Yenal
MSc.; Department of Settlement Archaeology
Supervisor: Prof. Dr. D. Burcu Erciyas

February 2014, 101 pages

In spite of the fact that they are not widespread in Turkey, 3D applications have
been implemented in increasing numbers of archaeological activity around the
world. These methods were introduced in archaeology due to mere intentions of
three dimensional visualization and reconstruction in the beginning however they
have recently started to become an important part of the scientific research with
the development of technological and theoretical infrastructure of the field. It is
now possible to digitally document excavation process and findings, to digitally

handle the obtained information and to easily share the data with others.

In this thesis, Image Based Modeling is discussed in detail due to the facts that it has
unique characteristics making it applicable to almost any archaeological research
and it can significantly contribute the scientific work in the processes of data
recovering, interpretation and dissemination. It is critical that this approach should
be, as soon as possible, adopted by Archaeology that needs to evolve into more
collaborative, openly accessible, audience oriented state and multi-layered, multi-
dimensional and questionable content in order to keep up with the change and

improvement in the information exchange brought by new media.

Keywords: Virtual-digital archaeology, Image based modeling, Archaeological and
cultural heritage, 3D digitization, Dissemination of Data
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ARKEOLOJIK KAZILARIN 3D SAYISALLASTIRILMASI,
KOMANA PONTIKA’ DA FOTOGRAF BAZLI MODELLEME YAKLASIMI

Orman, Yenal
Yiksek Lisans, Yerlesim Arkeolojisi Bolumi
Tez Yoneticisi: Prof. Dr. D. Burcu Erciyas

Subat 2014, 101 Sayfa

Her ne kadar Tirkiye’ de yayginlasmamis olsa da, son vyillarda 3D uygulamalar
arkeolojik calismalarin bir cogunda kullanilir hale gelmislerdir. ilk zamanlarinda
sadece Ug¢ boyutlu gorsellesirme ve rekonstriksiyon amaciyla arkeolojinin ilgi
alanina giren bu yontemler gecen sirecte teorik ve teknolojik altyapinin da
gelismesiyle bilimsel arastirmalarin énemli bir pargasi haline gelmeye baslamistir.
Artik bu yontemler kullanilarak kazi sirecleri ve buluntular dijital olarak
belgelenebilmekte, elde edilen  bilgi vyine dijital ortamlarda islenip

degerlendirilebilmekte ve yine ayni sekilde kolayca paylasilabilmektedir.

Bu tez igeriginde Fotograf Bazli Modelleme yaklagiminin, barindirdigi 6zellikler
bakimindan hemen hemen tim arastirmalara uygulanabilirligi ve bu calismalarda
ulasilan bilginin belgelenmesi, yorumlanmasi ve yayginlastirilmasi siireglerine olan
ek katkisi tartisiilmaktadir. Gelisimi icin yakin gelecekte, yeni medyanin da etkisiyle
daha isbirlik¢i, disa acik, kitle odakh bir yapiya ve ¢ok katmanli, ¢cok boyutlu,
sorgulanabilir iceriklere dogru evrilmesi gereken arkeoloji biliminin bu ydontemi

simdiden sahiplenmeye baslamasi 6nem tasimaktadir.

Anahtar Kelimeler: Sanal-dijital arkeoloji, Fotograf bazli modelleme, Arkeolojik ve
kiltirel miras, 3D Dijitallestirme, Bilginin yayginlastiriimasi
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CHAPTER 1

INTRODUCTION

3D applications in cultural heritage started to become a promising method to
visualize the location and appearance of subjects as virtual scenes, and also lately as
a tool to document, discover and recover data from archaeological remains. Over
the past two decades advances in computer graphics have enabled researchers to
render archaeological structures, artifacts and landscapes in increasingly realistic
ways and in addition, target materials can now be placed into virtual space that
allow users to navigate through the structure and explore its details in real time
with the inclusion of the third dimension. Besides, increasing development of
virtual/augmented reality, game and interaction technologies also help institutions,
museums and cultural centers to embrace advanced virtual technologies and
support their transition from the research laboratory to the public realm where
audience are not mere viewers of the given scenery, but can actively participate in
the program through their actions. Virtual heritage environments thus, provide
researchers and the general public a tool for exploring archaeological data in detail
in a dynamic and interactive fashion and preserve the cultural heritage in digital
formats for further generations. Moreover; when 3D digitization methods are used
to record the progress of a new excavation, they have “the potential to mitigate the
irreversible and destructive nature of archaeological excavation” (Frischer, 2008: v).
Widespread adoption of 3D technologies to record and reconstruct archaeological
sites allows the archaeologist to virtually preserve the site and the artifacts through
3D data capture that provides digital interpretative environments as well as the

integration of other researchers directly to the process.



This thesis specifically focuses on the conduction of 3D documentation methods in
archaeological excavations due to the fact that data recovering and preservation is
the first and most important variable for the latter actions in the subject area.
Besides explaining and discussing various tools and applications, the project also
consists a case study in which one of the digitization methods; “image based
modeling” is used to document archaeological artifacts and edifices through the use
of Agisoft’s Photoscan software. The author aims to test applicability, accuracy and
efficiency of this approach in four different steps of the excavation process that are
registration of archaeological layers and sections in a trench, visualizing artifacts
and generating drawings out of them, digitizing a burial scene and lastly
documenting architecture and generating drawings out of it. Apart from the case
studies, the overall potential as well as the prospect of virtual applications in
documentation, representation and dissemination processes of archaeology is

evaluated.

1.1 Problem Statement

Data capture is the key factor behind the idea of an archaeological research.
Archaeologists dig the ground with the intention of gathering physical and spatial
information in order to analyze and interpret. Even though these are the right
intentions, the traditional approach captures the excavation only in 2D space along
with what is observed, recorded and remembered by the excavator. Unfortunately,
it is impossible to pass the data and experience gathered during the process
thoroughly to another person or researcher which means loss of information in the
end. However, virtual reality applications stand as a solution to this problem.
Among those, image based modeling seems to be a promising, low-cost and user
friendly method for capturing 3D data during the excavation process and creating
reversible virtual experiences that allow further research and reflexive contents.

The potential of this medium becomes more apparent when it is considered in



parallel with the evolution of new media that altered the way of exchanging

information in the last years.

1.2 Research Objectives

e To test the applicability of image based modeling in different cases of
archaeological excavations.

e To analyze the empirical accuracy of 3D models generated by image based
modeling.

e To examine in which steps of archaeological activity close range
photogrammetry offers solutions.

e To reveal in what ways close range photogrammetry improves the data
capturing process compared to conventional methods.

e To discuss the future of data recovery, processing and dissemination in

archaeology with respect to image based modeling.

1.3 Thesis Structure

This thesis’ structure is based on virtual reality applications that can be used in
archaeology and it mainly concentrates on how one of these methods; image based
modeling could serve as a tool to improve the collection, visualization and
transmission of archaeological data by testing several cases from Komana Pontika
excavations. Chapter 2 of this research reviews the role and aims of virtual
applications in archaeology. Chapter 3 explains and compares image based
modeling with other 3D digitization techniques and also looks at various cases in
which computer vision was successfully implemented. In chapter 4 the study area
and the methodis defined, the documentation workflow for the cases is explained
as well. The results are analyzed in chapter 5 whereas chapter 6 discusses the
prospect of archaeology in terms of digital documentation, interpretation and

dissemination. Lastly, chapter 7 concludes the research.



CHAPTER 2

ROLE OF VIRTUAL APPLICATIONS IN ARCHAEOLOGY

The aims of using 3D methods in cultural heritage vary significantly. Considering
different scales of archaeological activity, virtual techniques can help researchers to
understand archaeological features and physical context better as a whole at
landscape scale. At the monuments/sites scale, 3D can give accurate measurements
and objective documentation as well as a new view under a different point of view.
At the artifact scale, 3D modeling allows to reproduce digital/physical replica of any
artifact that can be studied, measured, shared, exhibited etc. as well as visuals for
general public use, virtual restoration and conservation (Remondino et al., 2007:
36). Remondino et al. summarizes the key benefits of virtual archaeology as follows:

(Remondino et al., 2007: 42)

e Interaction: a 3D model involves a high degree of interaction.

e Difference: the representation in 3D produces more difference in
cybernetic sense; interacting with 3D data we develop a major exchange
of information.

e Spatial relationships: 3D spatial features visualize, model and develop
relations generally not identifiable in 2D space

e Multi-modality: 3D interaction stimulates our cognitive system to adapt
and follow the spatial coordinates of reference, in scale and size.

e Light: 3D interaction and movement involves changes of the light and
shadow conditions of the reconstructed model so that a better

perception and also interpretation is achieved.



e Geometry: the more complex is the geometry of an object the more we
have a capacity of analysis.

e Transparency: the reconstructive processing of information can be
validated and shown by a sequence of 3D spatial maps in overlay or
different representations.

e Multi-modality: 3D information allows a multimodal and multi-sensorial
interaction with the 3D model.

e Connectivity: each 3D spatial information multiplies in a conceptual
network of links its communication model.

e Preservation: 3D digital data are useful for site/object documentation
and storage in case of lost of destruction.

e Fruition: a 3D model can be exchanged between users or used in virtual

museum for people who cannot visit the real site.

Whatever the scale and/or the expected benefit is, aims of using 3D applications
can be grouped among three main steps of the archaeological activity. These are
documentation, analysis and dissemination processes. Addison describes these as
3D documentation being any of formerly mentioned methods applied to site
investigation and information acquisition, 3D representation being the visualization
process and 3D dissemination being the set of actions to share the generated

content. (Addison, 2000: 22)

In the following part of the thesis, these steps will be discussed separately.

2.1 3D Documentation

A classic claim for archaeology: Excavation is a destructive process (Carmichael et
al.,, 2003: 31). This is often quoted in order to draw attention to the vitality of
proper and detailed documentation of archaeological work area that will be

physically lost forever afterwards. Traditional documentation methods with forms,



drawings and photography provides limited data acquisition and preservation. The
archaeologist in charge records what s/he observes and some of pre-existing
information can never be experienced again. Even though the findings are recorded
and preserved in collections as a data source, it is mostly not possible to keep
contextual information alive. De Reu describes this situation as two dimensional
interpretation of a 3D structural datasets that future researchers will have to cope
with (De Reu et al., 2012: 3). However, adoption of 3D technologies to record
archaeological subjects may turn the tide due to the fact that these methods allow

the researchers to virtually recover and preserve the site as well as the artifacts.

The virtual registration and documentation is achieved by capturing 3D information
as much as possible during and also after the excavation process. Commonly, an
excavation starts with the clearance of surface soil inside the square or rectangle
trench. Afterwards, the excavation goes deeper layer by layer. According to the
traditional approach, the archaeologist records coordinate points with total station,
takes photographs of these cultural layers, makes notes and sketches. This
mainstream process implies that huge amount of cultural information is not
documented and the quality of the documentation is highly correlated with the
ability of the archaeologist, therefore; subjective. On the contrary, if a 3D digitizing
method is applied, it is possible to record shape, topology and texture information
of each layer and section accurately. Using 3D information afterwards, one can even
generate orthophotos and line drawings way more fast and accurate than manual
on-site drawings. The huge difference between traditional and 3D documentation
approaches is more understandable when directly compared to a total station
example. While using the total station to record layers, archaeologists read corner
points and maybe a middle point making five pointsin total. However, when 3D
scanning or photogrammetry used, millions of these points are recorded together
with texture information. Thus, this kind of approach allows the stratigraphy of the

trench to be reconstructed in a three dimensional space with high resolution and it



becomes possible for the archaeologists as well as other experts to analyze the

outcome.

To summarize, the scanning will provide an accurate 3D surface model with
sections, geo-referenced coordinates and even photorealistic textures. Besides, the
unearthed artifacts can be placed in 3D space along with their position and
orientation values. Thus, if the excavation is properly and continuously documented
in 3D, it is possible virtually, to merge the whole process into a three dimensional
rectangular prism consisting all the layers, sections and artifacts as it was before the
excavation. The key point here is continuous recording. As the shape, color and
texture information in a trench is dynamic and always changing, so the capturing

process needs to be. In this way: (Lu et al., 2011: 37- 39).

“[...]the whole archaeological excavation process can be turned from a
non-reversible process into a book, which can be browsed arbitrarily with
the assistance of dynamic information from the excavation. This will greatly

support future archaeological research and potential utilization.”

In traditional excavations, more or less similar walkthrough is applied also to the
finds. The archaeologists unearth a vast variety of artifacts such as man-made
objects, bones, plant remains etc, but they are only recorded by their position along
with photographs and/or manual drawings. As this type of workflow captures 2D
information, it commonly makes the archaeologist ignore the possible correlations
of artifacts, whether they were placed together or separately, whether they were
piled up or juxtaposed and whether there are related relics around (Lu et al., 2011:
38). Placing the artifacts in 3D space with respect to their positions and
orientations, the researchers become able to conduct spatial analysis in a healthier

way.

Putting excavation activity aside, the cultural heritage is also in the scope of 3D
documentation. The heritage sites all over the world are affected by wars, disasters,

weather conditions and human negligence (Remondino et al., 2009: 1). Agricultural



activity, state politics and mass construction actions are a few of other threats to be
listed. In a similar way museum objects or objects in the storerooms are subjected
to continuous corrosion and deterioration. For any of these cases 3D
documentation stands as a powerful tool to create a virtual, unchanging replica of
the subjects that can be used for further and future actions such as monitoring,
conserving, reconstructing, reinterpreting, reanalyzing etc. (Remondino et al., 2007:

36).

2.2 3D Representation

3D representation of archaeological material and cultural heritage is characterized
by the visualization and analysis processes of these subjects. Once an object or an
edifice is documented in 3D, the outcome can be used with various forms and
intentions of representation. Frischer et al. describes this as translation of empirical
phenomena into geometric language (Frischer et al., 2002: 11). A similar point was

also made by Niccolucci (Niccolucci, 2003: 2):

"[...]since interpretation, explanation and communication involve
reasoning, Virtual Archaeology can provide virtual creations to organize
and synthesize known facts, showing them with greater clarity to others or

to one’s ‘inner eye’, or virtual substitutes of physical objects."

Here it is important to note that comprehension of any information being directly
correlated to visualisation is a cognitive psychological fact. In other terms, the
better the visualisation tool, the better and easier the understanding of the content
becomes (Sermon, 2008: 36). If so, how could 3D visualization contribute to post-

excavation research?

Regarding the on-going excavation digitization, the obtained models can be viewed
for to achieve a better understanding of the site or can be used to interpret, test

and suggest new hypotheses based on the spatial information. If continuously and



properly recorded, it is possible to digitally integrate and reproduce all the phases
of an excavation layer by layer in three dimensional space and simulate the whole
excavation in a way that any other person than the trench supervizor could
interpret even without being on the site. Besides, the opportunity to view a digital,
contextualized stratigraphy of the work area allows researchers to evaluate the past
use of the space as a whole (Forte, 2012: 353). Apart from the contextual data, 3D
digitization of findings also provide further opportunities. For instance, the created
documentation allows scientists to preserve the items and conduct the study on the
virtual models. This especially becomes vital with objects like frescoes, wall
paintings, organic materials etc. that may easily deteriorate after being unearthed.
In this way invasive traditional methods are left aside and the analysis as well as
restoration and reconstruction activities are conducted on the digital model. In
some projects, mass 3D documentation is also used to create material databases
containing pottery, objects or animal bones to help archaeologists to identify,

compare and interpret their findings.

