


INAUGURAL-DISSERTATION
zur
Erlangung der Doktorwiirde
der
Naturwissenschaftlich-Mathematischen Gesamtfakultit
der
Ruprecht-Karls-Universitat
Heidelberg

vorgelegt von
Dipl. -Arch. Pheakdey Nguonphan
aus Prey Veng, Kambodscha

Tag der miindlichen Priifung: 09. Januar 2009






Computer Modeling, Analysis and
Visualization

of Angkor Wat Style Temples
In Cambodia

Gutachter: Prof. Dr. Dr. h.c. mult. Willi Jager
Prof. Dr. Dr. h.c. Hans Georg Bock









Zusammenfassung

Das archdologische Gebiet von Angkor und die gigantischen Steintempel sind die
verbliebenen Hauptquellen zu den fast vergessenen alten Khmer-Zivilistation die einst
ihre Bliihtezeit zwischen dem 7. und 13. Jahrhundert hatte. Hunderte von Tempeln
wurden erbaut, doch mit der Zeit sind sie fast in Vergessenheit geraten, und haben
erleidete sehr unter dem tropischen Klima, Kriegen aber auch Pliinderungen gelitten.
Die meisten von lhnen liegen nun vdllig in Triimmern, und Viele sind teilweise
zerstort oder im Einsturzgefahr. Inzwischen wurde Angkor als UNESCO
Weltkulturerbe erkléart und ist eines der beliebtesten Tourismus-Ziele, aber auch fiir
Wissenschaftler attraktive die neue Methoden zur Unterstlitzung der Restaurierung,
Bewahrung und Tempel-Rekonstruktion erforschen.

Die Buddhistischen und Hinduistischen Tempel von Angkor wurden auf Basis
der heiligen Lotusbliite, die in beiden Religionen den Mikrokosmos darstellt, als
einem der Grundsymbole erbaut. Sechs Hauptdarstellungsformen des Lotus wurden
identifiziert, die in einer bestimmten Weise kombiniert, und fast auf allen
Tempelelementen abgebildet sind. 3D Computer-Rekonstruktionen von solchen
Tempelelementen sind schwierig und enorm aufwéndig.

Diese Dissertation befasst sich mit der Analyse architektonischer Funktion und
Geometrie der Lotusmotive und dem Versuch die Kombinationsregel der sechs
Lotusmotive zu entschliisseln. Um dies zum Einsatz zu bringen werden, mit Hilfe
mathematischer Modelle und bestimmter Algorithmen eine neue modul-basierte
Rekonstruktionsmethode und zwei weitere Methoden als Ergénzung speziell fiir
Angkor Temple entwickelt.

Das Ergebnis stellt ein in dieser Dissertation entwickeltes Computerprogramm
dar, das drei verschiedene Rekonstruktionswerkzeuge umfasst und mit dem hoch
detaillierte 3D Modelle einfach und schnell erzeugt werden konnen. SchlieBlich

werden mehrere 3D Modelle von ausgewihlten Tempeln als Endergebnis vorgestellt.

Schlagworte: Module-based 3D Computer Reconstruction, Image Processing, Virtual
Reality, World Heritage in Digital Age, Virtual Museum, Architectural concept of
Angkor Temples.
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Summary

Angkor archeological site and its gigantic stone temples are the major links to a nearly
lost civilization of the ancient Cambodia that once flourished during the 7™ and 13"
century. Hundreds of temples have been built, however, over the years, the
vegetations attacks, wars, and lootings caused many temples to totally decay, some
are partly destroyed or in danger of collapse. Just as Angkor archeological site and
temples were finally registered as the UNESCO World Heritage Site in Danger in
December 1992, local teams and international scientists with professional expertise
from various fields began doing their researches seeking for evidence of the hidden
ancient Khmer culture. New efficient methodologies for preservation, restoration and
reconstruction of the temples of Angkor are of the great demands.

Angkor temples are religious buildings dedicated to Buddhism and Hinduism.
The sacred lotus which itself symbolized the microcosm in both religions is an
essential element of the architectural concept of Angkor temples. Six forms of lotus
flower motifs are depicted as ornament based on a particular structuring rule, and are
found almost on the entire temple elements. 3D computer reconstruction of these
elements using conventional methods available in CAD tools is a very difficult and
time consuming task.

This research introduces new module-based computer reconstruction methods
which makes use of the structuring rule of the lotus motifs. Mathematical models are
defined to describe six modules and their properties. Explicit definition of the module
structuring rule and the conditions required for its implementation are discussed in
details. Finally three different sets of algorithms for three distinct reconstruction
approaches are defined.

As a result, a new software package is developed which covers three different
reconstruction tools. This computer program is user-friendly, and provides highly

detailed 3D models of Angkor temples with a few mouse clicks.

Keywords: Module-based 3D Computer Reconstruction, Image Processing, Virtual
Reality, World Heritage in Digital Age, Virtual Museum, Architectural concept of
Angkor Temples.
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Chapter 1

Introduction

Historic architectures, especially religious buildings are constructed based on specific
theoretical and practical principles. Angkor temples, as state temples of the Khmer
(Cambodian) empire are rich of conception and iconographic representations. A
detailed description about this will be presented in Chapter 2. The first section of this
chapter presents an overview on the history of Cambodia relative to the Khmer
temples and the origin of its architecture. In the second part we bring out the essence
of this research including problem statement, review of related works and motivation.

Finally we present the contents of each chapter in this dissertation.

1.1 Angkor Temple Origin and Architecture

This section describes a brief history of Angkor temples and the advantages of their
architecture for this research. In the first part we will describe the establishment of the
state of Angkor and point out the reason why it has become the world’s most
concentrated area with historic temple complex as well as its attractions to scientists
and tourists at the present time. In the second part we present properties of Angkor
temple architecture which is the core of our discovery, and that plays the central roll

for the solution.
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1.1.1 History of Angkor Temples and Cambodia

In around the first century of the Christian era, Indian traders extended their
international business towards Southeast Asia, seeking for new exotic products. They
took advantage of the tropical monsoon wind that pushed the Indian merchant fleets
back and forth from India to the southern part of the first known Khmer empire, called
Funan, locating in today’s southern Vietnam.

Later the Brahmans, priests and scientists of the highest social class from India
came with the traders, and brought their principle religion, Hinduism and Buddhism
[Sti79] to Cambodia. The Khmers warmly welcome the Indian people as well as their
culture, and skillfully converted the religious doctrines into significant architectural
concepts. As soon as the Khmers has developed its own language based on the Indian
Sanskrit in about the 6™ century A.D., the first registered Khmer temple arose, the
Phnom Da temple (figure 1.1.1), situated in Angkor Borei, the southern of the modern
Cambodia, in Takeo province.

After the royal families of Funan from Lower Chenla and Upper Chenla
became unified at the end of 8" century, the Khmer empire was established.

Rice was one of the most important local products, and played a significant
roll in development of the empire. The Khmers gradually found out that rice could be
best grown around the area of the 7Tonle Sap, a great lake with unique natural
properties that provides optimal conditions for agricultural development.

In 790, the young prince Jayavarman II revolutionary created the devaraja
cult (Khmer language: Tevareach), which literally means “king of the gods”, and
published it for the first time in 802 on stone. He established a capital closer to the
great lake, near the Mahendraparvata mountain (today’s Kulen mountain, about 30
km to the east of the present Siem Reap province), and later in Roluos. His devaraja
cult and great achievement in territorial expansion immensely inspired his successors,
and might have been the key factors that brought glory to the empire. Although his
capital of Rolous does not correspond to the well-known Angkor area we are referring
today, Jayavarman II had opened a new era of the Khmer history, and is generally

accepted to be the founder of Angkor and Angkor period [Ort06].
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Figure 1.1.1

Phnom Da, The first Khmer
temple mountain built around
550 A.D., constructed in the
former Khmer capital Funan.

Angkor is a Khmer word, derived from Sanskrit nagara and means “city”. The
Angkor period lasted from 802 to 1244 and covered a successive reign of 20 different
Khmer kings ([Roo01] 39 kings) in which the history memorized the summit of
Khmer culture and glorious achievements.

In the sense that a king is the king of gods, he is obliged to make his capital
into the home of god. Thus the Khmer kings constructed gigantic temples based on
the Indian divine design and other religious iconography as a microcosmic
representation and the central axis of the universe. This conception was best
expressed in the world largest stone temple of Angkor Wat, which means the temple of
the city, built during 1113-1150 by King Suryavarman II (see figure 1.1.2). The most
outstanding king, not only in military but particularly for temple construction, is King
Jayavarman VII (1181-1220). During his 39 years reign, he almost constructed as
much temples as his predecessor all together including his state temple of Bayon.