In addition one must consider that enormous amount of artifacts are unearthed in
excavations, parallel amount of time and effort is devoted to make drawings and
sketches in conventional approach. No matter how carefully drawn, they are
subject to errors and simplifications due to time/budget limits and artists’ individual
skill/choices (Horr et al.,, 2009: 3). Even though there are globally or locally
standardized ways to illustrate artifacts, they fail to provide adequate information
and detail about the shape, decoration and the material of the findings. If time and
effort spent for manual drawing is transferred to object digitization, the artifacts
can be visualized both in 3D and 2D with various options such as section drawings,
sketches, orthophotos and unrolling textures in very short time even with different
lighting/shading opportunities. This makes creation of 3D artifacts preferable in
contrast to conventional recording methods. Besides, the digitization also increases
the accuracy of illustrations. Horr et al. compared the traditional pottery drawings

with digitally created ones and claimed that significant errors occur in areas with



high perspective distortion when the object is hand drawn (Horr et al., 2009: 11).
Similar cases that showed 3D modeling adding new dimensions to the analysis and

presentation of ceramics were experimented also by Karasik (Karasik, 2008).

To sum up, accurately 3D digitized space or object could be used as a digital
representation that provides opportunity for elaborate analysis and interpretation
due to its massive content of information as well as an efficient medium of
visualization because of its modifiable nature that could make the model turn into

various formats.

Virtual applications are not used only for documentation and scientific illustration
but in fact they also allow archaeologists to create simulations and reconstructions
of their ideas based on the actual data on hand. In this way the researchers can
experiment with their case to test various alternative scenarios in digital worlds. A
good example for this is the work of Johanson and Frischer on the Sanctuary of Sun
in Bolivia (Johanson and Frischer, 2008). Two towers belonging to the sanctuary
that were formerly thought to be tombs, were interpreted as “markers of the
position of the sun at sunset on the winter solstice, enabling large-scale audience
participation in solstitial ritual.” (Johanson and Frischer, 2008: 98). To test this
hypothesis, the topography of the island was modeled through digitized contour
maps along with the reconstruction of partially existing towers and by using a
scientifically correct ephemeris software; Horizon from NASA’s Jet Propulsion
Laboratory, the scene of sunset on the winter solstice in 1500 CE was digitally
created. As a result, their virtual-empirical test did not only validate the hypothesis,
but also showed the potential of 3D modeling as a heuristic and communicative

tool.

10



2.3 3D Dissemination

Outcomes of archaeological activity is targeted to reach two different communities:
the academic environment and the general public. Conventional methods for the
dissemination of knowledge among academicians are the publications and the
conference presentations that are formerly mentioned as inadequate mediums of
information exchange. To reach the public on the other hand museums,
archaeological parks and sites and multimedia are several common options.
Considering both target groups, use of 3D applications in archaeological activity
definitely provides the opportunity to enhance the communication in between and
they have proven to be the most efficient tools for education and communication of

cultural heritage (Hermon, 2008, 36).

The last two decades revealed a significant breakthrough in the mediums of content
dissemination with the development of computer based publications and World
Wide Web. In this way, it became possible to include digital information such as
fieldwork data, unlimited numbers of colored photos, drawings, graphs, sound and
video and lately 3D models in the electronic publications reducing the gap between
the archived knowledge and shared content (Meyer et al., 2007: 400). Moreover, it
eliminates the slow process, page limits and high costs of publishing, transporting
and keeping traditional books and journals. Digitization and e-publication of
archaeological or cultural subjects therefore, allows the researchers to share more
of the content with other people in digital formats such as spreadsheets, databases,
GIS data, virtual models etc. and even to include them in the identification or
interpretation processes by providing access to research outcomes. Considering the
3D models generated during the archaeological research, it has recently become
much easier to share them as digital files through web and e-publications. Adobe’s
3D PDF technology for example, allows viewers who have the latest version of

Adobe Reader to examine the 3D artifacts directly in their browser window or PDF
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reader. This option provides the opportunity to include 3D models containing
200,000 polygons at maximum however it also offers rotation, zoom and
measurement capabilities as well as cross sectioning that are advantages not
currently available in any other dissemination method (Payne et al., 2009: 293).
Additionally, other common 3D formats such as OBJ and VRML can be used to
retain high number of polygons or in other words, high detail available for
downloading and they can be examined in desired 3D applications. Therefore, it
could be said that portable digital formats open new perspectives for 3D data
sharing and collaboration and offers an intermediate solution in between data
capturing and final interpretation (Catalhoyilk Archive Report, 2012: 233). Besides,
in the very near future web based applications will be able to render millions of
polygons in real time (Scopigno et al., 2011: 48) stimulating the access to virtual

contents.
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CHAPTER 3

THE IMAGE BASED MODELING APPROACH

Until recent years, digitization of archaeological data had been limited to digital
photography and electronic databases that consist fieldwork reports. However,
more and more excavations all over the world, started using various 3D digitizing
approaches due to better documentation and visualization purposes. Setting aside
the common goals of these methods, they differ in various aspects such as accuracy,

working scale, cost, time consumption, etc.

3D modeling can be conducted in two main ways, either using real subjects as a
source or creating content with computers. Photogrammetric applications,
surveying and range image modeling are listed in the first group, hand and
procedural modeling through softwares are in the second (Remondino et al., 2009:
2). This chapter will review these techniques in the beginning, with the intention of
presenting the foreknowledge needed for the comparison between computer vision

and the other methods.

To start with, 3D digitization of an archaeological artifact, structure or space can be
done by hand modeling which is explained as a manual reconstruction procedure
using CAD softwares. Besides their widespread use in architecture among many
other industries, they are commonly applied to digitize especially archaeological

plan and section drawings as well as creating 2D-3D visual representations.

The CAD softwares allow the user to create polygons from points and lines inside a
3D coordinate system. Therefore, reference information such as drawings,

dimensions, blueprints and images can be used to model all parts of the target
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subject step by step. As a result a visual appearance of the subject is reconstructed
(Haegler et al.,, 2009: 3). However; the vector nature of these CAD applications
provides the modeled objects with perfectly straight lines making the outcome less
realistic, in other words; scientifically less correct. Attempts to achieve better
results by increasing the number points, lines and polygons in the model, thus
having more detail, may become a painful, time consuming task. Even if the time
cost is embraced, the accuracy of this method may compete neither with 3D
scanning nor image based modeling. Besides, extra work must be conducted to

correctly texture the final mesh.

Considering these characteristics, hand modeling is commonly used in archaeology
to create \visualizations of artifacts and architecture for representative
reconstructions and scholar/public display. The Wesleyan-Brown Monastic
Archaeology project (known as MonArch) is one of the researches that goes above
and beyond the shortcomings of this approach. In their study at Saint-Jean-des-
Vignes, the researchers used hand modeling for representing the evolution of the
monastery in several phases with alternative scenarios. By introducing time and
uncertainity variables, Monarch project was able to create a new way of publication

that allows reconsidering and rewriting (Bonde et al., 2009: 275).

Another method for 3D digitization is procedural modeling. This is a term in
computer graphics that refers to the automated creation of 3D models and textures
according to sets of rules and parameters assigned. In other words, the algorithms
of the software generate procedural variations of 3D objects using the information
given (Midiller et al., 2006: 614). The method therefore, fills a big gap in heritage
studies due to the fact that archaeological information is always only available in
fragments and procedural modeling uses the recovered data in combination with
researchers’ ideas and interpretations to reconstruct the architectural output
(Miiller et al., 2006: 7). Being more oriented to spatial and semantic relationships
between objects rather than absolute geometry and coordinates (Haegler et al.,

2009: 4), it is possible to visualize large ancient cityscapes with low cost and effort
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to observe and test periodical and spatial hypotheses. One of the most intriguing
implementation of the approach was made in Rome Reborn project in which 6750
residential buildings were procedurally produced along with 250 hand modeled
monumental buildings with the intention of illustrating the urban development of
ancient Rome from late Bronze Age to the early Middle Ages (Dylla, 2008: 62) (Fig.
2). Procedural modeling was specifically used in this project to create buildings that

the researchers have no precise information about.

What is being generated with this method can also be done by hand modeling but it
will take way more time and resource to reach similar outcome. This is the reason
behind the introduction of procedural modeling in archaeology as well as other
work areas. Nevertheless, one needs to note that procedural modeling can only be
used to visualize or represent the ideas because of the uncertainties involved in the

source and the outcome. Therefore, it can not be used for documentation purposes.

Probably the most popular digitization principle in heritage and archaeological
studies is the range imaging technique that is commonly known as 3D Scanning. The
roots of this technology date back to 1960’s, however; its first use in cultural
heritage recording was conducted in the late 1980’s (Lu et al., 2011: 12). In the
following two decades this technology improved substantially and became one of

the most efficient methods of accurate 3D data capture.

Basically, a common 3D scanner uses laser beams or sometimes pattern projection
to geometrically analyze the position of different points of the target with reference
to its own position and creates a coordinate system placing all analyzed points in
that 3D space. This cloud of points afterwards, are connected to form meshes or in
other words; surfaces. Given that the number of calculated points can reach even
millions, it becomes possible to form a substantially detailed 3D model of a target

object.

Laser scanners are categorized as active sensors and they are classified according to

their measurement and sweep systems. Different measuring systems include time
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of flight, phase shift and triangulation methods. Sweep systems on the other hand,
can be divided into camera, panoramic and hybrid types (Farjas et al., 2012: 154).
Time of Flight and Triangulation scanners are the most common types of 3D
scanners. The first of which sends laser beams to a point and receive it back. Time
delay between the beam’s emission and return is used to calculate the distance that
the laser beam traveled with a simple mathematical operation: speed multiplied by
time equals distance traveled (Fig. 3). This action is repeated in the whole study
area and as a result; a digital map with depth information can be obtained.
Considering the extraordinarily fast speed of light, this method lacks sensitivity
when applied to short distances. Therefore; it is commonly used for long-range
cases such as terrestrial mapping and monument digitization with an accuracy
within one centimeter. Triangulation scanners on the other hand, additionally use a
camera along with the laser emitter. The camera receives the emitted light, after it
is reflected from the target object, creating a triangle for each point on the object
(Fig. 3). Using the known angle and distance between the camera and laser emitter,
the position of each point can be calculated with simple trigonometric equations.
This method proved to be highly accurate, within less than one millimeter, and it is
used in short—range cases and high precision purposes such as artifact modeling.
The accuracy of measurements depends on the triangle base relative to its height.
“For practical reasons, the triangle base is rather short, triangulation-based systems

have a limited range of less than 10 meters”(Boehler et al., 2002: 432).

In the last decade 3D laser scanners have been used more and more in the 3D
reconstruction and documentation processes, because precise 3D data can be
measured in rather short time spans (Alshawabkeh, 2006: 14). Moreover; different
types of scanners can effectively be used in various scales: to digitize a landscape or
a trench or even tiny artifacts. However, it also has several issues to be dealt with.
Most important shortcoming of 3D scanners is generating the texture of the target
object. As the scanners obtain only (x, y, z) data and luminance values, it is not

possible to texture the digital model. Therefore, additional work must be
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conducted. To overcome this problem, producer companies started implementing
digital cameras to newer versions of their scanners. However, most researchers opt
to use separate digital cameras with higher resolutions to achieve accurate
texturing due to the fact that ideal conditions for scanning and imaging are diverse

(Remondino et al., 2006: 271).

Either an area or an object, it is impossible to scan an object from single point of
view. The device and sometimes the object must be moved and/or rotated to let
scanner analyze the different sides of the subject due to the fact that neither
scanners nor photogrammetric softwares can retrieve information from the points
that they did not analyze. Therefore, the scanning process has to be repeated from
several angles to increase the amount of data captured and consequently the time
spent for documentation increases. Some high tech scanners, especially artifact
oriented types, are capable of registering data automatically while the scan is
continuing but in most cases the user has to help the software manually to merge
those by linking the common points of each scan. In addition, the cost of this
technology is still high to be used in every case. Depending on the need and the
level of accuracy, the price of the hardware and software may exceed tens of
thousands Euros. Besides, the use of both the hardware and the software requires a

degree of specialization that means the method is not user-friendly enough, yet.

3.1 Image Based Modeling as an Alternative 3D Digitization Method

The principle behind image based modeling is an old one. Nearly as old as the
invention of photography itself. Stereo photography that has been used for almost
a century, helps us to see ordinary images with some 3D depth information. As also
used in archaeological practices, it is efficient when observing air photos of
landscapes. More common application of the principle is 3D televisions and movies.
By exposing visuals of slightly rotated point of view of an object to each eye, human

brain can be deceived to see 3D dimensional scenes. The idea to use this method to

17



build digital 3D models on the other hand, is a very recent development of the last
decades. In a similar but advanced way, computer vision uses at least two
photographs of an object taken from different angles to create a 3D model. The IBM
algorithm analyzes the images with respect to each other and by identifying
common points among them, it deduces the depth information using the principles
of collinearity. As a result it provides a point cloud representing the 3D structure of

the object.

Computer vision is an inexpensive and portable technique compared to laser
scanning. All one needs is a digital camera, a computer and software in order to
create a 3D model of a subject regardless of its size. However, for many years this
photogrammetric approach has been a difficult task. Precise camera calibration,
matching and orientation procedures needed to be conducted to form detailed,
accurate and photorealistic models. Fortunately, the passing years have helped the
softwares to evolve from highly manual state to semi-automated or automated
workflow. In addition, the interface of these softwares have been very confusing
until recently but in the last few years different companies presented user-friendly

versions that make image based modeling a straightforward task.

As mentioned earlier, hand modeling and procedural modeling are not the proper
mediums for scientific 3D digitization leaving range imaging and image based
modeling as the mere solutions in the field. Currently, what is being done with a
laser scanner can also be done by close range photogrammety up to a certain
extent. Moreover, the method is more preferable than scanning due to several
features. Firstly, the software and hardware needed for this approach is very cheap
compared to scanning. There exist even open source softwares for modeling and
managing 3D data. Secondly, necessary hardware; a digital camera and computers
are notably mobile making it easy to carry anywhere for fast digitization
procedures. Last but not least, the technique is applicable to both small scale and
terrestrial scale subjects making it superior to range imaging in terms of flexibility

due to the fact that one needs two different types of scanners for different scales.
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However, it should be mentioned that computer vision technology is not able to
yield results as accurate as 3D scanners which can reach submillimeter precision. In
general, image based modeling will introduce more noise and less detail on the
surface of obtained mesh that should be kept in mind before making a decision for

digitization.

The subjects to be digitized in archaeology and cultural heritage are significantly
diverse in terms of scale, shape, detail, lighting, coating etc. as well as the aims for
digitization. Therefore, it is not possible to offer a single perfect 3D technique
among formerly mentioned methods that provides a low-cost, portable, automatic
and efficient workflow with high scientific accuracy, photorealistic and flexible
results (Remondino et al., 2006: 272). Choosing the approach according to the aim
and requirements of the project is vital and this implies that combination of several
techniques could also be implemented to reach the desired outcome. One should
note that this view is a best case scenario. Considering the high number of
archaeological and heritage studies and relatively low budgets/scarce time provided
for these, it may not always be possible to apply expensive laser scanning
techniques among others in every case. However, this can not be an excuse for
incomplete documentation and data representation. With its low cost and user
friendly nature, image based modeling offers a solution to digitize archaeological
and heritage subjects in a fast and efficient way. As a matter of fact, this technique
has been applied to various other projects around the world in many of which

revealed significantly successful results.

3.2 Digitization Pipeline in IBM Approach

The process of 3D digitization in IBM is carried through the following steps

respectively:
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e Data Capture
e Data Processing and Point Cloud Generation
e Geometric Modeling

e Texture Mapping

The data capture is the first step in the 3D digitizing pipeline where a set of images
of the subject is captured from various angles. This is the most important step in
image based modeling due to the fact that the quality of the results in all
consequent steps depends strictly on the images used as input. One of the very
recent but promising companies in this industry, Agisoft reveals the to do’s and
don’ts for successful data capture in their user manual of Photoscan software
(Agisoft LLC, 2013: 4). According to the manual, the images should be at least 5
Mpix and the user should avoid photographing not textured, flat, shiny and
transparent objects. If not, the software can not create a model as the algorithm
matches the photos using only the light and texture information. Similarly, either
moving or stable objects in the foreground other than the intended subject should
not be included in the photographs in order to obtain accurate results. There is no
upper limit of number of images mentioned, the users should take as many
photographs as their systems can handle. The manual also exemplifies how to

capture photos in different cases (Fig. 4).

Besides the quality, quantity of images and photographing angles, ambient light and
texture conditions also affect the precision of the obtained model. Monotonous and
smooth textures does not provide significant track points for the algorithm to
detect and match therefore, the 3D modeling process may fail. The problem can
also stem from improper lighting conditions and exposure settings that results in
washed out parts or almost black shadows in the images. These kind of situations
make it impossible for the software to retrieve enough 3D information. In these
cases the created models could be used for visualization purposes but they will not

be accurate representations for further scientific work.

20



The camera settings also have an effect on the process. Picture profiles must be
adjusted, if possible, in order to achieve the best outcome because standard picture
profiles of DSLR cameras compress the images with high contrast. This means bright
areas in the image become brighter and dark areas become darker which may result
in parts where there is no or little textural information is left. Therefore, it is logical
to decrease the contrast level and shoot with a flatter picture profile. Aperture is
also an important variable for quality data capture. Larger apertures decrease the
depth of field in the images thus making the area in focus more shallow. In order to
have sharp and clear photographs, the aperture must be closed as much as
possible. Smaller shutter values should also be used in order to get rid of the

motion blur caused by camera movements.

The second step in the image based digitization is data processing and point cloud
generation. In this step, all the captured images are aligned and structure from
motion (SFM) algorithms of the software create a cluster of individually calculated
points that are dispersed in 3D space. As photogrammetric application is a passive
action which means it uses formerly taken photographs, the input is analyzed at
once and the outcome will be a single point cloud. However, it is also possible to
merge several clouds obtained from different set of images. Along with obtaining a
point cloud, the erroneous points, noise and unwanted parts should also be
removed either manually or by the help of built-in filters of the operating software

in this step.

Next, the points should be connected to each other by lines to form a surface or
mesh which is known as geometric modeling. In this step, Dense stereo-
reconstruction algorithms of the software are used to create polygons out of the
point cloud. This creation of polygons can be achieved by several mathematical
methods such as marching cubes, voronoi triangulation etc. but the important part
for the archaeologist is; the action in this step creates a three dimensional surface

topography of the scanned object with a scientifically acceptable accuracy.
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The last step of the 3D digitizing workflow is texture mapping in which the images of
the objects are mapped onto the model. This action adds each vertex of the mesh a
texture coordinate along with the 3D position values provided in the registration
part and create a projection of overall texture in the following order: (Li et al., 2010:

383)

e Capture high resolution photos from multiple views under proper light
conditions.

e Segment the mesh into several parts.

e Recover the projection relationship between each part of the 3D model
and the photos to obtain the correspondence between the vertex on
the 3D models and the pixels in the images.

e Blend the color between the corresponding points on different photos.

e Generate the texture images for different parts of the model.

In image based modeling, these photographs are already being used to form the
mesh therefore, the software can create the texture of the model by one click. Once
the texture is mapped onto the object, the researcher observes a photorealistic
replica of the subject (Alshawabkeh, 2006: 13). However, the term photorealistic
does not imply scientific correctness. The quality of the obtained data in image
based methods depends strictly on the quality of both the stereo algorithms and
the taken photographs (Alshawabkeh, 2006: 13). Remondino et al. listed the
variables that affect the accuracy of the outcome as follows: (Remondino et al.,

2006: 275)

e the accuracy of a network increases with the increase of the base to
depth (B:D) ratio and using convergent images rather than images with
parallel optical axes;

e the accuracy improves significantly with the number of images in which
a point appears. But measuring the point in more than four images

gives less significant improvement;
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e the accuracy increases with the number of measured points per image.
However, the increase is not significant if the geometric configuration
is strong and the measured points are well defined (like targets) and
well distributed in the image;

e the image resolution (number of pixels) influences the accuracy of the
computed object coordinates: on natural features, the accuracy
improves significantly with image resolution, while the improvement is

less significant on well-defined, large, resolved targets.

To summarize, current photogrammetric applications can create accurate 3D
models in four main acts given that the image capturing step is done right.
However, the pipeline is not restricted only by these steps. The softwares also give
the researchers the opportunity of geo-referencing and digital scaling as well as
exporting the results in different representations. Various formats such as point
clouds, camera position and calibration data, 3D meshes, orthophotos and digital
elevation models allow further processing and editing activity through various 3D

based programs like CAD softwares, game engines and GIS.

3.3 Literature Review on Image Based Modeling Applications

In the last decade, 3D digitization processes started to be used commonly in various
steps of the archaeological activity and proved to be significantly useful. Laser
scanners have been the first choice up to now but nowadays growing number of
researchers are moving to computer vision to digitize cultural heritage. When
applied, the technique vyields scientifically correct 3D models that can be used to
document, visualize, preserve and reconstruct cultural heritage. Several
applications up to date were conducted to record monuments and edifices and also
artifacts. This digitization process provided researchers with accurate models,
textural information, orthophotos and drawings to be used for further studies.

Koutsoudis et al. compared the quality of digitization between photogrammetry and
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laser scanning while recording an Ottoman monument in Xanthi, Greece(Koutsoudis
et al.,, 2013) whereas Nuttens et al. digitized the remains of Asclepius Temple in
Titani, Greece due to restitution and conservation purposes (Nuttens et al., 2012).
In both monumental scale applications the method proved to be fast and highly

accurate.

The technique also revealed its usefulness at endangered or demolished subjects.
Plets et al. presented the efficiency of computer vision techniques through their
studies on the rock art of the Russian Altai (Plets et al., 2012: 139) (Fig. 5). These
petroglyphs were deteriorating because of environmental conditions, human
pressure and most importantly traditional intrusive documentation techniques. In
contrast, the photogrammetric approach they used, accurately documented rock
art petroglyphs in 3D without any physical contact that could possibly cause
additional damage otherwise. Moreover, by changing the illumination settings and
stripping off the textures the team was able to notice new details on the reliefs that
are normally invisible to the naked eye due to corrosion and erosion effects (Plets et
al.,, 2012: 147). Plets et al. had the same result during the survey of Dzhazhator
Valley when the team scanned Turkic antropomorphic stones that are covered by
lichen eroded due to weather conditions. (Plets et al., 2012: 890) (Fig. 6). These
examples clearly indicate that 3D documentation of an object reveals more detail
than a camera or an eye can see. Moreover, in the studies of Sanz et al., the
accuracy of the method on petroglyphs that are rather flat surfaces, was calculated
below 1mm even though two or a few images are used (Sanz et al., 2010: 3168). On
the other hand, Griin et al. used image based modeling in a spectacular way to
virtually recreate the colossal Buddha statues of Bamiyan Valley (Afghanistan) that
were demolished by Taliban government (Griin et al., 2004: 177). Due to the fact
that there are no physical remains to be digitized, the researchers used several
images acquired from internet, tourist photographs and images left from a former
research (Grin et al., 2004: 183) and they were able to bring the monuments back

to life at least in digital terms.
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Besides its use in cultural heritage, image based modeling was applied directly to
archaeological fieldwork. Olson et al.'s total archaeology approach at Tel Akko
contained close range photogrammetry to digitize the mound, the trenchesand
even small artifacts such as sealsand figurines (Olsen et al., 2012) (Fig. 7). In 2010,
Catalhoylik team also started a massive virtual archaeology project called “3D
Digging at Catalhoyik” with the aim of visualizing all steps of the ongoing
excavation. The team mainly uses 3D laser scanning to model the trenches,
processes the 3D data on site and uploads the results to a virtual database called
Vrui that shows layers, stratigraphy and models along with data and metadata
(Forte et al., 2012: 351-352). Additionally, image based modeling was implemented
to make a comparison between scanning and photogrammetry and their results
showed that image based modeling can be a low cost, time saving substitute for
laser scanning in their excavation recording workflow (Forte et al., 2012: 357).
Similar results were also obtained by others who tested computer vision to record

the evolution of their excavations (Dellepiane et al., 2011) (Doneus et al., 2011).

Remote sensing applications play an important role in archaeological activity.
Among all remote sensing techniques, aerial reconnaissance has been used for site
discovery and interpretationfor years. Up to date, images and stereo images has
helped archaeologists to distinguish shadow, soil, crop and snow-frost marks on the
landscape and to identify them in 2D or 2.5D (Verhoeven, 2012: 2060). Lately, the
third dimension was introduced to aerial archaeology with airborne laser scanning
and LIDAR in which expensive time of flight sensors are used to obtain digital
surface models. In comparison, recent works that tested image based modeling on
aerial photography both from high altitudes and low altitudes showed that it is
possible to obtain high quality digital surface models at terrestrial scale even with
very low number of images (Martinez-del-Pozoet al., 2012: 243) (Verhoeven, 2011:
71-72) (Fig. 8). Even though the photogrammetric techniques yield noisier results
than the laser scanning, they provide a cheap, fast and accurate way of geo-

referencing and DSM generation (Stal et al., 2012) (Bruttoet al., 2012). Using
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automated image based procedures on different scaled cultural heritage, Pierrot-
Deseilligny et al. showed the easiness and success of orthophoto generation
(Pierrot-Deseilligny et al., 2011: 2). In addition, Chandler et al. and Heng et al. also
used close range photogrammetry to extract digital elevation models from
landscapes in order to monitor river channel changes and soil erosions (Chandler et
al.,, 2012) (Heng et al., 2010). Another use of computer vision was discussed by
Butnariu et al. In their project, close range photogrammetry was applied to create
3d meshes of statues that can be used for virtual restoration purposes (Butnariu et
al., 2013: 16). Similarly, Aries et al. modeled a Roman bridge by photogrammetric
surveying to define its geometry and damage state in order to conduct structural
analysis (Arias et al., 2007). The method’ s capacity was even challenged by tests of
3D modeling small scale archaeological artifacts such as a low featured Cycladic
figurine (Koutsoudis et al., 2013), ceramics (Chow et al., 2009) and bones (Brickley
et al., 1999).

Considering formerly mentioned examples, IBM stands as a powerful tool to
improve the quality and quantity of documentation and visualization in
archaeological projects, especially the ones with rather limited time and budget.
Forte’s thought on the method is also notably explanatory: (Catalhdyik Archive

Report, 2012: 227)

“Computer vision (shape from modeling) is undoubtedly the most
effective, user friendly and robust technique in intra site contexts. The fact
that involves the use of standard digital cameras (from 8 to 18 Mpixels)
and very low cost and open source software (Photoscan and Meshlab),
makes all the pipeline very portable and usable from different teams; de
facto using the same technologies. At Catalhoyuk computer vision is
typically used at intrasite level for data recording of buildings, layers,

units, features and burials.”
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CHAPTER 4

3D DOCUMENTATION OF KOMANA EXCAVATIONS

4.1 The Site and the Excavations

The site of Komana Pontika in central Black Sea region of Turkey, ancient Pontus
was a major cult center for the Kingdom of the Mithradatids during the Hellenistic
Period and continued its independence through most of the Roman era after it was
conquered by Pompey Magnus. In this time span Komana served as a sanctuary for
the Anatolian goddess Ma, a trade center for the surrounding regions, and possibly
a bank for the kingdom (S6kmen, 2005: 23). The site was described as a temple-
state by Strabo (12.3.34) that functioned autonomously in economical and even
sometimes in political terms dominating the surrounding lands. Its festivals, busy
market, sacred prostitutes and fertile lands attracted people from all around
Anatolia. This political and economical activity must have continued until the rise of
Christianity in the region that eventually led the loss of function and significance of

the sanctuary (Erciyas, 2014).

The site was first identified by 19th century travelers and is accepted to be situated
9 km northeast of Tokat, on a 250 x 250 m sized hill, now called as Hamamtepe
(S6kmen, 2005: 23) (Fig. 9). This identification is largely based on the Roman
architraves found near this hill and the architectural blocks with greek inscriptions
used in a nearby roman bridge (Erciyas et al., 2010: 283). Besides these, there are
no more Hellenistic or Roman architectural remains that could stand as a clue for
the location of the cult center. In the Middle Ages the area was controlled by the

Byzantines however, starting with the eleventh century the region witnessed a
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continuous struggle between them and the Turks. Eventually, the Danismendids

took control of the city and the islamization of the region had started.

Komana Archaeological Research Project began in 2004 with the objective of
identifying the location and urban fabric of the site. Between 2004-2008, extensive
and intensive surveys were carried out in order to determine the boundaries of the
settlement and identification of its sectors (Erciyas et al., 2010: 120). The
excavations on the other hand, started in 2009 at Hamamtepe mainly revealing
remains of Late Byzantine and Danishmendid occupation at the site. A thick
fortification around the hill, series of workshops—kitchens inside the fortification,
Byzantine burials and a church can be listed as the most significant outcomes of the
excavation. Later additional dig was started at a hexagonal water basin a few
kilometers away from the mound situated at the northwest of Omala valley on a
man-made trapezoidal terrace (Fig. 10). Several trenches were dug around the basin
and a network of water pipes leading to and from the structure was identified along
with former construction traces. After 2011, the excavation of the basin was

finished and the field team continued to excavate only at Hamamtepe.

In Komana Archaeological Research Project, the archaeological activity is
documented by using conventional mediums. The trench supervisors are expected
to register the excavation process and the findings through the use of total station,
fill-in forms, photography, notes and sketches. The whole generated documentation
afterwards, is uploaded to a web based database. This concrete data is also
accompanied by supervisor diaries in which their daily observations are written. The
excavation team also consists an architect who makes the architectural drawings of
trenches and edifices along with three students that illustrate the ceramic findings

by hand drawing.
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4.2 The Method and 3D Documentation Workflow

As mentioned earlier, the visualization of archaeological work in Komana
excavations is currently restricted to photography, trench and section sketches,
architectural drawings, pottery and cross section illustrations. In this study, the
author aims to find out how image based modeling can be used to improve visual
documentation in terms of accuracy, detail, spent time and costs therefore, four
different features of archaeological activity, (i) whole excavation in a trench, (ii) an
artifact, (iii) a skeleton and (iv) an architectural edifice are chosen to be
documented in 3D. In each case, the workflow proceeds with data collection and

data processing steps respectively.

To acquire 3D information for each of the four cases the subjects are photographed
by using Canon 60D DSLR camera with Sigma 17-50mm f2.8 lens. This lens is
considered to be a wide angle lens that may distort the images and negatively affect
the 3D modeling outcome, however, due to the crop factor of the camera' s sensor,
the field of view corresponds to 27,2 mm which is an acceptable amount. To get rid
of problems like over exposing and under exposing that may be caused by direct
sunlight and therefore dark shadows, a rather flat picture profile with low contrast
levels is used. In this project both RAW and JPEG images were captured but to test
the capability of this medium, only JPEGs were processed. Besides, faster shutter
values and small aperture levels were used in order to increase the depth of field
thus providing clear and sharp images. In the cases that were captured by the
author, a set of images was taken from all possible angles and heights. In order to
place the generated 3d models into real world coordinates (geo-referencing),
several ground control points that are also visible in the images, are recorded using
total station. In other cases without ground control points, a pre-measured object

was placed in the scene to digitally scale the 3D model.
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Agisoft’s PhotoScan software is used for the data processing. The reason for the
choice is due to the claim that this software is a low cost and user friendly option
and capable of automatically extracting accurate 3D information from images taken
with uncalibrated digital cameras by using surface from motion and dense stereo
matching algorithms (AgiSoft LLC, 2013).This software specifically uses the EXIF data
of the images to automatically calibrate the camera itself. Therefore, the user
should not crop, rotate or warp any photographs. It is also possible to calibrate the

camera by series of actions if there is no EXIF data available for the used camera.