A total number of 47 major temples have been built during Angkor period, and
very few of them outside the Angkor area probably because of the advantages of the
great lake. Figure 1.1.3 shows the Khmer temple increment from the 6™ to the 15"
century. From the time Jayavarman II unified Khmer kingdoms, temple construction
continually grew, and reach the highest gradient in the 13" century during the reign of
Jayavarman VII until the beginning of the 14™ century. For detailed information, see

the chronology in page 181.
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Figure 1.1.2

Angkor Wat, 1140 built by Suryavarman II. in Angkor region.
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glory and the stone temple construction. In 1431, the Siamese troop of Ayutthaya
defeated the decisive victory, and dominated Angkor for about 100 years [Lecl4]
while the Khmer King Ponhea Yat was forced to move his capital to Phnom Penh,
where it is until today.

Latest Khmer temple records show that more than one thousand Khmer
temples had been built during these ages, but over the years of wars but also looting
and attacks from tropical climate and vegetation most of the temples are nowadays in
very critical circumstances. Many of them are literally totally in ruin whereas some
are in danger of collapse and erosion. In 1991, the UNESCO established their regional
office in Cambodia in order to assist the local authority APSARA to call for
international help on safeguarding Angkor. Angkor was registered in the UNESCO
World Heritage list as World Heritage site in Danger in December 1992. Since then,
high-level national and international authorities open access for professional teams
worldwide to conduct a wide variety of scientific and cultural research projects, with
ambitious target for restoration, reconstruction, conservation, and developing the
Angkor archeological park and its ruins.

With our experiences in traditional Khmer arts and architecture, we want to
contribute in the field of reconstruction, restoration and documentation of Angkor
temples. The challenge is to find out the advantage of Khmer temple architecture and
combine it with available associated techniques in applied mathematics and computer
science in order to support the 3D computer reconstruction of Angkor temples. In the

next section we present one of the major architectural principles of Angkor temple.

1.1.2 Sacred Lotus as Architectural Concept

We have mentioned that Angkor temples are religious building, dedicated to
Buddhism or Hinduism. In both religions, one of the most outstanding symbolisms in
iconography is the lotus flower.

Since the ancient time of Hindu tradition, lotus blossoms are regarded as
divine symbols for the creation mythology. The Hindu god of creation Brahma is
often depicted as sitting on an opened lotus flower or with a lotus in his hand [Sch02].

Similar illustrations can be observed from Buddha. In Buddhism, lotus flower that is
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floating above muddy water of desire and attachment represents purity of mind and
body. Lotus symbolisms are also attached with the Buddhist and Hindu divine design
of Mandala which is the fundamental design principle for temples constructions. We
are not going to discuss in detail about the essence of lotus symbolism in religious
iconography. For more information, we recommend to refer to the very well written

publication of Fredrick W. Bunce [Bun02].

Figure 1.1.4
Architecture of Angkor temple elements shown on ((a), image by ANU) a part of Angkor Wat
cruciform of the second level gallery, including (b) column-capital, (¢) column-base, (d) crown
of the tower, (e) wall-capital, (f) colonnette of an entrance, (g) window grid, (h) basement and
(i) wall-base.

The ancient Khmer temple architects and artists must have been very much
inspired by the theory and practices of the sacred lotus ideology. They skillfully
converted this concept into a unique work of art and architectural element, and gave
the Khmer temple structure an unmistakable characteristic. Beside constructing the
temple towers in a form of a closed up lotus flower, the architects illustrated on

almost any temple element with various physical properties and positions of the lotus
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petals. Figure 1.1.4 shows some examples of this application. A detailed description is
given in section 2.2.2.

These rich ornamental details characterize the essential aesthetic of Khmer art
and temple architecture but elements with such details are extremely difficult to
model using conventional CAD modeling tools. Commonly the details are simplified
or ignored, and a primitive geometric form of the element is reconstructed instead. In
order to obtain a realistic representation of the lotus motif, an available photo of the
element is used as texture to map on the primitive geometric model.

Such simplified 3D models require less computing task for visualization, and
thus facilitate the modeling process as well as faster to render however, as a
consequence is we loose a lot of valuable architectural information of the temple.
Besides, we obtain only a very limited quality of the virtual reality representation. In
the next section we introduce the main problem in modeling Angkor temples and how

we aim to solve it.

1.2 Scope of Research

In the first part of this section we present the literature reviews in which distinct
techniques for 3D modeling and 3D reconstruction especially the reconstruction of
Khmer temples are discussed. For each related work we will give some comments on
the advantage and disadvantage of the technique for application. The second part of
this section we describe a suggested method for reconstruction of highly detail 3D
model of Angkor temples. We also show the problem formulation and our motivation

for doing this dissertation. Finally, present the overall structure of this thesis.

1.2.1 Related Works and Motivation

The main subjects in the works that we are going to present now, and which are of our
interest are the techniques for 3D computer reconstruction of Angkor temples and the
effectiveness of their applications.

There are a huge number of researches concerning conservation and

restoration of the historic park of Angkor and its temples. Many of them are trying to
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get the best use of the state-of-the-art technologies and tools in order to better
understand the origin of the ancient Khmer culture, art and architecture. The work of
Sonnemann, Sauerbier, Remondion and Schrotter [SSRS06] for example uses the
aerial images to reconstruct 3D models of Angkor temples. The information obtained
from GIS provides a very precise measurement of the ground floor plans of the
existing temples and other visible horizontal outlines of its elements. Although many
temple elements could not be depicted because they are hidden from the top view and
the 3D model could only be observed from a limited distance, this method is ideal for
visualization of macro-scaled models such the temple complexes of Angkor area. We
also observe that most of architectural information and details on the vertical surfaces

of the temples are lost.

N

Figure 1.2.1

3D model of Angkor Wat temple by extruding the horizontal outlines of each
element captured from satellite images and additional height measurements
[SSRS06].

Similar 3D model quality was achieved in the post-graduated work of Cunin
[Cun00] where an aim is, to visualize the 3D complex structure of the Bayon temple
together with links to the database of the historical and architectural descriptions of
the Bayon and its elements. A limited level of detail of the 3D geometry is presented
as a result (figure 1.2.1). The author uses the manual modeling method that is
available in the conventional CAD tools for the 3D reconstruction which would be too
much time-consuming to model all the details of the lotus motifs. Nevertheless, the

result is suitable to apply for the purpose of virtual museum.
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More virtual reality oriented 3D visualization of Khmer temple can be seen in
the award winning (SIGGRAPH2001) project of Levy [LevOl]. He focuses on
reconstruction of the whole Phimai temple complex, locating in Thailand, with
considerable high level of detail of the model geometry. Compared to the previous
works, the result here is much higher detailed, and suitable to use for the 3D virtual
realistic simulation. In image (a) of figure 1.2.2 we see the detailed 3D geometry
presented with the texture of the corresponding element mapped on it.

We observe that still in this example the details of the geometry do not
correspond properly to form of the lotus motifs. This partly causes the mismatch

between the geometry and the texture.

Figure 1.2.2
Details of Phimai temple basement: (a) computer reconstruction, (b) photography of the
basement [Lev01].

The more detailed the 3D geometry of a model is, the more realistic it appears.
The best method for 3D reconstruction, or rather, recording an existing object is using
the 3D laser scanning technique. A Japanese team confirms the effectiveness of such
application in their research on Significance of Digital Reconstruction of Historic
Buildings Using 3D Laser Scanner [YTSNO3] by scanning one of the largest objects
ever scanned — the Prasat Suor Prat N1 tower in Angkor.

The precise 3D scanner records every unevenness on the temple surface
including its decay, cracks, lost parts but also the still existing architectural details.
The disadvantage of this method is among others the huge dataset of the recorded 3D
point clouds on which later the triangulation is based. The data increment and the

difficulty in scanning inaccessible parts limit the scale and complexity of the object
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for scanning. On the other hand, the resulting objects are meshes instead of solid
objects which hardly allow us to examine or edit a specific part of the whole structure.
However, for analyzing the physical condition and recording an existing object such
as the Prasat Suor Prat tower, it is the best method.

Thus the choice of method and technique depends on the field of application.
Our research is focusing on 3D solid modeling of Angkor temples that is based on
CAD tools. Each temple element will be individually reconstructed as solid objects
and is therefore easy to handle for modifying the geometry, analyzing the temple

structure, and are virtual reality oriented.

We have seen from the literature review about the difficulties in modeling the temple
elements with lotus motifs. Our motivation is to develop new approaches for highly
detailed 3D reconstruction of Angkor temple elements with lotus motifs. We put our
main concentration on preserving the original form of the lotus motifs and
accelerating the reconstruction and modeling process. We are also keen to provide
possibilities to reconstruct temple elements in there ideal state but also based on
available input data such as photography of the elements.