The workflow through Photoscan starts with aligning the image set. In this process
the software calculates the 3D sparse point cloud, the camera positions and camera
parameters by using SFM algorithm. The quality of the final output is significantly
based on this step therefore, the user needs to check the scene to see whether all
the images are correctly aligned or not. Another variable to check is the computed
projection error (De Reu et al., 2012: 9). With the last update of the software form
version 0.9 to version 1.0 a new step was introduced after the image alighment
procedure. In this new step, the program calculates depth information for each
camera to be combined into a single dense point cloud based on the previously
estimated camera positions. The dense point cloud resembles all features of the
modeled subject and currently it is the most time consuming part of the digitization
process. Following step is building geometry from the point cloud. In this part the
software uses dense multi-view stereo-matching algorithms to create polygons
from points which as a result shape the 3D mesh. The software tends to produce 3D
models with millions of polygons therefore, sometimes mesh decimation is needed
for the ease of mesh management. Depending on the number of points in the cloud
or in other words number of qualified images, the desired level of detail in the
outcome and lastly the power of the used computer, this whole procedure may last

for several hours.

Agisoft presents the recommended system requirements for Photoscan as follows:

(Agisoft LLC, 2013: 1)
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e Windows XP or later (64 bit), MacOSX Snow Leopard or later,
Debian/Ubuntu (64 bit)
e Intel Core i7 processor

e 12GB of RAM

The reason for the necessity of a powerful computer is that maximum number of
images to be processed by Photoscan depends on the available RAM and
reconstruction parameters used. Besides the software can be accelerated by the
use of OpenCL technology that exists in current high end graphics cards. In this
study a PC with Intel Core i7-2700K processor, 16 GB DDR3 1666MHz Memory,
1,5GB DDR5 Nvdia GTX 570 graphics card and 64-bit Windows 7 operating system
was used to process the captured data. This set up allows the processing of more

than 200 18 megapixel images in a scene.

The relatively long lasting dense point cloud procedure also assigns color
information to each point in the cloud. Thus, when the mesh is obtained user can
see a representation of a simple surface texture mapped on the object. However, in
the next step the software allows the user to apply accurate texture mapping using
the input images. By doing so it becomes possible to have an almost perfect digital

replica of the scanned subject which stands as the aim of this research.

To sum up, these four steps digitize the archaeological work but the resulting model
is placed somewhere in the local coordinate system of the software with a default
scale. To transform local coordinates to absolute world coordinates and achieve the
correct scale, at least three ground control point coordinates need to be recorded in
fieldwork for each case and they must be matched using the program. Another
option is to place a scale bar nearby the photographed subject or measure a specific
length on it in order to set as a scale in virtual 3D space. Once the model is geo-
referenced and/or scaled, it becomes possible to compare the real life distances

with virtual ones to observe the accuracy of the obtained mesh.
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CHAPTER 5

THE ANALYSIS AND DISCUSSION

5.1 Documenting the Trench

The archaeological activity at Hamamtepe is conducted on three separate sectors.
One of these sectors; HTP 01, situated in the center of the hill, is the most intensive
excavation area in terms of stratification and findings. Trench 272/613 in this sector
was selected as a case study in which the whole excavation process from the first
layer to the last one would be captured and modeled. The aim was to re-create the
trench stratification along with the findings distributed in virtual 3D space.
However, the excavation team decided to stop the work on this trench a few days
after its start. Therefore, the experiment of trench strata digitization had to be
canceled. Instead, the neighboring 10 m x 10 m 277/613 trench in which the team
uncovered foundations of a Byzantine church was intensely photographed and

digitized as a single surface layer.

In contrast to the other cases, a 12.3 megapixel Nikon D90 camera was used to
capture over 200 images of this trench. In order to shoot from higher angles, a 2.5
meters long pole was also used throughout the photo shoot. In total, 192 of these
images were used for digitization. The alignment of these photos produced
1,244,708 points in the sparse cloud and the process took 17,209 seconds (Fig. 11).
Next, the dense point cloud containing over 40 million poins was calculated in
21,937 seconds. After the unnecessary points were cleaned the cloud had
36,540,635 points. This point cloud was used to generate the 3D mesh limited to 20
million polygons (Fig 12). 2115 seconds was needed for this step. Lastly a texture of

16,384 x 16,384 pixel resolution was produced in 1,132 seconds.
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In order to geo-reference the obtained model, four ground control points were
noted using total station. After registering the GCPs by inserting the recorded
coordinates, the software provides the root mean square errors in the model. RMSE

values were as follows:

Label | X error (m) |Y error (m) | Z error (m) | Error (m) | Projections | Error (pix)
point 5 | -0.000232 |-0.018036 |0.011591 |0.021440 |97 0.000053
point4 | 0.000308 |-0.014584 |-0.002043 |0.014730 | 107 0.000062
point 2 | 0.049097 |0.032746 |[-0.016540 |0.061289 | 100 0.000076
point 3 [ -0.049175 |-0.000126 |0.006991 |0.049670 |67 0.000063
Total |0.034745 |0.020064 |0.010735 |0.041533 | 371 0.000064

This average error of 4 cm is relatively small however the accuracy could have been
improved if the images were taken parallel to the ground surface and if more
ground control points were recorded. Even though the test trench was quite
complex in shape and detail, the outcome seems satisfactory. As a result a digital
surface model from the excavation area is generated. It was not possible to record
more layers from the trench to integrate on to each other in virtual space however
the test shows that in theory, the method is applicable to trench recording given

that continuous data capture is conducted.

The resulting model can now be viewed and analyzed in 3D, the researchers can
make measurements of any features of the mesh, calculate volume and also use it
to generate digital representations in an easier way. It becomes possible to
generate texture, orthophotos (Fig. 13) and height maps (Fig. 14) once the model is
geo-referenced. Combination and derivatives of these will provide more exploratory
and explanatory visuals both for the archaeologists and the 3rd persons (Fig. 15).
Moreover, users can create excavation plans (Fig.16) out of the geometric
information as well use it as a DSM for GIS and vectorize the data through related

software for further applications.

Inside the trenches, horizontal formation is not the only part accommodating

historical information. Vertical structure also plays an important role in the
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understanding of the use of space. IBM can be used to capture those data in detail
by section recording. Commonly trench sections are documented by hand drawings
accompanied with digital photographs. In a similar way, it is possible to shoot
several photos parallel to section walls and record several ground control points to
rectify the image in 3D space. This idea was experimented on a section from HTP 01
227/688 trench by using 49 images and four ground control points (Fig.17).
However, much less number of images such as 10-12 is even enough for this
purpose as the subject scene is rather planar and does not have much depth. The
process resulted in a high resolution section model that can consequently be used
to generate orthophotos and stratification sketches (Fig. 18). The high detail in the

texture separates this approach from the traditional section drawings.

5.2 Documenting the Artifact

Pottery is one of the most common artifacts in archaeology and has an important
role in archaeological research. Ongoing work on pottery for years, have made it a
vital source of information for archaeological interpretation. It is now possible to
derive deductions about chronology, use of space, social status as well as inter and
intra-site economic/political/cultural relationships by studying unearthed ceramics.
In the last decades, improvements in archaeometric techniques even provided
further opportunities for solving manufacturing parameters and also patterns of
trade. Such new technologies are constantly being implemented to pottery research
however visualization of these items have not changed for years. Manual black and
white drawings are the standard means of illustrating these finds as it is also the
case in Komana excavations. This traditional approach in fact, is bound to artist’s
individual skill and prone to subjectivity and simplifications in shape, manufacturing
process, surface treatment, ornamentation and state of preservation of the
ceramics, thus means loss of information in the visualization process (Horr et al.,

2009: 2). Besides, the simplification does not only affect the presentation of
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ceramics but also the analysis and interpretation of these artifacts. Karasik explains

this situation as follows: (Karasik, 2008: 104)

“The justification for using a 2D abstraction of 3D pots and potsherds
is that most ceramic vessels are axially symmetric, especially wheel-
thrown ones. Where a vessel is axially symmetric around its centre
(henceforth ‘axis of rotation’), a single profile is thought to reveal all
morphological information. However, this is only true in a perfect world.
Deformation can occur throughout the production process, e.g. when a
vessel is removed from the wheel to dry elsewhere, when several (wheel-
thrown or handmade) parts are assembled to make a composite pot,
during the finishing and/or decoration process (necessitating remounting
on the wheel or not), or during firing. Therefore, 3D modeling can improve
our understanding of pottery production and add a new dimension in

the representation and publication of pottery.”

Based on this view, one of the rather well preserved ceramics of the last season was
selected for 3D digitization. The artifact was placed on a turntable and
photographed with camera standing still on a tripod. 145 images in total were
captured from three different heights, slightly rotating the turntabe in each shot. 39
of these images was seen to be sufficient for the modeling process. Those that are
selected were processed in Photoshop and their backgrounds were masked out as
the background stood still in each image. The top part of the turntable was not
deleted from the pictures due to the fact that a 5 cm long scale bar was drawn on it
in order to scale the 3D model and make accuracy tests. The images were saved as
PNG files with alpha channels and imported to Photoscan in this format. These 39
images were aligned in 466 seconds and the process calculated 130,901 points.
Afterwards, dense point cloud algorithm was initialized and a point cloud of over 13
million points was obtained in 6,441 seconds (Fig. 19). Then visible erroneous points

were deleted and remaining 12,245,141 points were used to create the 3D mesh of
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2,449,027 polygons (Fig. 20). The process took 529 seconds. Lastly 8,192 x 8,192

pixel texture map was generated in 192 seconds.

The accuracy test was conducted by using the formerly mentioned 5 cm scale bar.
After the scale bar optimization in Photoscan, two markers were placed on the both
edges of the broken part of rim and other two markers to measure the height of the
ceramic. The distance between the broken edges of the rim was measured as 69
millimeters on the physical model. The digital distance was calculated 71.2
millimeters revealing the difference of 2.2 millimeters. Similarly, the height of the
pot was measured as 81 millimeters formerly and the digital calculation gave the

result of 82.7 millimeters (Fig. 21).

The resulting model stands as an almost perfect replica of the ceramic and it
provides the opportunity of in detail analysis of surface structure and decoration
reducing the need for physical contact with the actual object. One should note the
observable depth information in the shaded model (Fig. 20) and painting traces in
the textured model (Fig. 21). Besides this conservational contribution, the software
allows rendering of orthographic images from several angles (Fig. 22) that can be
used instead of or along with conventional illustrations and cross-section drawings.
In any case, it is obvious that computer vision model contributes the visualization of
these artifacts by adding depth and texture information as well as versatility

through various formats of representation.

Apart from the ceramic, IBM was also applied to an inscribed stele uncovered in
2013 season that is not clearly readable by naked eye, to see the effect of texture
and different lighting conditions on the visibility of inscriptions. In this case, 80
images were aligned in total and the step generated 387,692 points in 3,187
seconds. Dense point cloud that contained 15,676,373 points was created in 8,440
seconds (Fig. 23). The digitization procedure generated too many points so that in
the geometric modeling process the maximum number of polygons was limited to

10 million (Fig. 24). After the mesh was created, it was exported as an OBJ file and
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then imported to Cinema 4D software. In this 3D modeling software an infinite light
source was created and several images of the model were rendered under different
light conditions. The renders clearly show that the text is more readable in the
shaded model compared to textured model (also to the naked eye) and beyond that
the visibility of the inscription significantly improves by changing the direction of

lighting (Fig. 25).

5.3 Documenting the Human Skeleton

The excavations up to date showed that Hamamtepe was used as a graveyard in the
late Byzantine period which means numerous burials are unearthed at each season.
Since the beginning of the excavations these graves have been documented using
data sheets, photography and manual drawings that are shared with a specialist in
order to be analyzed and interpreted. Due to the reason that the specialist is not a
member of the field team, the information he gets is limited and two dimensional.
Therefore, one of the last season’s burials was chosen to be modeled to test the
possibility of a more efficient way of data transfer between excavation team and

the specialist.

Grave 61 was documented by 31 photographs at 320 ISO with an exposure of f/14
and shutter speed of 1/50. In order to test the limits of software’s accuracy, the
images were captured randomly from oblique angles in contrast to what is
suggested in software manual. Using Photoscan, the photographs were processed
and a sparse cloud of 240,149 points was obtained. The software finished
calculating this step in 528 seconds. Second step generated a dense point cloud
containing 13,676,817 points in 7,461 seconds (Fig. 26). Afterwards, this cloud was
used to create the 3D geometry limited to 10,000,000 polygons that took 727
seconds to process (Fig. 27). In the last step, 8,192 x 8,192 sized texture map was

generated in 243 seconds.
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Due to the reason that there were no ground control points recorded, a piece from
scale set, visible in all images, was used to relatively scale and test the accuracy of
the model (Fig. 28). During the fieldwork, the length of the piece was measured as
3.53 cm and it was registered with the same size in the generated mesh. Setting the
relative scale, the digital length of the humerus was compared with its actual length
resulting in the difference of 0.0335 cm (Digital length: 22.5335 cm, Actual length:
22.5 cm). One must note that this level of accuracy is impossible to achieve using
any manual documentation method. The total time spent for capturing the
photographs was around 5 minutes and the digitization procedure took almost two
and a half hours. This total time may seem like CRP is a slower workflow than hand
drawing nonetheless, the model generation process can be conducted any time
after the fieldwork, saving from the critically scarce time of researchers to work in
the field especially because it is possible to derive the skeleton drawing from an

ortho image (Fig. 29).

The resulting 3D model of Grave 61 is a significantly accurate data that can be
exported to various digital formats allowing virtual analysis similar to the formerly
mentioned cases. In addition, the obtained mesh can be transferred as a 3D
textured object via World Wide Web. In this way, the model can easily be viewed
and analyzed by other people using any 3D modeling software or even PDFs. The
possibility for the researchers to observe the burials in three dimensions as well as
in situ will certainly flourish the information perceived by the specialist who is not

always available at the excavation site.

Grave 49 of this season was also modeled through image based modeling. In this
case, one of the trench supervisors was asked to take a set of photographs of the
burial scene from different heights and angles. In the modeling process, 22 images
captured only by her were used (Fig. 30). Although some parts of the mesh were
absent, the resulting model was a sufficient digital representation of the burial
scene consisting 7,738,510 points in the dense point cloud. This experiment

revelaed that people who are not experienced in both photographing and IBM can
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still capture data qualified enough for the 3D digitization (Fig. 31, 32). Besides, the
quality of the image capturing process can be increased with a slight guidance. In
this way it becomes possible to recover more content at the same time in case the

trench supervisors are assigned with this task.

5.4 Documenting the Architecture

Drawing plans is one of the most essential but at the same elaborate and time
consuming tasks in an archaeological work. Even though carefully measured and
drawn by talented architects, it is usually not possible to note every small detail in
these drawings. Therefore, the outcomes become somehow simplified and
subjective as it is the case in pottery illustration. Apart from these, the publication
of drawings in papers and books have the disadvantage of being two dimensional
that it does not accommodate the information for the scientists to make spatial
analysis. In other terms it is difficult to make metric examination such as calculation
of areas, angles, distances and volumes while reviewing the text (Breuckmann et al.,
2009: 42). As image based modeling presents the opportunity of creating digital
replicas and processing these replicas in various modes, they can also be used to
improve the manual plan drawing workflow with a faster, more objective and more
detailed procedure. In order to test this claim, the hexagonal basin situated at the
surroundings of Komana was selected as one of the case studies. The plan of this
edifice was drawn by Ahmet Cinici back in 2009 using traditional mediums. His work
on the basin took almost around 100 hours to measure-draw and 20 hours to

digitize it.

The hexagonal basin and surrounding trenches were photographed with the
purpose of archiving in 2012 season by using Canon 5D Mark Il camera attached to
a hot air balloon. In this test 40 of those images were selected and used as the input
for terrestrial modeling. During the modeling process the photo alignment step

generated 272,033 points in 970 seconds. Dense point cloud calculation took 4,192
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seconds and resulted in 11,416,697 points after the region of interest was resized
(Fig. 33). In the geometric modeling step, the maximum number of polygons in the
resulting 3D mesh was restricted to 10 million faces in order to ease the
management of the model (Fig. 34). This process took 407 seconds to complete.

Lastly, 8,192 x 8,192 pixel texture map was generated in 267 seconds (Fig. 35).

Due to the reason that the images were not captured with the intensions of 3D
modeling there were no ground control points recorded. However, a 150 cm long
scale bar was placed inside the pool which can be used to scale the mesh (Fig. 36).
According to the former plan drawing the side walls of the structure was measured
as 521 cm , 527 cm, 519 cm, 529 cm, 526 cm and 529 cm in length respectively
beginning with the north side wall and continuing in clockwise direction (Erciyas et
al., 2010: 285). The digital scaling and measurement on the other hand produced
the results of 522.7 cm, 525.6 cm, 520.4 cm, 528.5 cm, 526.9 cm and 526.5 cm for
the same order. The comparison of the height of the side walls on the other hand
revealed an average difference of 5-6 cm between the actual and digital
measurements. This means that Photoscan was not able to calculate the scene
depth as accurate as the (x, y) planes due to the fact that the number and quality of
used images were less than the software needed. However, the case shows that
even though the images were not captured with the aim of 3D digitization and by a
3D specialist, the program is able to produce models with acceptable accuracy.

Consequently the method is also applicable to archived footage (Fig. 37).

This test was also applied to the HTP 01 excavation area using air photography from
the 2012 season. The model of the sector was created by using 34 images from the
archives (Fig. 38). The whole process took around 1,5 hours to generate a mesh
with 15 million polygons (Fig. 39). There were no ground control points or scale bars
to geo-reference or scale the scene however the aim of this application was to see
how the digitization of larger contents is solved by the software. Due to low number
of images and the relatively long distance between camera and the subject, the

detail in the resulting mesh and the texture is not as high as the former cases.
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Nonetheless, the obtained model seemed to represent the planar and depth
information quite well. Therefore, it can be used to generate digital plan drawings
with the additional data of texture (Fig. 40). It is also possible to view the model in a
3D software, to separate and colorize the mesh representing the different phases of

use and to observe those phases individually.

5.5 Evaluation of IBM Applications at Komana

The cases tested at Komana varied significantly in terms of scale. To illustrate, the
HTP 01 region is a 35 m x 20 m area and the pottery that was modeled has a
diameter of 18 cm. In each case the procedure was straightforward and the
resulting visuals were tempting. Besides, the created models were notably accurate.
The approach revealed amazing results when it was especially applied to small and
mid-sized objects. The software failed to digitize only shiny or transparent objects
made of metal and glass or covered with glaze due to the fact that the texture on
the reflections changes when either the camera or object moves. Here, it should
also be noted that there can be several other cases in which Photoscan can not
produce intented modeling outcomes even though it was not observed in this
study. Flat textured objects that does not allow point matching as well as extremely
deep and tight scenes that does not allow the capture of overlapping images would
result in poor representations (Agisoft LLC, 2013: 4-5). In any other situation the

method proves its reliability.

The photo shoot for artifacts, trench section and burial was quite fast. None of
those took more than 5 minutes to capture. Nonetheless, the same can not be said
for terrestrial scale applications. When the size of the subject got bigger, the time
spent for photography also increased. In trench recording case the photo shoot
took around 20-30 minutes to document a 125 square meters area. The problem in
cases like this is that it gets harder to reach necessary heights for correct angles.

Even though a 2.5 meters long pole is used, it is not usually possible to shoot
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photographs parallel to the subject surface. Combination of two poles on the other
hand, is hard to operate. As a result, the accuracy and detail of the generated
models decreases. An efficient solution to this problem could be using UAVs,
specifically multicopters to capture images. In this way, series of photographs can
be taken parallel to subject surface in short time intervals even from different

height levels.

There are a few other issues about this method. One of them is about the photo
recording format. Today’s digital cameras provides two image format options that
are RAW and JPEG. RAW image files are minimally processed data coming from the
sensor of the camera and they let the user to alter many image features after they
are shot. JPEGs on the other hand, are lossy compressed images that are processed
by the camera. The issue with JPEGs is that these images are not suitable for luma
and chroma correction. Whatever the setting the user chooses while shooting, the
resulting photographs have to be used as they are. Apart from the user mistakes, in
countries like Turkey most archaeological work is conducted under strong sunlight
casting contrasty shadows. When the exposure setting is adjusted according to the
sunny parts of the scene the shadows reveal little detail. Therefore, when these
images are used in 3D digitization the areas with shadows can not be calculated
efficiently causing loss of information. In this study, the burial scene and the
artifacts were photographed in shade therefore the point clouds were distributed
homogeneously. However, this issue was clearly observed in the point clouds of
other cases. In fact, the software manual recommends using lossless TIFF files
derived from RAW images due to the fact that JPEG compression decreases the
resolution and creates unwanted noise (Agisoft LLC, 2013: 4). What is not
mentioned in the manual is that RAW files also allow the user to play with exposure
settings after they are shot so the user can process these images by decreasing the
exposure in highlights and raise the exposure in shadows. Consequently the
dynamic range of the images can be increased to solve the problem. However, this

creates another issue. Raw image files take up almost four times more space than
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the JPEG files. To illustrate, the 80 18 megapixel JPEGs captured to digitize the
inscribed stele occupies 450 MB in disk space whereas the same images in RAW
takes up 1.8 GB. This means when image based modeling is continuously applied to
an excavation, it will generate an enormous amount of data to be processed and
archived. It is obvious that data storage and preservation is a serious obstacle
however the contribution of the 3D digitization is certainly beyond these limitations

and software/hardware developments could be a solution in the near future.

In several cases of the study CRP showed its efficiency in creating digital illustrations
and drawings. In most cases the approach was significantly faster than conventional
methods and if not it generated more scientific, highly detailed and multi
dimensional information out of the subject. However, this does not mean that
computer vision must replace traditional drawing. In a case where an experienced
architect or illustrator draws a trench plan or an object, the drawing action becomes
a part of the interpretative process thus, their interaction with the subject may
create a subjective contribution to archaeological research. The 3D digitization on
the other hand, is rather more objective and it provides straightforward data to be
processed afterwards. In other terms, whoever makes a drawing or illustration over
a rectified 3D model the result would seem more or less similar. For archaeological
researches that do not have permanent talented architects and illustrators, IBM
could be a powerful solution for pacing and standardizing archaeological drawings

as well as providing visuals with additional color and texture information.

Despite a few issues to be dealt with, the case studies showed that image based
modeling is a solid method for digitizing and improving the documentation of
archaeological fieldwork. It only relies on the existence of a decent camera along
with a few other tools and little preparation for specific situations. In these terms, it
is surprisingly mobile and cheap. Additionally, there is no recognizable difference in
the quality of the results of the first and latter tests conducted by the author. This
shows that a little bit of pre-research will be enough for anarchaeologist to start

applying close range photogrammetry in his/her studies. Considering these

43



advantages and also the formerly mentioned features of this method, it is not hard
to predict that growing number of archaeological projects will implement IBM in

their workflow in the following years.
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CHAPTER 6

DISCUSSION

In its first two decades, virtual archaeology followed the purpose of simple
illustration, in other words non-complex 3D reconstructions, far from theoretical
background, created to visualize the study area, especially the edifices. In the last
decade, however, the scientific value of 3D digitization was discussed and its role in
archaeological research started to be questioned. In this period, several initiatives

such as Ename Charter (http://www.enamecharter.org/), London Charter

(http://www.londoncharter.org/) and Principles of Seville

(http://cipa.icomos.org/fileadmin/template/doc/PRAGUE/096.pdf) were taken with

the aims of scientifically validating and standardizing virtual archaeology. Ename
Charter focused on interpretations of cultural heritage sites and tried to set a
theoretical base for visual reconstructions in this process by stressing the necessity
of strong background evidence such as “detailed and systematic analysis of
environmental, archaeological, architectural, and historical data, including analysis
of  written, oral and iconographic  sources, and  photography”

(http://www.enamecharter.org/principles 0.html, Article 2.4) for 3D modeling of

the structures. London Charter on the other hand was specifically designed to
“ensure methodological rigour of computer-based visualization as a means of
researching and communicating cultural heritage” (Denard, 2012: 57). Placing the
“transparency” in the core of the initiative, in 6 principles that are implementation,
aims and methods, research sources, documentation, sustainability and access, the
charter set guidelines to be considered by those who plan to apply virtual

applications in any field of cultural heritageresearch. Based on this charter in the
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following years, Principles of Seville was declared for the reason that the mass
application of computer-based visualizations revealed both the huge potential and
weaknesses of these approaches as well as the need to improve the applicability of
principles of London Charter specifically in the field of archaeological heritage
(Lopez-Menchero et al.,, 2011). By introducing new propositions such as the
absolute need for collaborative and interdisciplinary approach to virtual projects,
the view of computer-based visualizations being not a replacement for a traditional
approach but in fact just a complementary tool and the vitality of the discrimination
of what is real and what is reconstructed, in other words the authenticity of the
models the Principles of Seville organized an advanced base for the use of virtual
techniques in archaeological research. Afterall these initiatives, new questions are
being asked now. How can virtual archaeology improve archaeological research?
How can 3D applications be used as an analytical tool for archaeology rather than
being a way of simple visualization? How can 3D data flourish the interpretation and
collaboration of captured information? How can these methods create new
research opportunities? There are some certainly obvious contributions of 3D
digitization to be mentioned however, the field is so new that neither the full
potential of these mediums are understood nor the necessary conditions,

appropriate technical and intellectual infrastructure developed yet.

To start with, it is important to remember that Archaeology is a field dealing with at
least 4 dimensions: (x, y, z) and time. For this very reason, conventional 2D tools
and applications used for recording and interpreting archaeological data provides
limited data preservation as well as scarce information resource to the perceiver.
However, adoption of new technologies to record, visualize and reconstruct
archaeological sites allows the archaeologist to virtually preserve the site and the
artifacts through 3D data capture that can be used to create 3D digital
environments potentially allowing further analysis along with the integration of
other researchers and also the public directly to the process or the outcome. This

becomes especially important when the irreversible and destructive nature of
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archaeological work is taken into consideration. The method allows the
archaeologist to recover as much information as possible from the excavation
before it is lost forever. Therefore, the initial contribution of 3D digitization starts

from the very first steps of archaeological research.

The issue mentioned above insists that archaeology needs multi-layered, multi-
dimensional and high resolution documentation techniques in order to recover and
preserve maximal data out of excavations. Remondino explains the required
properties of a desirable documentation method as follows: (Remondino, 2011:

1115)

e accuracy: precision and reliability are two important factors of the
surveying work, unless the work is done for simple and quick
visualization;

e portability: a technique, in particular for terrestrial acquisitions, should
be portable due to issues of accessibility for many heritage sites,
absence of electricity, location constraints, etc.;

e Jow cost: most archaeological and documentation missions have limited
budgets and cannot afford expensive surveying instruments;

e fast acquisition: most sites and excavation areas have limited time for
documentation so as not to disturb works or visitors;

o flexibility: due to the great variety and dimensions of sites and objects,
the surveying technique should allow for different scales and it should be

applicable in any possible condition.

Although it is not perfect, close range photogrammetry started becoming such an
option in the last few years. The softwares like Photoscan are not expensive and
there are even free programs such as Autodesk’s 123Dcatch, Photosynth and
Bundler. The only prerequisite of this method is the use of a digital camera that any
excavation already has in its tool box. In contrast with laser scanning, the computer

vision softwares are becoming more and more user friendly, making the digitization
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process a straightforward task that any person with a slight guidance can proceed.
Except being low-cost and easy to use, the method has proven to be significantly
accurate in generating models in various cases from artifact scale to terrestrial scale
as mentioned in previous chapters. In addition, it was seen that it provides much
more detailed, optional and faster results compared to traditional drawing and
illustration work. Last but not least, the models created through this medium can be
disseminated in digital formats that provide the opportunity of secondary analysis,
guestioning and interpretation. So to summarize, virtual methods and specifically
image based modeling in this case notably improves the quality and quantity of data

recorded through excavation in order to be used for the following processes.

Considering Turkey, most of the archaeological projects still use traditional
documenting methods. However, there is an exponentially increasing number of
virtual applications all over the world. In fact, last decade has experienced a drastic
explosion of 3D content in archaeology. Many projects have used 3D scanning, close
range photogrammetry, procedural and hand modeling to document and visualize
their researches. Besides, in several cases these applications have become the key
element of archaeological interpretation and hypothesis testing. The number as
well as the workframe of 3D applications will continue to grow exponentially in the
following years. Nonetheless, there should not be formed a common view that
virtual applications turn the data capturing process into a perfectly objective state
and solve all the problems of documenting and visualizing archaeological subjects.
At the very end, these are only tools to be used according to certain purposes.
Therefore, the introduction of 3D applications in archaeology is just a positive
evolution. The revolution on the other hand, is the recent change on how the

information can be handled, improved and disseminated through digital mediums.

In the last two decades, introduction of World Wide Web and advancements in
computing-programming technology reformed the world. It became possible to use
highly complex algorithms to process or create a content and to reach, share and

alter it from almost anywhere in the world. This opportunity therefore, created the
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new media. This new media in fact, has shifted the medium of information
exchange creating the possibility of on-demand access to data and user generated,
reflexive contents rather than the dictated knowledge. It is important to note that
the most successful initiatives of recent years are energized by this stream. Take
Facebook, Youtube, App Store, Wikipedia and so on, all of their content is created,
developed and shared by its users that makes them unique and keeps them
growing. The world is changing. The information is becoming more transparent and
more accessible in various formats. And the demand for the information is getting
more complex. This recent digital transition, however, has not much diffused into
archaeology and with a few exceptions on hand, most of the archaeological works
remain proprietary and unknown until a publication is done in widely spaced
intervals. Thus, the main and up to date platform for information exchange at
present become the conferences but only a few of these publish their proceedings.
Digital contents form, evolve and travel notably faster than the conventional data
so print publication can not compete with this pace (Bentkowska-Kafel, 2007: 52).
Moreover, today’s archaeological publication and presentation is dominated by text
and static images thatare not adequate to fully represent archaeological subjects’
dynamics, detail and complexity and do not solve the inherent problems of

traditional data mining as well as the efficient transmission of data.

The potential of 3D techniques is huge, it is obvious. This is the most probable
reason behind the boom of virtual archaeology. Nonetheless, it should be
mentioned that there is a notable gap between our capability to capture 3D data
and to manage those. It is currently possible to create millions of polygons in
meshes, gigabytes of files documenting the excavations layer by layer, artifact by
artifact, edifice by edifice but “the indiscriminate accumulation and growth of
content present serious problems of information management and of knowledge
which concern the relationships between data and perceptions” (Forte, 2008: 23).
Therefore, archaeology needs new mediums to manage the digital data in 3D space

that provide solutions for accessibility, interoperability and scientific authentication
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challenges. Besides, there is a growing need for archiving the digital artifacts to

ensure their long term survival (Koller et al., 2009: 7:1).