Before we present the scope of this dissertation, we firstly need to introduce

our suggested method for 3D reconstruction of the Angkor temples using CAD tools.

1.2.2 3D Computer Reconstruction of Angkor Temples

The procedure for the computer 3D modeling of Angkor temples is suggested to
follow the construction procedure at the construction site. We begin with tracing the
form of the ground floor plan, see figure 1.2.3 image (a) for instance, which embeds
information of the elements including the basements, columns, walls, windows, stairs,
colonnette, etc. where the horizontal projection, the thickness and number of each
element is known. From this 2D information we can generate a 3D model by
extruding the outline of each element by its corresponding height which can be read
from the elevation.

In figure 1.2.4 we demonstrate this method on 3D modeling of the main

basement of the southern library building at the second level of Angkor Wat temple

10



1.2. Scope of Research

complex without lotus motif. Using this method we obtain a 3D model of the same
quality as in [SSRS06] since it is the same procedure except that for our example we

use a 2D drawing of the ground floor plan instead of satellite images.

Figure 1.2.3

Plans of the southern library on the 2™ level of Angkor Wat complex: (a) ground floor plan;
obtained by a horizontal cross-section (AA) shown in (b), (b) south elevation and (c)
enlargement of the western part of (b). Drawings done by EFEO.

Highly detailed 3D computer reconstruction of Angkor temples with lotus
motif molding require the 2D information of the lotus motif profile. To create the 3D
models we need to extrude the 2D lotus motif profile of each element a long its traced
ground floor information. For our reconstruction sample of the library we have
sufficient information of the required details which can be gained from the image (a)
of figure 1.2.3. The black bolded line profile in this cross-section plan of a basement
gives us the relevant information of the lotus motifs of that element. Our suggested
procedure for the 3D reconstruction of the basement with the lotus motifs is shown
from image (b) to (f).

We firstly have to vectorize the profile of the element, presented as the red
colored line profile in image (b). The obtained profile must be converted into a closed
line sequence or a region (defined in AutoCAD system), see image (c). This region
can now be extruded along a given extruding path which represents the ground floor

projection of the basement.
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(a)

Figure 1.2.4

(a) a simple 3D reconstruction of
the main basement of Angkor Wat
southern library by extruding the
ground floor plan profile with the
corresponding  height from the
elevation plan. (b) is the whole main
basement in shading format.

Offset Profile

Basement Profile

Figure 1.2.5

Procedure for 3D modeling of
Angkor temple basement (elements)
with their lotus motifs. (a) is a
cross-section of a basement used as
input image, (b) vectorizing the
lotus motif profile, (c) is a closed
region of the basement profile
(height # and depth x) after
vectorize, (d) turns the profile to the
right position for extrusion along a
extruding path. (e) extrudes the part P U F : 3D solid of the basement
to be filled in, and (f) is the result. with lotus motifs surface

12
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We obtain a pipeline alike 3D solid P of the profile in (c) alone the outer
vertical surface of the basement. Finally we need to fill in the inner volume F simply
by a vertical extrusion of the offset profile (offset by a depth of x) of the original
extrude path, see (d), (¢) and (f). A union of PU F provides a complete detailed 3D
model of the basement. The result of implementing this method can be seen from
figure 1.2.6 (a) and (b). The detailed 3D geometry must be finally mapped by the
corresponding texture of the element in order to illustrate the very fine details of the

lotus motif as shown in the image (c¢).

(a)

Figure 1.2.6

3D reconstruction of the basement of the Angkor Wat temple library shown in figure 1.2.1. (a) is
an enlargement of the complete 3D geometry shown in (b). (c) is the final CG representation of
the basement with the corresponding texture.

The most important and difficult phase in the procedure we have presented
above is the reconstruction of the element profile with lotus motifs in step (b). The
final quality of the element 3D model mainly depends on the quality of the
reconstructed 2D profile. The problem is that every temple element with this
characteristic is unique in the way of composing of the lotus motifs and proportion.
Moreover, the process of vectorizing these profiles must be done manually which is a

very time consuming process.
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1.2.3 Contribution to the Reconstruction Methodology

Our overall field work is a sort of Computational Architecture which is a combined
field of historic architecture, computer science and applied mathematics. We study the
characteristics of the ancient Khmer temple arts and architecture and try to find out a
certain architectural pattern in their structure. The mathematical modeling of the
pattern makes possible to simulate and reconstruct the temple architecture using the
computer aided design and computer graphics.

For the reason that there are several styles of Khmer temples, we will confine
our study on Angkor Wat style temples which have been constructed during the reign
of the King Suryavarman II (1113-1150 AD).

The major part of this dissertation covers the discussion on a module-based
computer reconstruction of Angkor temples. We will begin with a successive
refinement of the complex temple structure down to the individual components (lotus
motifs) of the temple elements. Then we identify the types of the lotus motifs and
categorizing them into a finite set of types of the components, and try to unlock the
hidden rules for structuring them. Based on these rules, in the inverse direction, we
will be able to reconstruct the complex structure by reassembling stepwise the
components back to an element, and then further assemble the elements to get a
temple complex.

The structuring rule is mathematically represented by a specific adjacency
matrix which is responsible for generating a proper sequence of the lotus motifs in an
element structure. Proportional measurements of the components from the
photography of a set of selected temple element will be carried out. From the gained
data we will setup predefined ideal mathematical functions for the management of the
proportions of the components in the sequence. With the associated algorithms a new
automated reconstruction method will be presented that is specified for the
reconstruction of highly detailed two-dimensional profiles of the elements of Angkor
and Khmer temples quick and easy.

The inverse problem is presented afterwards. By using an image analysis
technique and computer graphics we will be able to generate an additional

reconstruction method that could automatically detect the element profile from an
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input image of the temple element. Because this method is apart from predefined
modules and construction rules, it can be implemented to reconstruction not only
Angkor and Khmer temples but also to reconstruct any building of which the element
surfaces have the properties of moldings.

As the final result, we develop a new software tool which is specialized for
high quality 3D modeling and reconstruction of Angkor temples. The development of
this program is aimed to provide possibilities not only for reconstruction elements of
an existing temple, but can also be used for experimental purposes for developing new
Khmer temple design concepts based on ancient Khmer construction rule. The results
are also supposed to contribute in seeking for the identity of Khmer culture and
temple architecture in order to support cultural heritage of Angkor, which has always

been standing as a symbol of Cambodia since about a thousand years ago.

1.2.4 Outline of Dissertation

This dissertation is divided into six chapters. We firstly provide an overview on the
history of Angkor and Angkor temples, and we will point out the overall problems
that inspired our research. A literature review of the related works including problem
formulation, a motivation for this thesis, and the methods to solve the problems is
given afterwards. All this material is part of the introduction of chapter 1, and we
finalize it with an outline of the thesis.

Chapter 2 goes into the details of analyzing the architectural structures of
Angkor temples. Here we present the core of our discovery. We firstly make a brief
discussion on the styles of Angkor temples, and show the relevance of Angkor Wat
style temples. We then discuss the successive refinement of the temple complex
structure. From the refinement at the element level we select the group of elements
with lotus motifs to do further refinements down to the final components which are
the lotus motifs themselves. Here we categorize the lotus motifs into different groups
and study the rules for structuring them to form a temple element profile. Then we
present the mathematical models of the lotus motifs and their properties as well as the

mathematical models of the rules and their application.
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In chapter 3, we introduce four sets of algorithms, where three of them are for
three different methods for reconstructing the 2D element profiles and one for its 3D
reconstruction. The first part covers the core of the dissertation in which explicit
definitions and conditions are formulated to implement the construction rule. In
section 3.2 we present the second method which is designed to alternate the first
method in special cases. The third method is based on image segmentation, and is
specialized for automatically detecting the 2D element profile from an input image of
the element. Finally in the last part of this chapter we show the algorithms for the 3D
operation from the 2D profiles.

The results obtained in chapter 2 and chapter 3 will be implemented in the
chapter 4. A new software tool called Angkor Temple Generator (ATG) which runs
parallel with the powerful tool AutoCAD is introduced. A detailed description of
ATG architecture and its functionality including possible improvements to the tool is
given at the end.

Chapter 5 provides some results on implementing ATG tools to reconstruct
Angkor Wat style temples as well as discussing the reconstruction of Khmer temples
of other styles.

Finally, in chapter 6 we make our overall conclusions, and describe some

possible opportunities for future researches and developments.
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Chapter 2

Architecture of Angkor Temple Complex

In this chapter we are going to discuss the architectural structure of Angkor Temples. We
begin with defining the temple styles for our framework. The second part will present the
successive refinement of the temple complex structure, and discuss in detail on the types
of elements especially discussing the types of the lotus motif and their architectural

functions. We then try to formulate them in the terms of mathematics.

2.1 Styles of Khmer Temples

Art historian classifies the Khmer temples into fifteen styles with respect to their artistic
criteria and the time period they have been constructed. The temple styles are commonly
identified by reading the arts of carvings on the /intel of the main porch’s entrance (see
figure 2.1.1) as described in detail in the publications of [Jac99] and [Sti82]. The style of
Angkor Wat temple that we have chosen to investigate is defined by the construction
period which is between 1113 and 1150 AD during the reign of King Suryavarman I1.
The reason for the selection of the Angkor Wat Style Temples (AWSTs) for our
case study is that they surpass the other styles in dimension, complexity and quality of
fine arts works. The architecture is exceptionally well and clearly structured. Moreover, if
we compare with other styles, the lotus motifs on their elements could also be much

easier identified.
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Chapter 2. Architecture of Angkor Temple Complex

Figure 2.1.1
On the left: Lintel of Prasat Kravann. On the right: Lintel of a porch of Angkor Wat Tower.

2.2 Structural Refinement

The aims behind the structural refinement are firstly to better understand the composition
of the complex structure, and further to distinguish the types of lotus motifs on each
element. Secondly, we need to comprehend and evaluate the geometry of the elements
whether they are getting simple enough to implement the CAD 3D operations to model
them. If not, further refinement must be done.

In section 2.2.1 we present the refinements of the complex temple structure down
to the element level. Then in section 2.2.2 we show the refinement to the element
components level which are the lotus motifs. A finite set of lotus motifs are presented
with detailed discussion of their architectural functions. Finally, we introduce a rule for
structuring the lotus motifs which is the root of the architectural vocabulary of the temple

elements.

2.2.1 Elements of the Complex Structure

The structure of Angkor temples can be described as the diagram shown in figure 2.2.1
with an example on Angkor Wat temple structure presented in figure 2.2.2. These figures
show that there are three steps of refinement, from complex building level to single

building, and two times refinement of the element levels. The refinement of the complex
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2.2. Structural Refinement

building at the first step provides the single buildings with individual architectural
function such as the sanctuary, gopura, gallery, library, etc. The second step of

refinement gives two groups of elements: single elements and complex elements.
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Figure 2.2.1

Diagram of the architectural structure of Angkor Wat style temple.

Central complex of Angkor Wat temple

Sanctuary Pavilion Gallery

Crowning

Ornament

Pediment

Cornice

Wall

Basement

Window

Figure 2.2.2
Example on the 3D model of the central building of Angkor Wat complex.
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Definition 2.2.1 (single element). 4 temple element, of which the geometry is simple
enough to implement the 3D operation to its 2D profile to get the 3D model, is called

single element.

Figure 2.2.3 lists some examples of typical single elements of Angkor Wat style
temples. Here we also give a sample for the definition of the single element where a 3D
model of a basement is modeled using the 3D operation of extrusion to extrude its 2D

profile along an extrude path.

Crowing of tower Roof Pediment Stair

4— 2D basement profile

"~ <« Extrude path

Basement

Figure 2.2.3

On top: four samples of typical single elements; below left is a part of a basement 3D model, and
on the right is a 2D motif of a basement to be extruded along a given extrude path to get the 3D
model of a basement.

After the first step of refinement, some groups of elements have not yet become
single elements. They are still sets of single elements, and needed to be decomposed. In
figure 2.2.4 we list some complex elements, and the way they could be refined into single

elements.

Definition 2.2.2 (complex element). A temple element, which is a composition of more

then one single element, is called a complex element.
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2.2. Structural Refinement

Three steps of refinement have been done up to now, and all elements have

become single elements. Now let us concentrate on the groups of elements that we would

like to investigate, and discussing their relevant properties.

2.2.2

Column Window

capital grid
Column Column Window
base
Window

Lintel frame
Wall
capital
Door
frame
Door
Wall Wall
) Colonnette base
Figure 2.2.4

The refinement of complex elements into single elements.

Modules of Elements

The traditional Khmer art is illustrated in an exceptionally smoothly manner as can be

seen from the carvings on almost anywhere of the temple surfaces. Similar is concept for

structuring the temple element. They are skillfully combined together in a certain

harmonic way.

The left hand side image of figure 2.2.5 shows the side view of a part of a typical

Khmer temple porch (3D model is shown in figure 2.2.10) from which we can observe

the form of the basement that expresses a smooth visual transition from the flat ground

surface to the vertical surface of the basement. Then the transitions from the basement to
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Chapter 2. Architecture of Angkor Temple Complex

the column and the wall are smoothed by the column-base and the wall-base respectively.
Also on their tops we can find the column-capital and wall-capital that softened the visual
effect of the transition to the adjacent elements.

The curved arrows on the image indicate the described smooth parts. If we
compare this temple structure with an identical structure shown on the right hand side
which is presented without the moldings that characterize the Khmer temple architecture,
we will see the difference. The one on the right clearly shows a sharp transition from one
element to another. It can also be interpreted that the architecture of Angkor temple

elements provides a steadfast position to the building structure as a whole.

Jut effect

Figure 2.2.5
On the left: Smooth transition from one element to another in Khmer temple architecture.
On the right: Same structure as on the left hand side but without Angkor temple elements.

This architecture develops a so called Jut effect at both parts, the lower part and
the upper part of a complex element. We refer these two elements to the Lower Part
Elements (LPE) and Upper Part Elements (UPE) respectively. For instance, a wall
consists of a wall-base located at the lower part, and a wall-capital at the upper part of the
wall. But this concept is not only specialized for a wall but widely used in Khmer temple
complex structure. It is implemented to any element mainly those with a high and smooth
vertical surface such as the column, tower tier, temple surrounding fence, etc.

This is one of the reasons why the elements with the decorative molding in form

of friezes are decorated almost anywhere on the temple complex.

22



2.2. Structural Refinement

In terms of art and religious symbolism, these moldings are motifs of lotus petals
or lotus flowers depicted in various forms. The lotus in both religions, Hindu and
Buddhist, is a holy flower symbolizing the microcosm (individual) of the macrocosm
(universe). This is reason for the rich lotus motifs representation on the temple. Figure
2.2.6 gives some examples of their application.

At a closer look at the elements with the molding we see that their structure
appear in a unique combination of the lotus motifs which we define as the Angkor

Temple Element modules or ATE modules.

Figure 2.2.6

Two samples for the lotus motifs dipiction on two elements of Angkor Wat. The left
image shows a column-capital of supporting a cornice. Right is a basement of a porch.
(Images are done by EFEO).

Figure 2.2.7

The left side image shows a
column-capital of Banteay
Srey temple on which four
types of lotus motifs are
depicted.

The right images show the
lotus components and posi-
tions corresponding to the
motifs on the right image.
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Definition 2.2.3 (ATE module). Temple elements with decorative molding in form of
friezes consist of lotus motifs in various forms which are called Angkor Temple Element

modules or ATE modules.

Our investigation of the architectural structure of Angkor temple elements with
the molding shows that the number of ATE modules that were used as components is a
limited set of six modules. We define them with the characters a, b, ¢, d, e and f. In order
to better distinguish the type of each module in an element profile we also prefer to
present them in six individual colors: magenta for a-module type, cyan for b, yellow for
¢, green for d, blue for e and red for f. More detailed description of ATE modules and
their properties are given in section 2.3.1.

In figure 2.2.8 we give and example of the use of these modules on a basement.
Based on these modules we are not only able to create a basement, but also all other ATE
elements with the molding including those single elements presented in section 2.2.1.
Each element type has its individual properties, particularly the structural composition of
its modules. In order to understand the way of composing the modules in a certain type of
element we must comprehend the architectural functions of each module. Based on
observation and analyzing the structures of various ATEs we can describe the functions

of ATE modules as shown in the following section.

/—-— a— |
—
— -

Figure 2.2.8

On the left: a part of a 3D model of Angkor Wat b _~
temple basement with their modules. On the right: a al ~|
2D profile of the basement and its ATE modules.
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2.2.3 Architectural Vocabulary of Elements

Lotus flowers are artistically depicted in various forms but geometrically we can classify
these six lotus forms into two different categories: Convex Class including a, b, d, e and f,
and Concave Class c. c-modules play a significant roll in a module sequence of an
element. They are used to link convex modules, and to provide harmonic space between
them to bring the convex modules better onto the foreground. We also discovered that
modules in the convex class are very rarely directly connected to each other in an element
structure. From this architectural setting we know that module ¢ must lies between two
other convex modules. Though exceptional cases occur in linking a with b and f with a.