In order to integrate the captured models and information, most virtual
archaeologists are obliged the use 3D modeling softwares such as Meshlab,
Blender, 3ds Max etc and/or GIS applications that are not optimized for this kind of
use. Even though it is possible to handle 3D data through these programs and
create layer by layer, object by object geo-referenced scenes, there has to be a
specialized application that turns archaeological work into a collaborative and
interactive visual database. For this very reason 3D virtual archaeology team at
Catalhoylik created a tele-immersive system based on Vrui VR Toolkit designed by
Unversity of California, through which they can improve the accessibility and

transmission of virtual data: (Forte et al., 2012: 10)

“The Vrui VR Tookit aim to support fully scalable and portable applications
that run on a wide range of virtual reality systems using different display
technologies and various input devices for interaction. The applications
built with Vrui can thus run on various clients, from laptops to desktop
servers, and support different display technologies, such as 2D displays,
stereo displays or fully immersive 3D displays (e.g. CAVE). The collaborative
extension of Vrui allows linking two or more spatially distributed virtual
environments. Thus users from different geographical locations,
represented by 3D avatars, can work together in the same cyberspace,

interacting in real time with models of artifacts, monuments and sites.

In a tele immersive session it is possible to browse and measure all the
layers, querying data by code and category, turn on and off digital items
and finally reconstruct the entire excavation process. Playing with digital
levels of transparency allows the recognition of spatial relationships of

layers, units and artifacts otherwise not understandable.”(Fig. 41)
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This system is still at development stage and it has a great potential for intra-site
applications especially if it becomes usable by a wide group of archaeologists.
However, looking at the bigger picture, it does not answer the needs of our whole
community. A central repository for virtual archaeology is needed to collect, review,
preserve, distribute and publish the generated 3D data due to the reasons that:

(Koller et al., 2009: 7:3)

e there are no specific tools designed for querying the digitized cultural
heritage

e there is no peer review mediumto evaluate the quality of the digitized
work for publication

e there is no resource providing access to a wide range of high- quality
scientific 3D models

e there are no long term plans by content creators for preserving the

digital data they generated.

As formerly mentioned, hundreds or even thousands of scientific 3d models of
cultural heritage is being created these years. Unfortunately a notable portion of
these models shares the destiny of conventional archaeological data that are not
being disseminated to academic world or sometimes lost due to lack of long term
archival plans. This is the idea behind SAVE (Serving and Archiving Virtual
Environments) project designed by Virginia University’s Virtual World Heritage

Laboratory (http://vwhl.clas.virginia.edu/save.html). The project intended to

preserve 3D digital Cultural Heritage models and to provide access to them for the
scholarly public. Several years after its declaration, it has not been able to create a
universally usable virtual system for researchers however a new peer-reviewed
online journal called “Digital Applications to Archaeology and Cultural Heritage

(DAACH)”  (http://www.journals.elsevier.com/digital-applications-in-archaeology-

and-cultural-heritage/) was initiated through this project. In this e-journal, the

researchers have the opportunity to publish their papers along with interactive 3D

models, images and videos. The peer-review does not only deal with the text but

51



also the multimedia attached to the paper. Considering and validating the
accompanied data and metadata about the professional qualifications of the author
as well as the documentation on the design of digitization project, hypothesis and
uncertainties of the 3D data (Koller et al., 2009: 7:3) the project claims to become a
scientifically authenticated central database for digital cultural heritage models and

the academic communication on those subjects.

Even though DAACH stands on firm grounds for being a scientific repository, the
project fails to provide an advanced web based 3D content viewer or analyzer.
Without the existence of this kind of system, it will never be able to serve fully to
the intended purpose. In fact, only Smithsonian Institute’s Digitization Program
Office seems to solve this problem. Through Smithsonian X 3D project supported by
leading 3D modeling software developer Autodesk, the office was able to present a
web based browser for their high resolution 3D content generated by the

digitization of the museum’s assets (http://3d.si.edu/browser). Although it was

started very recently, the project proves to be promising for the following years
with its interactive tools that allow the users to conduct measurements, observe
cross-sections, change materials and lighting conditions over high resolution objects
(Fig. 42). As a more recent development, albeit not as sophisticated as

Smithsonian’s tool, Sketchfab (https://sketchfab.com/browse/view) also offerred an

online service that allows uploading and sharing of 3D meshes up to 200,000
polygons and 4,096 x 4,096 pixel texture size. Using WebGL technology, the
initiative lets users to interact with the 3D models and even to embed the content
in other websites just like Youtube videos. It is certain that neither the upper limit
of detail nor the sole visualization theme without measurement tools in this service
is enough for scientific dissemination but still, Sketchfab represents a strong

indication to what will be possible in the near future.

In spite of the fact that theoretical base for digital archaeology has been
consolidated over the passing years, the practical approach on the subject has not

been adopted by the majority of archaeologists especially in the interpretation and
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dissemination processes. It is obvious that archaeology should evolve to a state
where the researches are not seen as a personal belonging but as a pile of
interpreted data to be shared and collectively discussed/questioned. This can be
achieved by the use of collaborative virtual environments that allows users to
publish multi-dimensional contents and interact with the preloaded data. With the
increasing number of users and therefore the amount of content, Archaeology
could posses a huge global database. Even though there is not an existing system to
accommodate this kind of information exchange yet, the recent improvements in IT
present the clue that it could be possible in the very near future. Therefore, the
current responsibility of the archaeologist should be designing his/her research
keeping in mind that the audience demands multi-dimensional, multi-layered,
guestionable and reformable digital data which can be achieved through 3D
digitization methods. Considering the image based modeling applications
experimented in Komana excavations as well as the reviewed projects, it is clear
that this medium proves itself in providing highly accurate, manageable and
portable documents as well as versatile representations. Its applicability to any
archaeological research due to being low cost and straightforward make computer
vision an efficient way of recovering information from the excavation, preserving

and disseminating it in digital formats.
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CHAPTER 7

CONCLUSION

In this thesis, virtual practices that are being used in archaeology were evaluated in
general. Various 3D digitization methods were discussed with respect to their
working principles, application area and purpose of use however, the research
concentrated mainly on one of these applications, that is Image Based Modeling
through the use of Agisoft’s Photoscan software, due to its unique features such as
being mobile, fast, low-cost, highly accurate and applicable to a range of scales. The
previous reviews of this approach all over the world as well as the case studies
conducted by the author at KomanaPontika excavations revealed that this medium
stands as a powerful tool for digitizing archaeological information in more objective
and detailed way than the conventional methods. It was observed that with the use
of computer vision, it is possible to generate 3D models of objects and areas
consisting millions of polygons with photorealistic texture information that have an
accuracy of a few centimeters or sometimes even millimeters and to
handle/integrate these data in digital spaces. Consequently, this situation provides
the archaeologist with several opportunities such as to archive information digitally
and derive diverse types of representations out of it, to make interpretations by
viewing 3D spatial data any time and collaborate with other specialists on the
decision processes, to convert the content into various digital formats for the
dissemination of the research to academic audience with multi-layered, multi-
dimensional, questionable formationand to the public with visually appealing, more

understandable design.
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APPENDIX A

FIGURES
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Figure 1: An image of interactive site plan from the Wesleyan-Brown Monastic Archaeology
project (known as MonArch) showing alternative cases for the evolution of the
monastery by a time slider and hand modeled 3D phases (Bonde et al., 2009:
367).
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Figure 2: Images from Rome Reborn project showing the buildings generated by procedural
modeling. Rome Reborn. Retrieved February 10, 2014, from:
http://romereborn.frischerconsulting.com/gallery-current.php
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Figure 3: Working principles for two different types of scanners: (Left) Time of Flight
Scanner, (Right) Triangulation Scanners (Boehler et al., 2002: 431).
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Figure 4: Agisoft Photoscan Photographing Manual (AgiSoft LLC, 2013: 5).
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Figure 5: 3D textured model of a piece from Altai Rock Art generated by IBM (Plets et al.,
2012: 142).

Figure 6: Impact of 3D modeling on the visibility of antropomorphic stones from Altai
mountains. (a) Actual photo, (b) shaded 3D model, (c) drawing generated from
the model (Plets et al., 2012: 891).
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Figure 7: Various applications of CRP in archaeological fieldwork at Tel Akko to
digitize (a) 3D model of the mound, (b) an excavation unit, (c) a cylindrical
seal (Olson et al., 2013: 251,253, 255).
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Figure 8: Generation of (B) 3D surface model and (C, D) textured DSM out of only (A) two
images (Verhoeven, 2011: 72).

Figure 9: Hamamtepe and HTP 01 excavation sector.
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Figure 10: The hexagonal basin and excavated trenches.

Figure 11: Sparse point cloud and camera positions of trench 277/613.
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Figure 12: Shaded model of trench 277/613.

Figure 13: Textured ortho image of trench 277/613 with recordedground control points.
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Figure 14: Height map of trench 277/613.
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Figure 15: Height map of trench 277/613 blended with texture.
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Figure 16: Quick plan drawing of trench 277/613 using ortho image.
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Figure 17: Point cloud and camera positions for the east section of trench 227/688.
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Figure 18: The east section of trench 227/688 represented as (a) ortho image,
(b) stratigraphical sketch, (c) sketch overlayed on ortho image.
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Figure 19 : Dense point cloud and camera positions for the selected ceramic.

Figure 20: Shaded model of the selected ceramic.
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Figure 21: Textured 3D model of the selected ceramic along with digital scale bar and
reference measurements.

Figure 22: Ortho images of the ceramic with texture: (Left) top view, (Right) side view.

75



Figure 23: Dense point cloud and camera positions of the inscribed stele.

Figure 24: Textured 3D model of the inscribed stele.
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Figure 25: Surface details of the inscribed stele under different lighting conditions.
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Figure 26: Dense point cloud and camera positions of grave 61.

Figure 27: Shaded model of grave 61.
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Figure 28: Textured 3D model of grave 61 along with digital scale bar and reference
measurement.

Figure 29: Ortho image of Grave 61.
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Figure 30: Sparse point cloud and camera positions of Grave 49.

Figure 31: Shaded model of Grave 49.
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Figure 32: Ortho image of Grave 49.
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Figure 33: Dense point cloud and camera positions of the hexagonal basin and surrounding
trenches.
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Figure 34: Shaded model of the hexagonal basin and surrounding trenches.

Figure 35: Textured 3D model of the hexagonal basin and surrounding trenches.
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Figure 37: (Up)Ortho image of the hexagonal basin and (Down) plan drawing generated out

of it.
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Figure 38: Dense point cloud and camera positions of HTPO1 excavation sector.

Figure 39: Textured model of HTPO1 excavation area.
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Figure 40: Textured ortho image of HTPO1 excavation sector.
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Figure 41: Vrui software. (a, b) Screenshots from the software showing a querry of layers in
a trench, (c) tele-immersive session interacting with layers and artifacts through
the use of Wii (Forte, 2012: 351, 378).
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Figure 42: Screenshot from Smithsonian X 3D browser showing 3D model of Cosmic Buddha
statue along with interactive tools. Source: Smithsonian X 3D. Retrieved
February 10, 2014, from: http://3d.si.edu/explorer?modelid=44.
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APPENDIX B

TURKISH SUMMARY

Her ne kadar Tirkiye’ de yayginlasmamis olsa da, son vyillarda 3D uygulamalar
arkeolojik calismalarin bir cogunda kullanilir hale gelmislerdir. ilk zamanlarinda
sadece Uc¢ boyutlu gorsellesirme ve rekonstriksiyon amaciyla arkeolojinin ilgi
alanina giren bu ybéntemler gecen sirecte teorik ve teknolojik altyapinin da
gelismesiyle bilimsel arastirmalarin 6nemli bir pargasi haline gelmeye baslamistir.
Artik bu yontemler kullanilarak kazi sirecleri ve buluntular dijital olarak
belgelenebilmekte, elde edilen  bilgi vyine dijital ortamlarda islenip

degerlendirilebilmekte ve yine ayni sekilde kolayca paylasilabilmektedir.

Bu tez iceriginde 3D sayisallastirma uygulamalarinin giiniimiz arkeolojisindeki yeri
ve gelecekteki rolu tartisilmistir. Bunun yaninda fotograf bazli modelleme
yaklasiminin, barindirdigi 6zellikler bakimindan hemen hemen tiim arasgtirmalara
uygulanabilirligi ve bu calismalarda ulasilan bilginin belgelenmesi, yorumlanmasi ve
yayginlastirilmasi slrecglerine olan ek katkisi vaka c¢alismalari ile ele alnimistir.
Geligimi igin yakin gelecekte, yeni medyanin da etkisiyle daha isbirlikgi, disa agik,
kitle odakli bir yapiya ve ¢ok katmanli, ¢cok boyutlu, sorgulanabilir iceriklere dogru
evrilmesi gereken arkeoloji biliminin bu yontemi simdiden sahiplenmeye baslamasi
onem tasimaktadir. ilerleyen paragraflarda bu icerik daha detayli bir sekilde

Ozetlenmistir.

Arkeolojide 3D uygulamalar farkh 6lceklerde g¢ok cesitli amaglara hizmet edebilir.
Fakat bu amaclari ic ana baslk altinda toplamak miimkiindir. Bunlar 3D belgeleme,

3D temsil ve 3D yayginlastima basliklaridir.
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Bilindigi Uzere arkeolojinin tahrip edici bir tarafi da vardir. Kazi sirecinde
farkedilmeyen ve kaydedilmeyen tiim bilgiler, tekrar tanik olunamayacagi icin yok
olmaktadir. Belgeleme icin kullanidigimiz geleneksel yontemler ise dort boyutlu bir
ortami vyalnizca iki boyutta kayit altina alabildiginden arkeolojik bilgiyi tim
kapsamiyla temsil edememekte ve de Ozellikle konteks bazindaki verilerde kayip
yasanmaktadir. 3D belgeleme uygulamalari ise alan ve objeleri ¢ok boyutlu ve
detayli bir sekilde sanal ortama aktarabildigi icin bu sorunu ¢6zme ihtimaline

sahiptir.

GUnumuzde dijital yontemler ile bir kazi siirecinin tamamini lg¢ boyutlu olarak
belgelenebilmektedir. Kazi alaninda surekli olarak 3D taramalarin yapilmasi ile
agmadaki tim katmanlari sanal ortamda Ust Uste yerlestirerek, agmanin kazilmadan
onceki yapisini dijital olarak terkradan yaratmak miimkiin olmaktadir. Buluntularin
da ayni sekilde sayisallagtirilarak yerlerine yerlestiriimesiyle analiz ve g¢ikarim
slreclerindeki verim artirilabilmektedir. Sonuc olarak 3D belgeleme, arastirmaciya
geleneksel yontemlerin sunamadigl, derinlik, doku ve mekansal bakis agisi

opsiyonlarini sunmaktadir.

Yalnizca arkeolojik kazilar degil ayni zamanda kiltirel miras da 3D belgelemeye
ihtiya¢ duymaktadir. Sit alanlari ve anitsal yapilar, diinya ¢apinda savas, devlet
politikalari, doga olaylari ve ilgisizlik gibi bircok nedenle zarar géormekte ve yok
olmaktadir. Bunun yaninda miizelerin depolarinda saklanan bir¢ok belge ve tarihi
eser de zamana karsi koyamamaktadir. Fakat 3D belgeleme ile bu objelerin dijital
kopyalari yapilabilir ve bu sekilde birgok tarihi yapi ve obje gelecek nesillere
aktarilabilir. Bunun disinda dijital kopyalar, koruma altina alinmis objeler lizerinde
herhangi bir temasa gerek kalmadan calisilabilmeyi sagladigindan kdltirel mirasin

Omrinin artirilmasinda 6nemli bir rol oynayabilir.