Module b and f are responsible for providing a aesthetic jut effect of an element as
a whole. This can be seen in their geometrical structure that shows the relatively small
and high angle value of the vectors of b and f respectively in comparison with any other
modules (see section 2.3.1). The geometry of f'is identical to the geometry of a reflection
of b by a horizontal line, and both of them do not exist without any possible links with a,
where the existence of a is independent. We can summarize the relationship of b and f
with a as a formation of a “(ab) and (fa) block”. On the other hand, @ is a module which
can be considered as the sequence Initiator and Terminator. a mostly appear twice, found
at both the ends of an element sequence. However, it sometimes can also appear in
between two other modules on the basement element. In this case, module a replaces e
exactly at the central part of the sequence. We should make notice at this point that the
highest number of a in an ATE module sequence is three, and is only found on a
basement. Otherwise a appears once as the initiator in the case of the wall-capital of
Angkor Wat temple.

Module e, as described at the beginning, is a convex module, and is always linked
with ¢ to both sides of itself. A considerable property of e is its varying prosition in the
sequence up to the type of element. Related to a basement for instance is the position of e
in the middle of the sequence whereas on a wall-bas or column-base it is at the third last

position if counting the modules in that sequence bottom-up. The other way round exists
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e always at the third range on the wall-capital or column-capital. Basically an e-module
exists only once in an ATE. An exception, however, is found on the Banteay Srey. On the
basement of Banteay Srey we can find the e-module twice in the sequence. This is a very
special case, and is not found on Angkor Wat style temples.

Now let us get back to discuss the last module d. Module d is probably the most
important module amongst the five convex modules. It is what we would call the
Repeated Module, and responsible for the complexity of the module sequence. Thus an
element is more or less complex depending on the number of d-modules. d and e belong
to the convex class modules with the most basic property of combination because they
are allowed to link at their both ends only with c. Elements with composition of multiple
d constitute (similar case to (a, b) and (f, a) but more complex) a “(cd) block™. Figure
2.2.8, for example, shows such kind of (cd) block in a basement where the block
consisting of 6 xd separated into two blocks, the upper and the lower (cd) block by an e-
module. This separation is a typical characteristic for the basement element. However, in
other element types the (cd) block remains being a single continuous (cd) block. Such
cases occur to wall-base, wall-capital, column-base, column-capital, crown etc. Later, in
chapter 3, we will see the advantages of this architecture for our reconstruction algorithm.

At this point we would like to recall some remarks we have made in section 2.2.2
about the properties of the lower part elements and upper part elements of a complex
element such as the wall. If we have a closer look at their module structures, we can
identify the relationship between the structural composition of these two elements and the
structure of a basement. Figure 2.2.9 shows how to transform a sequence of a basement
into a wall-base and a wall-capital or the other way round. At the middle part (central
module) of the basement sequence, which is in this case the e-module, we separate the
sequence into two parts in such a way that after separating the sequence each part get an

e-module at the separation point. Then at that points we add (c,,a,) and (qa,,c,) to the

lower part element and the upper part element respectively. We now obtain two new

proper sequences, a wall-base and a wall-capital.
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The 2D geometric profile of the wall-base and wall-capital appear to be the
reflection of one another with a horizontal mirror-axis. It is true if we considering the
range of the module in the sequence, but geometrically they are not the reflection of one
another. Figure 2.2.10a and 2.2.10b shows that module a and e do not change their
appearance because they are symmetric whereas f'is identical to a horizontal flipping of
b-module. But d and ¢ appear abnormal. In this context, it is not possible to reconstruct a

lower part element, and mirror it in order to get the upper part, and the other way round.

Wall-capital

" o — ]
VI g o
4ot
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Sample 3D model

Wall-base Basement

Figure 2.2.9
On the left: Sample 3D model of a typical simple Khmer temple architecture in which the

structure of the wall-base and wall-capital are products of a separation of its basement
structure. On the right: 2D profile of the three related elements.

Figure 2.2.10a
the wall-base and
wall-capital of
Chao Say Tevda
temple in Angkor.
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47 Abnormal

Figure 2.2.10b

Lower 3 figures are 2D
profile of:

Left: wall-base,
Middle: vertical flip of
the wall-capital,

Right: wall-capital.

Let us consider the modules as line segments that connect the start point with the
end point of each module (figure 2.2.10b presented them as dashed line segments). Their
start points and end points are defined by the nodes (s) and node (e) respectively. The line
segment is the vector that represents the type and the proportion of the corresponding
module. We define a bottom-up reconstruction procedure of the module sequence, thus
representing the vector as a vertical line segment with the end point (e) at the top of line.

Based on the analysis of the architectural function of ATE modules in Khmer
temples, we can describe the rule for the connectivity of the modules in from of a graph
as shown on left hand side of figure 2.2.11. The dashed lines here identify the allowed
links of two different types of modules. Suppose we want to reconstruct the sequence S of

the wall-base shown in figure 2.2.10b with the input modules S =(2a,b,3c,d,e).

wall—base

We know that the sequence begins with an a, in this case a,. Then, even though a link

between a and c¢ is allowed, the connection, green colored arrow number 1 pointing from

the end point of g, to the start point of b has the priority, see the right hand side image

of figure 2.2.11.

The next module must be a ¢, since there is no other possible links with the end

point of 5. From ¢ we have four possible links: to a, d, e, and to f however, f is not

available, and a, must be at the end of the sequence. Module e, as mentioned earlier, is

used as the third last convex module in a wall-base element which is not the current case.
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Thus the last choice is d. Then follows c,, e, ¢, and finally a,. As a result, we get a

unique sequence of modules:

Swall—hase = (al’b’ Cl’d’cz7ea C3,a2) .
e e e
b] d b] d
s ®s s s
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Figure 2.2.11

Left: principle rule of structuring the ATE modules. Right: sample for connecting
modules stepwise from 1 to 7 to reconstruct the wall-base sequence shown in
figure 2.2.10b.

The principle rule we have set up is responsible for restricting the connectivity of
modules in order to prevent improper reconstruction of ATE module sequence.
Nevertheless, in some cases there is an ambiguity where more then one proper sequences
can be reconstructed using one single set of input modules. For instance, both sequences
below, sequence (1) (for a basement) and (2) (for a wall-base) have the same set of input
modules S :=(2a,4c,2d,e). Moreover, we observe that the convex modules a, d and e,
have the same connectivity to c-module. Suppose there is no restricted priority of using
the three modules. In this case we would obtain several improper sequences when using
the set of input modules as shown in figure 2.2.10 as an example. The results are
presented in figure 2.2.12 where P(S) denotes the final element profile of which S is the

imbedded module sequence.

=(a,,¢,,d,,c,,e,c;,d,,c,,a,) (1)

basement

S =(a,,c,,d,,c,,d,,c;,e,c,,a,) (2)

wall—base
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S, =(e,c,d,c,,a,,b,c;,a,)
S, =(a,,¢,,a,,b,c,,d,c;,e)

S, =(,c,e,c,,a,,b,c;,a,)

N el

PS) | Py PGS

Figure 2.2.12
Samples for accidental reconstructions of module sequences using the principal rule
without restriction to the priorities of @, d and e-module.

It is therefore very important to take into account the assigned priorities and key
roles of the modules for a certain element type in order to ensure a proper reconstruction.
Implementing the principal reconstruction rule we are able to avoid critical errors but it
does not provide sufficient conditions to solely implement this rule for reconstructing any
type of Angkor temple element without additional information of the element itself. For
this reason it is necessary to discuss the properties of all elements in relation to their
components individually in detail. We will do this mathematically in the next section.

Angkor temples, particularly the Angkor Wat style temples are unique in their
architecture and complexity. Their specific architectural concepts allow us to decompose
the whole complex structure into simpler components at multiple levels. This process on
the other hand provides great advantages not only for better understanding the complex
structure as well as the structure of each element but also opens a new way in terms of 3D
computer reconstruction. With this knowledge we were able to setup a new rule for
reconstruction of the most complex elements using a module-based reconstruction
method. In the next section we are going to describe all material we have presented here

in a more advanced and mathematical way.
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2.3. Abstract Geometry of Temple Elements

From the previous section we know that Angkor temple elements are composed of a
finite set of modules that allow us to flexibly reconstruct various forms of element
profiles. Before we describe an element structure, we need to know some initial
properties of each module including position, proportion and orientation. In section 2.3.1
we describe the modules as abstract objects with all their detailed properties and express
how they are presented in a sequence. Then we present the abstract geometry of each
module profile. The last section 2.3.2 of this chapter is about mathematical modeling of a
sequence structure and its relevant properties such as the position and proportion of each

module.

2.3.1 Modules as Abstract Objects

An ATE module graphically is a series of lines and arcs segments, each of which consists
of specific properties, forming a certain non-closed sequence of line and arc segments
called module profile (see definition 2.3.2). Module profiles have two ends, the start
point and the end point. These two nodes together define an edge that we call module
vector which is responsible for the proportion, direction and position of the
corresponding module profile in a module sequence of ATE. Thus we should keep in
mind that the main subject of reconstruction an Angkor temple element profile is dealing
with arrangement of the given module vectors and their proportional and directional

settings.

Let ¢ be the module vector of type te{a,b,c,d,e f}, and let s'=(x,,y,),
¢ =(x,,y,) € R’ be the start point and the end point of the vector represented by the
edge t(s,e) respectively. The distance from the starting point s’ to the end point e’ of

the module is defined by /, e R™. In addition let /, :=(x, +1,y,) and define o,(s',h,,e")

31



Chapter 2. Architecture of Angkor Temple Complex

for the size of the angle measured in radian so that # can be rotated in counter-clockwise

direction over the starting point s, with O<a < 7.

I l L] o L L]
a b c

[ L] /\ .._/"_'\._.-\“
d e f

Figure 2.3.1

On the left: six basic ATE modules, a, b, ¢, d, e, and fpresented at start position. On the right:

rotating the module type b by o, (s, ho,e]’) in counter-clockwise over the start point s”.

The very first step of reconstructing a sequence of ATE module vector is initializing each

module vector ¢ at the start position, without changing direction and proportion.

Definition 2.3.1 (start position)

A module t(s,e) with start point s and end point e is said to be at the start position if it is
initialized at the origin of the coordinate system thus s =(0,0), and a magnitude and

the angle I, =1, a, =0 respectively.

Before we discuss on the model of a module structure and temple element profile
representation we would like to present the abstract model of the six ATE module profile
and required parameters for their generation.

Module profiles are two dimensional curves consisting of # line segments and m
arc segments connecting to each other forming a specific motive representing one of the
six lotus motives. Let us define p,(s,e) to be the module profile of type ¢ with A(o) line
segments and (o) arc segments with {ﬂ,,u ep,; 0,(x,y)€e R* |‘v’i = 1,...,n} , in
which M, (x,y) e R* be the central point, and r € R”® be the radius of arc u; for all
tef{a,b,c,d,e, f}. Corresponding to [AG89] and [Pap0l1], the profile p,(s,e) can be

described by a function:
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2.3. Abstract Geometry of Temple Elements

f/1 =(xi+1_x,')(y—yi)_(ym_yi)(x_xi)zo (2.1)

(x,9)=
fi(x,») {f#:yMi_y_,_A:oWithA:J_rmER (2.2)

such that if f,(x,y) describes a line segment A :(a[,o-.

;) then we implement the

function (2.1). Else if it describes an arc segment u =(o,,0,,,) then we implement the
function (2.2) with A=—/r’ —(x—x,, Y if ceu<y,,and A= Jr’ —(x—x, ) if
o€ u>y,. Finally, we define the start point and the end point of the profile as

P _ P _ :
s’ =0, and e” = o, respectively.

Definition 2.3.2 (module profile)

A module profile p, is a two dimensional sequence of non-closed n—1 line segments

A(o) and arc segments u(c), connected to each other by n nodes with
{ﬂ,,u €ep; o0,(x,y)€e R2|Vi = 1,...,n} each of which can be analytically described by
fi, ()= Q2.1 and f, (x,y) = (2.2) where s" =0, be the start point and e" =0,

the end point of p, .

As we can see in figure 2.3.1 that the module profile of type a has the simplest
curve amongst the other five. It consists of only three line segments thus o =4,

A =3, and £ =0. The ideal profile p, is initialized at the start position using following

input parameters to describe it:
3 3
0,=(0,0), o0,=]0,— |, 0. =| 1,L— |, o, =(1,0).
1()2(25J 3[25J .=(L0)

We obtain the equations of each line by using the function f,(x,y):

1 =(0—0)(y—0)—[%—0](x—0):—x(z—?;_jzo; = f,=x=0
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2 =<1—0>(y—ij—(i—i](x—o)=y_%=o; = fi=y=

25 25 25
3 3 3
=(1-D]| y—|-]0——|(x-1)=—(x-1)=0;, = f,=x=1.
fi=( )(y 25] [ 25J(x )=55(x-1) fi=x
y.l
O, O.
Va3 ; A ?
Figure 2.3.2 Via A | A
graphics represent- o, =s" o,=e"

tation of the curve of
a-module profile p,

(moved from the
origin). 0 X Xy, X

Other type of module profile such as module b is slightly more complex. It is

composed of five lines: A(o,,0,),4(0;,0,),A(05,04),A(0,,0,),A(0,,0,) and two arcs:
u(o,,0,) and u(o,,05). Thus p, must be described by switching between both

functions corresponding to their belonging i index shown as following:

fy (Gi,O'M) withi e {1,3,5,6,7}

o= f.(0,,0,,) withi € {2,4} such that

The graphics of an ideal p, with parameters of each node we have chosen for modeling

it in CAD tool is shown in figure 2.3.3.
Similarly, the other modules ¢, d, e, f are comprised of both line and arc segments.
They can be described using the same equations and the corresponding conditions but

with different properties including number of arc- and line segments and their input
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parameters. Figure 2.3.4a and 2.3.4b list the input parameters for modeling their

geometry.
M,(0.2,0.39)
o, =s" =(0,0) |r2| =0.34
Oy
N
NN N 3
Os
—
s s |F4|=0.41 e
s 7
s s
s s
s
M,(0.59,-0.33)

s

Figure 2.3.3

Graphics representation of module profile p, and initializing at the start position with its

measurements.

tC
P S —— e Py
\ D. Pe | 9i it d r-(x-x,)
3 pc\-““"-——_.n y X Vi | X1 | Vin
o= =€ [Line| 1] 0 | 0 [02] 0

Arc | 2 0.2 0 079 | 029 | 0.6 )
Line | 3 | 0.79 | 0.29 | 0.79 0
Line | 4 | 0.79 0 1 0

Figure 2.3.4a

Graphs and tables of parameters for p_ initialized at the start position.
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/,-/ Pq | ! i+1 " r-(x-x,)’
e W P X; Vi | X | Vin
| | Line | 1 0 0 0.5 0.13
) — Iy o, = or|Line | 2 | 05 | 013 ] 022 024
Line | 3 | 022 ] 024 | 023 | 0.18
Arc 4 1023018 026 | 0.18 | 0.19 -)
Arc | 5 | 026018 06 | 04 | 036 )
Arc 6 0.6 04 | 074 | 045 | 0.19 (-)
Arc 7 1074|045 | 084 | 036 | 0.12 +)
Line| 8 | 0.84 | 036 | 0.84 | 0.26
Line | 9 | 0.84 | 026 | 09 | 026
Line | 10 | 09 | 0.26 | 0.98 | 0.13
Line | 11 | 0.98 | 0.13 1 0
/ RN p | ! o1 r P (r-x, )
I/ % Xi Vi Xiv1 Yin
o Lo _ 5| Line | 1 0 0 0 | 0.06
o, =S5 O, =€ :
Line | 2 0 0.06 | 0.13 | 0.13
Line | 3 | 0.13 | 0.13 | 0.13 0.1
Arc 4 1013 | 0.1 | 0.15 0.1 0.13 -)
Arc | 5 | 015 ] 0.1 | 085 0.1 |037 )
Arc 6 [ 085 | 0.1 | 0.87 0.1 0.13 (-)
Line| 7 | 087 | 0.1 | 0.87 | 0.13
Line | 8 | 0.87 | 0.13 1 0.06
Line | 9 1 0.06 1 0
o =s" Py og=e" P i r >
S 't‘“——*';., / i+l r=(x-x,)
! i Vi | X | Vin
. Line | 1 0 0 0.02
Figure 2.3.4b i
Graphs and tables of Line | 2 0.02 | 0.1 0.02
parameters for forming Line| 3 | 0.1 | 002 ] 0.14 | -02
the geometry of p, , Arc | 4 [0.14]-02]044] 008 | 033 )
P, and p, module Line | 5 | 0.44 | 0.08 | 0.81 | 0.05
profile initialized at the Arc | 6 | 081 | 0.1 [ 094 | 0.08 | 0.17 (-)
start position. Line | 7 | 0.94 | 0.08 | 1 0
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Now let us turn back to the module vectors. The Reconstruction of ATE
sequences of module vectors in an initialized state gives a sequence of N homogeneous
line segments forming up a horizontal line as a whole. By providing a certain individual
value of length and angle to each module vector we obtain a specific shape of ATE
profile. The operations and analysis of proportion and direction of module vectors will be
discussed in the next chapter. By now we need to define the mathematical model and the

graphics representation of the module structure (see also figure 2.3.5).