Sanal arkeoloji yontemlerinin arkelojideki diger bir rolli olan 3D temsil da yukarida
bahsedilen durumlarda toplanan verilerin sanal olarak gorsellestiriimesini

kapsamaktadir. Herhangi bir obje, yap! veya alan sayisallastirildiginda veri, farkl
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uygulama ve amaglara uygun olarak iki veya lic boyutlu ¢cok cesitli gorsel formatlara
donustirilebilmektedir. Bu da arkeolojik bilginin ¢ok boyutlu ortamlarda analiz
edilmesinin, bilginin anlasilmasinda ve yeni c¢ikarimlar yapilmasinda belirgin

ilerlemeler kaydedilebilecegini ortaya koymaktadir.

Dijital arkeolojinin en 6nemli amaglarindan biri de 3D paylagimdir. Sayisallastirilp,
sanal ortamda analiz edilen arkeolojik verinin yine dijital ortamda
yayginlastirilmasinin énemi blylktir. Geleneksel bilgi paylasim yéntemi olan basil
yayinlarin yavasligl, yiksek maliyetleri, dagitim ve koruma ihtiyaglari gibi sorunlarin
tamami elektronik yayinlarla ¢ozilebilmekte ve bunun yaninda basili kaynaklarin
tersine ihtiya¢ duyulan miktarda gorsel, video, 3D model ve GIS verileri bu yayinlara
eklenebilmektedir. Kisacasi arkeolojik arastirmalarda arsivienen ve paylasilan bilgi

arasindaki ugurum bu yéntemle azaltilabilmektedir.

Arkeolojik bilginin sayisallagtiriimasinda kullanilan yontemlere gelecek olursak, bu
konuda kullanilabilecek yontemler su sekilde siralanabilir: El ile modelleme,
prosediirel modelleme, lazer tarama ve fotograf bazli modelleme. El ile modelleme
cesitli gorsel, gizim ve olglimlerin referans alinarak arkeolojik obje veya yapinin CAD
programlari kullanilarak tic boyutlu modellenmesi olarak tanimlanabilir. Prosediirel
modellemede ise yazilimlar, onlara verilen bir kurallar ve parametreler dizisi
Uzerinden otomatik olarak cesitlendirme yaparak modelleri olustururlar. S6z konusu
iki metot da objelerin dijital temsillerinde bilimsel gercekligi ve dogrulugu
saglayamadiklarindan bir belgeleme yontemi olarak degil daha ¢ok gorsellestirme ile
zamansal ve mekansal hipotezleri test etmek icin kullanilirlar. Diger iki yontem ise
arkeolojik obje ve alanlarin 3D olarak belgelenmesinde kullanilan yegane
uygulamalardir. Bunlardan lazer tarama yontemi, arkeolojide 2000' li yillardan
itibaren artan bir yogunlukla uygulanmaya baslamistir. Lazer tarayicilar temel olarak
bir lazer 1sininin tarayicidan cikip hedef objeye carptiktan sonra tarayiciya gelis
zamani veya gelis acisi Uzerinden (x, y, z) bilgisinin hesaplanmasi prensibiyle
cahsirlar ve bu yapilari nedeniyle oldukca yliksek hassasiyete sahiptirler. Obje

bazinda milimetrenin altinda, karasal dlgekte ise santimetrenin altindaki hata paylari
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lazer tarayicilari en poiiler dijital belgeleme yontemi haline getirmistir. Fakat bu

yontemin uygulamasinda degerlendirilmesi gereken dnemli konular bulunmaktadir.

ik olarak, lazer tarayicilar modelledikleri objelerin dokularini
sayisallastiramamaktadir. Dokularin kaydedilmesi ve 3D model Uzerine dogru bir
sekilde kaplanabilmesi icin ikincil uygulamalar gerceklestiriimek zorundadir. Bunun
yaninda hi¢ bir obje veya yapi tek yonden taranamamakta ve bu nedenle tarama
islemi farkh agilardan tekrarlanmaktadir. Modelleme islemine baslanmadan 6nce bu
taramalardan c¢ikan ayri sonuglarin bir araya getirilmesi icin ekstra ¢aba harcanmasi
diger bir zorunluluktur. Ve bu islemlerin yapildigi yazilimlar heniiz kullanici dostu bir
hale gelmedigi icin s6z konusu uygulama ancak uzmanlarin gergeklestirebilecegi bir
yapidadir. Son olarak da lazer tarayicilar hala ¢ok pahal aygitlar olduklarindan,

duruma gore gerek duyulan teknolojinin maliyeti onbinlerce lirayi bulabilmektedir.

Fotograf bazli modelleme yontemi ise lazer tarayicilara nazaran ¢ok daha ucuz, hizli,
tasinabilir ve esnek olmasi nedeniyle 6n plana ¢ikmaktadir. Ozellikle bu metodu
kullanan yazihmlarin son birkag yilda hizla gelisip, kolay ve kullanici dostu bir hale
gelmesiyle fotograf bazli modelleme uygulamalarinda carpici bir hareketlilik

yasanmaya baslamistir.

Bu fotogrametrik yontem, temel olarak iki fotograf arasindaki ortak noktalarin
saptanip, bu noktalarin fotograflar arasindaki yer degistirme miktarina gore derinlik
bilgisinin ¢ikarimi prensibine dayanir. Sonug olarak, bu seklide hesaplanip ti¢ boyutlu
diizleme aktarilan milyonlarca nokta objenin 3D modelini olusturur. Yontemin is
akisini daha detayl bir sekilde agilamak gerekirse, 6éncelikle modellenmesi istenen
obje veya yapinin farkli acilardan bircok fotografi cekilir ve bu fotograflar yazilima
aktarilir. Yazilim ilk adimda bu fotograflari tarayip ortak noktalar ve fotograflarin
¢cekim anindaki kameranin bulundugu uzaklik ve pozisyonu hesaplar, sonrasinda da
bu bilgiyi kullanarak ic¢ boyutlu dizlemde bir noktalar kiimesi olusturur. ikinci
adimda ise yazilimin barindirdigi algoritmalar hesaplanan noktalar arasinda baglar

kurarak noktalari poligonlara donistirir ve g boyutlu bir model ortaya c¢ikar. Son
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adimda ise fotograflarda bulunan doku, olusturulan modelin Uzerine kaplanir ve
sonug¢ olarak modellenen obje veya yapinin foto-gercekgi, dijital bir kopyasi

cikartilmig olur.

Fotograf bazli modelleme yonteminde sonucun hassasiyeti ve dogrulugu, fotograf
cekiminin kalitesine ve kullanilan algoritmalarin kapasitesine dogrudan baghdir. Son
dénemde ortaya ¢ikan fotogrametrik programlar ile olusturulan 3D modellerde
ylksek hassasiyet yakalanabilmektedir. Her ne kadar bu metot ile lazer tarayicilar
kadar hassas sonuclar almak heniiz mimkin olmasa da, sonuglarin bircok c¢alisma
icin yeterli dogruluga sahip oldugu goriilmektedir. Bununla beraber, yontemin
kullaniminda sadece bir kamera ve bir bilgisayara ihtiyacin olmasi ile yazilimlarin
oldukga ucuz ve kullanici dostu olmasi nedeniyle tim arastirma ve arastirmacilar

tarafindan uygulanabilir oldugu g6z 6niinde bulundurulmahdir.

Arkeolojik ve kiltlirel miras, boyut, sekil, detay ve kaplama gibi 6zelliklerde cok
cesitlilik gostermektedir. Mirasin sayisallastirilma amaclari da ayni oranda gesitlilige
sahiptir. Bu nedenle tim arkeolojik ve kiltiirel miras igin tek bir milkkemmel yontem
sunmak mimkin degildir. Cogunlukla en iyi uygulama bu yontemlerin bir arada
kullanilmasini gerektirir. Tabi bunun en iyi sartlar altinda gerceklesecek bir durum
oldugu unutulmamalidir. Cogu proje boyle bir calismayi finanse edebilecek bir
kaynaga sahip degildir. Fakat fotograf bazli modelleme yukarida bahsedilen
Ozellikleri nedeniyle, teorik olarak tiim arkeolojik ¢alismalarda kullanilabilir. Bdylece
kazi surecindeki bilgi ve belgeleme hem kalite hem de miktar olarak artirilabilir,
dijital ortamda farkli uzmanlarla isbirligi icinde cikarimlar gelistirilebilir ve cesitli
formatlarda ciktilar alinarak, arastirma sonuglari dijital olarak akademik diinyaya ve

halka sunulabilir.

S6z konusu yontemin arkeolojik kazilarda uygulanabilirliginin ve gikarttigi sonuglarin
degerlendirilmesi amaciyla Komana Arkeololojik Arastirma Projesi kapsaminda bir

vaka g¢alismasi tasarlanmistir. Buna gore proje kapsaminda yapilan Komana Pontika
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kazilarinda dort ayri baslkta fotograf bazli modelleme uygulamalari yapilmis ve

sonuglari analiz edilmistir.

Komana Pontika, bugiin Tokat-Niksar karayolunun dokuzunucu kilometresinde
bulunan ve Hamamtepe olarak adlandirilan hoyiik merkezli bir yerlesimdir. Komana,
Hellenistik donemde Mitridat hanedanina bagli, siyasi ve ekonomik yonden oldukga
glgcll bir tapinak sehir olarak gelismis ve bolgedeki Roma hakimiyeti déneminde de
bu gliciini korumugtur. Daha sonralari tapinak, hristiyanhgin yayilmasina paralel
olarak etkisini yitirmis ve Bizans doéneminde olduk¢a kiglk bir yerlesim haline
gelmistir. Tirklerin anadoluya yerlesme sirecinde bolgede siyasi ve askeri
¢atismalar yasanmis ve sehir zamanla Danismentlilerin kontroliine gegerken bélge

de islami kultlirtin etkisi altina girmistir.

Komana arkeolojik arastirma projesi ise 2004 yilinda bolgede gergeklestirilen ylizey
arastirmasiyla baslamis ve daha sonra 2009' da Hamamtepe' de kazi siirecine
gecilmistir. S6z konusu kazida, Ulkedeki diger bircok kazi gibi geleneksel belgeleme
yontemleri kullanilmaktadir. Buna gore acma ve buluntular total station kullanilarak
koordinatlandirilmakta, fotograflama, form doldurma ve ¢izim uygulamalariyla da
kayit altina alinmaktadir. Komana arastirmalari bu vyapisiyla fotograf bazli

modelleme icin etkili bir uygulama alani olusturmaktadir.

Kazi dahilinde bir agma, bir buluntu, bir mezar ve bir mimari yapi olmak tizere dort
ana baglikta fotograf bazli modelleme uygulamasi yapilmasi ve bu uygulamalarin
sonuclarinin degerlendirilmesi planlanmistir. S6z konusu uygulamalarda fotograf
bazli modelleme yazihmi olarak Agisoft sirketi tarafindan uretilen Photoscan
programi kullanilmistir. Yontem ile ilgili daha 6nce bahsedilen tiim 6zellikleri tagiyan
bu program, buna ek olarak girdi fotograflarin EXIF bilgisini kullanarak otomatik
kamera-lens kalibrasyonu yapabilmesi nedeniyle tercih edilmistir. Fotograflama
islemi icin ise 18 megapiksellik sensore sahip Canon 60d kamera, Sigma 17-50 mm
2.8 lens ile birlikte kullanilmistir. Yazihmin yiklendigi bilgisayarin temel bilesenleri

ise Intel Core i7-2700K islemci, 16 GB DDR3 1666MHz hafiza, 1.5GB DDR5 Nvdia GTX
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570 ekran karti ve 64-bit Windows 7 isletim sisteminden olugsmaktadir. Bu yapiyla
yazilim, tek bir modelleme i¢in 200' den fazla fotografi isleyebilecek kapasiteye

sahip olmustur.

ilk uygulama Hamamtepe (izerindeki HTP 01 alanindaki 10 m x 10 m boyutlarindaki
277/613 agmasinin bir yizey katmanin fotograflanmasiyla gergeklestirlmistir. Agma
etrafindan ¢ekilen toplam 192 fotograf kullanilarak 20 milyon poligona sahip bir 3D
ylzey modeli olusturulabilmistir (Fig. 12) ve bu sayisallastirma sireci 12 saat
sirmustir. Arazide koordinatlari alinan dort nokta kullanilarak jeo-referans islemi

yapilan modelin ortalama 4 santimetrelik bir hata payina sahip oldugu gorilmustdr.

Bu haliyle olusturulan model artik tG¢ boyutlu ortamda analiz edilebilir, izerinde
uzunluk, alan ve hacim o6lcimleri yapilabilir, doku, ortofoto (Fig. 13) ve yukseklik
haritalari (Fig. 14) gibi bircok gorsel formata tiirevlenebilir bir hale gelmistir. Ayni
zamanda ortofotolar kullanilarak agmanin plan ¢izimi (Fig. 16) yapilmasi ve hatta
verilerin, GIS gibi yazilimlara aktarilacak sekilde dizenlenmesi mimkindir. En
onemlisi de bu sayisallastirma her katmana uygulanarak acmadaki tim kaz
slrecinin dijital bir kopyas! arsivlenip, yorumlama stirecinde ¢ok boyutlu bir bakis

acisi kazanilabilir.

Buna paralel olarak, fotograf bazli modelleme uygulamasi 227/688 a¢masindaki
gliney kesitin sayisallastirilmasi icin de kullanilmistir. 49 fotograf kullanilarak
olusturulan kesit modeli yine dort koordinat ile jeo-refereanslanmis ve sonrasinda
da kesitin ortofotosu gikartilarak kesit ¢izimi bu veri Gizerinden olusturulmustur (Fig.
18). Boylece geleneksel kesit ¢izimine nazaran doku bilgisini tamamiyla muhafaza

eden ve bilimsel dogrulugu daha yliksek bir belgeleme yapmak miimkiin olmustur.

Diger bir sayisallastirma islemi de kazi buluntularina uygulanmistir. Birinci 6rnekte,
segilen bir seramik 39 fotograf kullanilarak 2.5 milyon poligona sahip bir 3D modele
dontstirdlmastir (Fig. 20). 5 cm' lik bir 6lcek kullanilarak goreceli olarak
boyutlandirilan seramik Uzerinde yapilan iki karsilastirmal olgiim ile modelin

hassasiyetinin ortalama 2 mm oldugu ortaya ¢ikmistir. Toplamda 2 saat siren bu
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islem ile seramigin dijital bir kopyasi elde edilebilmistir. Bu haliyle seramigin normal
sartlarda el ile yapilan kesit ve doku ¢izimlerinin yerine kullanilabilecek veya onlari
destekleyecek gorseller dogrudan bu dijital model lizerinden cok hizli bir sekilde
cikartilabilir (Fig. 22). Dijital bir kopya elde edilmesinin bir diger énemli tarafi ise,
obje Uzerindeki tim detaylar korundugundan, seramik miizeye veya depoya
kaldirilsa bile istenilen yer ve zamanda obje lzerinde ¢alisma yapilmasi mimkin
olmaktadir. Seramik icin ¢cok gecerli olmasa da, temasa ¢cok duyarl olan organik
buluntular veya fresk gibi hassas objeler bu sekilde sayisallastirildiginda

konservasyon uygulamalarinin etkinliginin blytk 6l¢lide artacagi unutulmamalidir.

Buluntu bazinda diger bir modelleme de bu sezon kazilarinda ortaya ¢ikan bir stel
tizerinde denenmistir. Uzerinde ciplak gdzle okunmasi cok miimkiin olmayan bir yazi
bulunan stel, 80 fotograf kullanilarak sayisallastirilmis ve 10 milyon poligonluk bir
model elde edilmistir (Fig. 24). Elde edilen model Cinema 4D yazilimina aktarilmis ve
burada bir 1sik kaynagi olusturularak, 1sigin farkli yonlerden gelmesi durumunda
yazilarin gorinurligindeki degisim gozlenmistir. Sonug olarak stk yonuyle
oynanarak yazilarin daha gorinir bir hale getiriimesinin mimkin oldugu ortaya

ctkmistur.