Definition 2.3.5 (ideal ATE profile)
A module sequence S =(t,,...t,...ty) of an ATE with t,.(ll.,al.)::{lie]R”,

a, =(s",hy,e") < 71'} and the element profiles P:= {pi,t|‘v’i = 1,...,N} such that
p,€P>t, €S, insuch away that s =s" and e’ =é" for te{a,b,c,de, [}, is

called an ideal ATE profile, and is described as P, = (pl,...,pl.,...,pN).

Figure 2.3.5
A sample for the reconstruction of a
basement profile. "‘x“n

:\_ae

(a) Sequence of module vectors

S

vasemens INKING as they were initialized.

(b) Module vector sequence: Apply iga
particular length and angle individually i

to each module. Pbasement
(c) Basement profile P, : Mapping e

module profiles to the corresponding ;
module vectors. fa

6

fal

(@ S

basement

Al bl F= T Al PR, 2 [ SO el ......cé 7 S, H3. 5 oaieas -7 SURRS LA £l FY- TR
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Chapter 2. Architecture of Angkor Temple Complex

When reconstructing an element profile, especially the reconstruction of an
existing element, we sometimes need to modify the predefined ideal properties of the
element structure in order to fit to a particular requirement. It is therefore necessary to
have access to any components in the module sequence and its parameters.

In the data structure of an element profile, a module ¢, is identified by the

position of its start point s” forall i=1,...,j and i < j < N . From the definition of module
sequence of ATE we know that the modules consist of individual length and angle, and

are linked to each other as a chain. This structuring approach causes s” to depend on the

properties of the preceding module # . The position of ¢, is therefore defined and is

calculated as shown in definition 2.3.6 (see also figure 2.3.6).

Y
Vey
Yoy
Vool LA

Vo =V, 0 = S

i+l

Vs, = Ve, 5i TG 1g I
i 0

i i

Figure 2.3.6
A graph of an LPE module

sequence structure with N
input modules.

s(x,0n)
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2.3. Abstract Geometry of Temple Elements

Definition 2.3.6 (position)

Let I and «a, be, respectively, the length and the angle of t(s,e)e S, for all

i=L...,N. The position of a module t, with i< j <N is defined by the coordinate of its

start point s , and can be calculated as following:

j j
5" (x;,,)= {xj :Zli -cosa,, y; :zl,. -sinal}.
i=1

i=1

Another important property of P, 1is its ideal height. As the individual

proportion (length and angle) is given to each module in an element module sequence, we
obtain a 2D element profile with an ideal height (see definition 2.3.5). We need to know
this height in order to compute the required height of the element. We will present the
scaling transformation in detail in chapter 3. For the moment we need to give a definition

of the ideal height of P.
Let heR* be the ideal height of the ideal ATE profile P,,,. We define and

calculate the ideal height as following:

Definition 2.3.7 (ideal height)

The difference y, —y, of the end point e of the last module and the start point s" of
the initial module in an ATE profile P, :={S=(tl,...,t,,,...,tN) withtizt(l,a)|Vi=1,...,N} is

defined as the ideal height h of the ideal ATE profile Pyt h=y, -y,

2.3.2 Abstract Geometry of Module Sequence

We have seen that the reconstruction of an ATE module sequence is based on the
principle rule that we have presented in section 2.2.3. We also have provided some
introduction on the implementation of the rule. In this section we will describe the rule

and the implementation more mathematically.

39



Chapter 2. Architecture of Angkor Temple Complex

The module connectivity as shown in figure 2.2.11 describes a restriction of the

combinatorial problem where only the end point of a module ¢, is allowed to the start
point of the proceeding module ¢,. Furthermore, only module types which are directly

connected with dashed lines are allowed to link to each other. A network with such

properties can be represented by a directed graph or digraph G shown in figure 2.3.7.

(]
A
A > t,
“is allowed to be under”

Figure 2.3.7
Labeled digraph G of the principle
rule of modules connectivity.

jab)
(]
A
(o)
—r

Definition 2.3.3 (digraph G =(V,E))
Let V be a set of six vertices v, €V labeled by t € {a,b,c,d,e,f} and let E be a set of ten
directed edges (arrows) &€ E each of which composing of two adjacent vertices

ito i+l i

}. The direction of the edge ¢ = [v ,t’ViJrl,t] defines the allowed link between v,

{V. \ 2

and v, thus between two different module types (t,) and (t.,). The digraph G is

described as:

o oo L[ L L v L v, ]
G=(V,E)= [{Va"’b’vﬂ"d’vﬂw}’{[vc,ve],[vc,vf],[Vd,VL],[VE’VL]’[Vf’VJ

The digraph G has an order of six; G| =6 representing the six module types ¢, and

consisting of ten edges (arrows); |G||:10. The vertex v, has the highest degree
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2.3. Abstract Geometry of Temple Elements

d(v.)=4d,(v,)+4d,,(v,)=8 denoted by the connectivity to v,,v,,v, and v, where

out

d,(v,) (in-degree) denotes the arrow pointing to v,, and d

mn

(v,) (out-degree) denotes

out

the arrow pointing out from v,. Then it follows by d(v,)=2d, (v,)+2d, ,(v,)=4, and

out

the rest four vertices each with degree of d,,(v,) +d,,(v,) =2 for t e {b,d e, [}, [DieO1].

out

In the definition of graph G we defined the label of each v,eG by

tef{a,b,c,d,e, [}, and in addition we define d,,(v,) and d,,(v,) to be the connectivity

of the start point s’ and the end point e’ of ¢ respectively. Thus we must keep in mind
that instead of referring #(s',e") to the edge ¢ € G, it is referred to the vertex v, € G such
that the type of ¢t —v, with s'=d, (v,), ¢ =d,,,(v,) and te{a,b,c,d,e,f}. The graph
G can now represent the network of connectivity of two different types and adjacent
modules ¢, and ¢, in an ATE module sequence S, = (t,....L,....25 ).

Based on [PS82] and [NRO04], a directed walk W =(V',E") of G, consisting of a
pair sets of vertices V' and edges E', is generally defined as a finite non-null sequence

of vertices W =(v,,...,;,...,vy ), N 21, such that e, = [vj,vj+l

|eE for j=1,...N-1.A
directed walk W, (G) along N vertices ve G from v, tov,,, is restricted to walk in a
fixed direction of the edge &=[v,v,,]. Thus we define W, is equivalent to the
formation of the module sequence S,;, with N number of input modules ¢(s;,e,) €S,

Vi=1,..,N in which the start point s*' of the successor module ¢,,, joins with the end

point ¢ of the preceding module 7,, thus s =e" .

Definition 2.3.4 (module sequence of ATE)

A module sequence S ;. of an Angkor Temple Element that is composing of N modules

of type t is equivalent to the sequence of the walk W along the vertices

{vl. € WN(G)|Vi = 1,...,N} and is described as:
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{Sirp =ttt ) =W (G) = (V)0 V,s vy ) With 5™ = €7 and 1, — v,

The section 2.2.3 shows some examples for typical module sequence structures of
ATE. We can see that modules of the same type can occur multiple in a sequence. This

means that the walk W is allowed to pass through a certain vertex v, € G multiple times.

In such cases, W is not a path however, in simple structured sequences, e.g.

S =(a,c,d), where a vertex v, € G is passed only once, W can be considered as

wall—capital

a path. On the other hand, we know that generally the sequence S, is initialized and
terminated with module type ¢ =¢, = a. This property makes W to be a closed walk or a
cycle with v, =v, in almost any case of reconstructing the ATE module sequence.

Therefore W is for our purpose not fixed to a specific type of walk. Whether it is a path or
a cycle or even none of these both kinds, it definitely depends on the composition for
certain Angkor temple element architecture.

So far, we have set a mathematical model of the principle rule for reconstruction
of ATE module sequence, and we know its implementation to obtain a proper sequence.
Based on this knowledge and the models we have introduced in this chapter, we proceed
to discuss on the algorithms for reconstruction of module sequences of Angkor temple

elements in the following chapter.
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Chapter 3

Algorithm for Reconstruction of Angkor
Temple Elements

In this chapter we will present the algorithms for the 3D reconstruction of Angkor temple
elements. The first three sections discuss about three different algorithmic approaches for
the reconstruction of the 2D element profile, and in the last section we discuss the
algorithm for the 3D reconstruction of the temple element based on the 2D profile that we
have obtained from the previous sections.

The first section of this chapter covers the discussion of the algorithms for the
reconstruction of the 2D element profile based on the predefined modules and the
construction rule we have presented in chapter 2. In the section 3.2 we will present
another algorithm for the reconstruction of the 2D profile which is also based on the six
predefined modules but the sequence and proportions of the modules are manually
captured from an input image. The section 3.3 is about the third reconstruction algorithm
which is apart from any predefined objects and rules. This algorithm is based on Image
Segmentation where the element profile in an input image is automatically detected.