Fotograf bazli modelleme ayni zamanda iskeletlerin modellenmesinde de
kullanilmistir. Birinci uygulamada, 31 fotograf kullanilarak olusturulan Mezar 61
modelinde (Fig. 27) yapilan hassasiyet testleri milimetrenin altinda bir dogruluk
oldugunu ortaya koymustur. 5 dakikalik bir slirecte fotograflanip yaklasik 2.5 saatte
modellenen bu deneme sonucunda yine ortofoto ve ortofoto Uzerinden g¢izim
yapmak mumkin hale gelmistir. Fakat bunun disinda yontemin en 6nemli 6zelligi,
olusturulan modelin web ortaminda paylasilabilir formata kolayca donusebiliyor
olmasidir. Komana kazilarinda ortaya ¢ikan iskeletleri inceleyen uzman kazi ekibinin
surekli bir elemani olmadigl igin, normal sartlarda mezarlar fotograflanip el
gizimleriyle birlikte uzmana goénderilmektedir. Fakat uzman sadece iki boyutlu
belgeler kullanarak ¢ikarim yapmak zorunda kaldigindan ¢ikarimlarin glici

zayiflamaktadir. Fotograf bazli modelleme ydnteminde ise iskeletlerin dijital
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kopyalari uzmana gonderilebilmekte ve uzman ¢ boyutlu ortamda in-situ obje

Uzerinde inceleme yapabilmektedir.

Vaka calismasi dahilinde ikinci bir iskelet daha modellenmistir. Mezar 49' un
modellendigi bu uygulamada, fotograf cekim gorevi fotograf bazli modelleme ve
hatta fotograf cekimi konusunda uzmanligli bulunmayan bir arkeologa verilmistir.
Onun cektigi fotograflarla gergeklestirilen sayisallastirma sonucunda ise her ne
kadar Mezar 61' in modeli kadar yiiksek sayida poligona sahip olmasa da, ayni islevi
gorecek kalitede bir modelin olusturulabildigi gériilmustir. Bu da arkeologlara kisa
bir egitim ve gorevlendirme verilerek arkeolojik kazilarin hizli ve efektif bir bigcimde

sayisallastiriimasinin miimkin oldugunu ortaya koymustur.

Komana kazilarinda fotograf bazli modelleme son olarak da mimari bir yapi olan
kesme tastan yapilmis bir altigen havuz Uzerinde uygulanmistir. Fakat diger
uygulamalardan farkl olarak bu yapini fotograflari ¢cekilmemis, bir 6nceki sene arsiv
amaciyla sicak hava balonu ile havadan ¢ekilen fotograflar arasindan uygun olanlari
secilerek sayisallastirma islemi gergeklestirilmistir. Secgilen 40 fotograf islenerek 10
milyon poligona sahip bir model 1.5 saatlik bir slirecte olusturulmustur.
Fotograflarda bulunan 1.5 metrelik bir 6lcek kullanilarak boyutlandirilan model,
2009 yilinda geleneksel yontemle cizilen plan gizimiyle karsilastiriimistir. Model ve
plan arasinda (x, y) duzlemlerinde ortalama 2 santimetrelik bir fark cikarken, (z)
degerlerinde bu farkin 5-6 santimetreyi buldugu gorilmustir. Yeterli sayi ve
kalitede fotograf kullanilmamasi nedeniyle olusan bu farka ragmen fotograf bazli
modelleme amaciyla ¢ekilmemis fotograflarin kullanilarak da ylksek kalitede
modeller olusturulabileceginin gorilmesi 6nemlidir. Hal bdyleyken, yillar
oncesinden kalma arsivlerdeki gorseller kullanilarak, yok olmus veya tahrip edilmis
obje ve yapilarin modellenmesinin de mimkiin oldugu 6ne sirulebilir. Bunun
yaninda, havuzun plan c¢iziminin 120 saat civarinda bir zaman aldig
dislinildigiinde, bu metodun geleneksel yénteme gore hizli ve dncil bir uygulama

olabilecegi ortaya ¢ikar.
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Komana' da gerceklestirilen fotograf bazli modelleme calismasini 6zetlemek
gerekirse, yontemin kuigilk, orta ve blylk olgekli tim uygulamalarinda basarili
sonuglar ortaya koydugu soylenebilir. Ozellikle kiiciik ve orta 6lceklerde cikan
sonuglardaki detay st diizeyde olmustur. Yontem, sadece metal ve cam gibi
yansima olusturan objeleri modelleyememistir. Modelleme icin gerekli olan
fotograflama sireleri obje ve mezarlar icin 5 dakika civarinda olmustur. Fakat
modellenmesi gereken alan buylidiglinde fotograf ¢ekimi icin gerekli slire de ayni
oranda artmistir. Ornegin, agmanin modellendigi uygulamada fotograflama siiresi
30 dakikayr bulmustur. Bu gibi durumlardaki en 6nemli sorun, alanin dogru
modellenmesi icin gerekli ylksekliklerdeki acilara ulasmadaki zorluktur. Bu
¢alismada 2.5 metrelik siriklar kullanilmis olsa da insansiz hava araglari bu sorunun
en uygun ¢Ozimi olarak goze carpmaktadir. Uygulamalarda farkedilen diger bir
sorun da fotograf formatlari ile ilgilidir. JPEG sikistirimis bir format oldugundan
kalitesi diistiktiir ve Uzerinde cok belirgin oynamalar yapilamaz. Ozellikle giinesin
cok glcli oldugu durumlarda cekilen fotograflardaki yiksek kontrast nedeniyle
golgeler siyahlastigindan sayisallastirma yapilirken bu bdlgelerdeki verinin diger
kisimlara gore ¢ok daha az oldugu gozlenmistir. Bunu ¢6zmek igin JPEG yerine RAW
formatindaki gorsellerin kullanilmasi 6nerilmektedir. RAW formattaki gorsellerde
yogun bir isik ve renk dizeltmesi yapmak mimkiin oldugundan sikistirmaya veya
kullanici hatalarina bagli sorunlarin bir ¢cogu ¢o6ziilebilir. Fakat bu durum baska bir
problemi ortaya cikarmaktadir. RAW dosyalar, JPEG gorsellere gore 4 kat daha fazla
disk alani kaplamaktadir. Ozellikle fotograf bazli modellemenin yogun olarak
kullanildigl arastirmalarda veri argivlemesi konusunda sikintilar yasanabilecegi
ongorulmelidir. Fakat yontemin alana katkisi o kadar onemlidir ki, bu sorun

yontemin kullanilirligini etkilememelidir.

Kisacasi, Komana Pontika kazilarinda gergeklestirilen uygulamalarda, bu metodun
arkeolojik belgeleme ve gorsellestimenin gelistirilmesi konusunda etkili bir yontem
oldugu ortaya c¢ikmistir. Uygulamalarin kolayli§i nedeniyle de tim arkeolojik

arastirmalarda kullanimi olduk¢ga mimkiin gérilmektedir.
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Sanal gerceklik uygulamalarinin arkeolojide kullanimi aslinda sadece gorsellestirme
amaciyla baslamisti. ilk 6rnekler, teorik bir altyapidan uzak, tarihi yapilarin basit (¢
boyutlu modellerinden olusmaktaydi. Fakat son on yilda, 3D sayisallastirmanin
bilimsel degeri sorgulanip tartisilmaya baslamistir. Bu slrecte ortaya konan Ename

(http://www.enamecharter.org/), Londra (http://www.londoncharter.org/) ve

Sevilla (http://cipa.icomos.org/fileadmin/template/doc/PRAGUE/096.pdf)

bildirgeleri ile sanal arkeoloji uygulamlarinin teorik bir temel (zerine oturtulmasi
yoninde calismalar yapilmis ve glinimiizde artik yontemin arkeolojik arastirmalari
nasil gelistirebilecegi tartisilir olmustur. Vaka calismalarinda goéruldiGgi Uzere
fotograf bazli modelleme, arkeolojik bilginin detayli olarak belgelenmesi ve
gorsellestiriimesinde ¢ok o6nemli katkilar yapmaktadir. Fakat sayisallastirmanin
katkisi bununla sinirli degildir, arkeolojik bilginin paylasimi konusunda buylk bir

potansiyele de sahiptir.

20. yiazyilin sonunda internetin ortaya ¢ikmasi ve o glinden bugline enformasyon
teknolojilerindeki gelisim sonucunda yeni medya ismi verilen yeni bir bilgi paylasim
akimi ortaya ¢ikmistir. Geleneksel durumun tersine artik bilgi talep edildiginde hazir,
genellikle agin kullanicilari tarafindan gelistirimis, ineraktif bir yapiya donismastur.
Son yillarin en basarih girisimleri olan Facebook, Youtube, App Store, Wikipedia gibi
bircok yapi da gliciini bu yeni akimdan almaktadir. Kendi kullanicilari tarafindan
gelistirilmis iceriklere yine o kullanicilar tarafindan istenilen yer ve zamanda tim
detaylariyla ulasilabilmesi bu yeni diizenin en bilylk glcldir. Bu sekilde bilgi
katlanarak bliyumekte ve dinyanin her kosesine hizla ulasabilmektedir. Konuya
donersek, bilgi paylasimindaki bu interaktifligin arkeolojiye de niifuz ettigini
soylemek zordur. Arkeolojik arastirma sonuglari arastirmacilar tarafindan hala kisisel
esya olarak gorilmekte ve ciktilarin uzun yil araliklariyla sadece kicik parcalari
toplulukla paylasilmaktadir. Bu paylasimda kullanilan basili yayin aliskanligl da
sadece yazl ve resim igerigine izin verdiginden arkeolojik bilginin dinamikligini,
karmasikhgini ve detayini verimli bir sekilde paylasma imkani sunamamaktadir.

Arkeolojide sayisallastirma yaklasimin en blyik etkilerinden biri de burada ortaya
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citkmaktadir. Sayisal bir bigcimde bilgi paylasimi yapildiginda geleneksel yonteme
gore ¢ok daha fazla miktar ve formatta bilgi, cok daha kisa siirede toplulukla

paylasilabilir ve herkesin tartisip yorumlayabilecegi bir yapi olusturulabilir.

Bu haliyle yontemin potansiyel olarak arkeolojiye 6nemli katkilar yapabilecegi
gorilmektedir. Fakat belirtilmesi gerekir ki, ginliimizde bir verinin 3D
sayisallastiriimasi ile bu bilginin sanal ortamda yonetilmesi teknolojileri arasinda
ciddi bir fark vardir. Yani istenilen bir objeyi tim detaylariyla modellemek
mumkiinken, olusturulan model (zerinde c¢alismalar yapmak ve bu modelleri
herkesin inceleyebilecegi sekilde paylasabilmek konularinda hala eksiklikler vardir.
Cogu sayisal arkeolog, ciktilar Uzerinde ¢alisma yapmak icin 3D modelleme
yazilmlarini kullanmaktadir. Bu sekilde her ne kadar, detayli bir inceleme ortami
olusturulabilse de arkeolojik amaglara 6zel yaziimlarin geliserek bu sireci
kolaylastirmasina ihtiyac duyulmaktadir. Catalhoylik kazilarinda uygulanan 3D
sayisallastirma sonuglarinin yoénetildigi Vrui yazihmi (Forte et al.,, 2012: 10) veya
onun tlrevleri yakin gelecekte arastirma ekibi icindeki veri paylasim ve analiz
ihtiyaclarini ¢ozebilir. Fakat diinya capinda olusturulan 3D arkeolojik modellerin
hepsine ulasim saglayacak, onlarin bilimsel dogruluk ve gecgerliliklerini sorgulayacak,
arsivleyecek ve Uzerinde analiz yapilabilmesini saglayacak merkezi bir havuzun
olusturulmasi, sayisal bilginin paylasilabilmesi ve arkeolojinin gelisimi icin ¢ok blytk
onem tasimaktadir. Virginia Universitesi' nin Diinya Mirasi Laboratuvari tarafindan

olusturulan SAVE projesi (http://vwhl.clas.virginia.edu/save.html) bu amacla ortaya

¢ikmistir. Henliz Gi¢ boyutlu modellerin incelenebilecegi ortak bir yap! Gretememis

olsa da, DAACH (http://www.journals.elsevier.com/digital-applications-in-

archaeology-and-cultural-heritage/) isimli e-makale girisimi ile arastirmacilarin

sundugu makalelerin sadece metnini degil ayni zamanda yanina eklenebilen
multimedya icerigin de bilimsel dogrulugunu gbézden gecirdiginden s6z konusu
havuzu olusturmada ilk adimlari atabilmistir. 3D sayisallastirma ile olusturulan
modellerin ortak bir altyapi Gzerindenn paylasimi konusunu ise Smithsonian Mizesi

¢6zmis gorinmektedir. Autodesk sirketinin destegiyle gelistirdikleri Smithsonian X
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3D (http://3d.si.edu/browser) web uygulamasi ile yiksek ¢ozunurlikli modeller,

Uzerlerinde cesitli analizler  yapilabilecek sekilde web Uzerinden
gorintilenebilmektedir. Her ne kadar Smithsonian 6rnegi kadar gelismis olmasa da

Sketchfab (https://sketchfab.com/browse/view) da benzer sekilde modellerin bir

Youtube videosu gibi herkes tarafindan goriilebilecegi ve paylasilabilecegi bir altyapi

olusturmayi basarmistir.

GCok yakin bir gelecekte arkeolojinin tim adimlarinda, belgeleme, inceleme ve
paylasim sirecglerinde 3D sayisallastirma uygulamalari  verimli  bir sekilde
kullanilabilir hale gelecektir. Cok sayida arkeolojik arastirmanin bu yodntemleri
uygulayarak yaratacagi birikim birlestiginde ¢ok kapsamli kiiresel ve ¢ok boyutlu bir
bilgi aginin ortaya ¢ikacagi asikardir. Hal boyleken, arkeologlarin sorumlulugu hem
akademik toplulugun hemde halkin artik gelenseksel, dikte edilen bilgiye degil ¢cok
katmanli, cok boyutlu, sorgulanabilir ve Gzerinde yeni arastirmalar yapilabilir bilgiye
ihtiya¢ duyduguna dair farkindaliga sahip olmak ve arastirmalarini bu duyarliligi géz
oniinde bulundurarak tasarlamaktir. Bu tez dahilinde incelenen fotograf bazli
modelleme vyaklasimi da bu yapinin olusturulma sirecinde herkesin kolaylikla
kullanip, bilimsel diizeyde sonuglar almasini saglayan etkili bir yontem olarak

kendisini gostermektedir.
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APPENDIX C

TEZ FOTOKOPISI iZIN FORMU

ENSTITU
Fen Bilimleri Enstitlsi I:I
Sosyal Bilimler Enstittisu X

Uygulamali Matematik Enstitlsi
Enformatik Enstitlsi I:I
Deniz Bilimleri Enstitlsi I:I
YAZARIN

Soyadi : Orman

Adi : Yenal

BolUmda : Yerlesim Arkeolojisi

TEZIN ADI: Digitizing Archaeological Excavations in 3D,
an Image Based Modeling Approach at Komana Pontika

TEZIN TURU : Yiiksek Lisans X Doktora

Tezimin tamamindan kaynak gosterilmek sartiyla fotokopi alinabilir.

Tezimin icindekiler sayfasi, 6zet, indeks sayfalarindan ve/veya bir
boliminden kaynak gosterilmek sartiyla fotokopi alinabilir.

Tezimden bir bir (1) yil sireyle fotokopi alinamaz.

TEZIN KUTUPHANEYE TESLIM TARIHi:
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