In the last section of this chapter we discuss about the 3D reconstruction of
Angkor temple elements. Here we will show the essential operations to convert the 2D

profile into the 3D model.
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Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

3.1 Reconstruction Based on Number of Modules

The core of our research will be presented in this section. Most of the knowledge we have
gained from studying the architectural structure of Angkor temple is applied in this first
part. We will begin with setting up a general algorithm and the required conditions for
using the construction rules. Afterwards, we discuss the reconstruction of particular
element structures which require specific algorithms and further certain conditions.

Section 3.1.3 gives the resulting module sequence the right characteristic of an
ATE element profile by setting the proportions of each module in the element structure.
Then we map the predefined module profile (see definition 2.3.2) to corresponding vector
in the element structure, and finally discuss on complex ATEs structure which could not
be reconstructed using the principle construction rule as well as posting solutions for the

reconstruction of such complex elements.

3.1.1 General Algorithm

In chapter 2 we have seen some introduction of the properties of ATE module sequence,
and the way each components or modules are combined together using the principle rule
for reconstructing the sequence. We also know that the rule returns a correct sequence
structure when reconstructing a certain type of element with simple composition under
basic conditions. In this section we are going to describe the principle rule as well as the
conditions necessary for using the principle rule for reconstruction ATE module sequence
more implementation-oriented and mathematically respectively. Let us firstly have a
closer look at the principle rule presented in section 2.3.2.

The directed graph G =(V,E) is designed to control the combinatorial process for

reconstruction of the ATE module sequence S, =(t,....t,...t,) Where
t= {a,b,c,d e f } (see definition 2.3.4). In order to facilitate the implementation of this

construction rule in our algorithm, we associate graph G with its adjacency matrix,
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3.1. Reconstruction Based on Number of Modules

denoted by ¢(v,) which consists of 6x6 elements v, ={0,1} with 1< j,k<6, and is

presented as shown below.

=~

a b fdt e f

/(01100 0

¥10 01 0 0 0

" el ol 0001 1
o0v;)= T 400100 0 D

Yot o) wlo0o 10 0 0

#1000 0 0

In relation to the definition of digraph G presented in section 2.3.2 and its

adjacency matrix ¢(v,) above, we see that Zg = Zvjk =10 where edges ¢ € G and
v, €@ with v, = 1|Vj,k =1,...,6 representing the allowed link between the end point
e"of module ¢ eS,, and the start point s of the adjacent module
t,eS ATE|Vi =1,...,N. The reconstruction process begins with adding the first selected
module ¢, to the sequence S,,,. Its end point ¢" is then referred to the row vector ¢/ of
the corresponding type ¢ in order to check for the next allowed module type ¢, by reading
the values of each elements v, € t/|lk=1,...,6, and only add that next module type ¢* to
Sy 1f v, =1. The column index & at the reconstruction step i =2 represents the start

point s” to be linked to " as well as representing the end point e” at the same time. Now
the process can begin anew by referring the e” to the row vector ¢, checking the value
of v, etj|k=1,..,6, and add ¢, to the sequence if v, =1, and so forth until i=N.

Before we describe the reconstruction procedure in detail we need to focus on some

conditions which are required for the implementation of this construction rule.
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Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

For the reason that all modules, except the connector c-module, are very much

restricted in connection with others which can be seen from the values v, =0 in ¢, itis

necessary that the input data, in this case input modules for reconstruction of S, , are

defined correctly. Recalling the architectural function of the modules discussed in 2.2.3
and the definition of the module sequence of ATE in section 2.3.2 we know that a typical

ATE structure or sequence S, =(,....t,,....ty) consist of modules of type
t= {a,b,c,d,e,f} represented by a sequence of a finite set of vertices v, e W(G)

Vi=1,...,N where I denotes the directed walk of the graph G and N the total number of
tin S, . The component of type ¢ can occur multiple at once in the sequence S ,,, and
is defined by nt where n, denotes the coefficient of the component ¢. Thus the sum N of
all components ¢ € S ,,, is calculated as: N =n,a+nb+n.c+n,d+ne+n,f ={nt} for
all t=a,b,c,d,e, f and n, e N . Additionally, we define a subsequence S'c S with

subset N'c N. Based on analysis of the ATE architectural vocabulary in section 2.2.3,

we can define the general condition for reconstruction of ATE structure as following:

Definition 3.1.1 (general conditions)

ATE sequence S, can only be properly reconstructed with input components that

satisfy the following general conditions:

1. If n,+n,#0, then there must exist the corresponding a-module to be linked
to b- and f-module: 32n,>2n, +n,.
2. Modules of type b,e and f typically occur single in S ;- ny,n,n, <1.

3. The number of the connector c-module depends on the number of the convex

modules a,d andeto be connect with, and is calculated by:

n,=n,+n;+n,—1.
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3.1. Reconstruction Based on Number of Modules

4. The sequence S, generally begins and terminates with an a-module:
t,=a andt, =a, , weobtain S, =(a,S',a, ).

5. d-module can be selected freely and independent from others: n, >0

The first condition makes sure that with the existence of b and f, the block (a, b) and (f, a)

can be formed. Suppose a sequence S consists of input modules: N = {a,b,ncc,Zd e, f }
where n,=1<n,+n, is to be constructed. Base on the 3" condition we obtain:
n.=n,+n,+n,=1+2+1=4, thus N ={a,b,4c,2d,e, f} with a total number of input
modules N =10. The sequence begins with forming the (ab) block (see 4™ condition),
and incorrectly terminate with an f-module: S =(a,b,c,d,c,d,c,e,c, f)# S ;. Because
{S =(a,b,S', 1),S=(,S", f,a),S = (b,S',f)} ¢S, there must exist a sufficient

number of a-modules in relationship with the availability of b- and f~module. We have
pointed out in section 2.2.3 that the complexity of ATE structure depends on the number

d-module, thus the coefficient n,, where the others are restricted by a certain limitation.
The Second condition ensures that the number of b-, e- and f-module in S, is limited to

1 of each type.

The third condition allows us to calculate the required number n, of the connector
c-module to provide sufficient links between all given convex module types @, d and e.
Although b and f are also convex modules, they do not require additional connector
because as b and fexist as input module, they are supposed be directly connected with the

corresponding a, and a, respectively (1% condition). This means that ¢, and ¢, which
were reserved for g, and a, are now used for connecting (a,,b) and (f,a,) to S'c S, .

The fourth condition ensures S ,,, to be initialized with @ =a, and reserve one a =a,

for completing or terminating the sequence.
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Incorporating these five conditions with the adjacency matrix shown in (3.1) we
proceed with setting up a general algorithm for reconstruction of Angkor Temple
Elements.

Let the row vector ¢/ € ¢ denoting the end point e" of the module type ¢z, and the

th

row index j(#,) of the matrix (2.5), that is currently positioned at the i” index in the

sequence to be reconstructed S, = (¢,,...,t;,...,t,) with N € N* input modules. Based on

matrix ¢(v,) we want to find out the following allowed module 7,,, of which its start

i+l?

point 5™ to be linked with e" is presented by the column vector ¢/, at the index k(,,,),

and add it to the sequence. We define §,

emp

denoting a temporal sequence while the

reconstruction is still in process, thus while i < N .

The general reconstruction algorithm consists of four steps:

Algorithm 3.1.1 (general algorithm: LPE reconstruction)

For all components (input modules) ¢, € S, Vi=1,..,N do the following:

1. As the forth condition implies, initialize S,  with ¢, = ,a, at i =1. We refer

mp
the row vector #/(p) =a’ at the row index j(t,) = j(,a) =1. Else quit the

process.

2. Forall elements v, = {0,1 Vk = 1,...,6} e t/(¢), do the following:

a. Add the module ¢, =¢* to S,,, ~of which the type is defined by the

Temp
column index k(z,) if v, =1.
b. Refer the row index of j(¢,,,) = k(t,).
3. Loop step 2 for i +1 iteration until i = N, such that k(z,,,) = k(¢,) +1,...,6 and
loop if v, =0|Vk(z,,) =k(t)+1,...,6.

4. Set S, =5,

el

= (Liseestiyenty) if i= N
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3.1. Reconstruction Based on Number of Modules

Algorithm 3.1.1 comprises of two considerable properties in relationship with the ATE

architecture. Firstly, is the looping process of generating the (c,d) block until n, =0, and
secondly ,a is reserved to add at the end of the sequence, thus ¢, = ,a. We would like to

discuss these phenomena with concrete examples on reconstruction of ATE using the
general algorithm.

For the analysis of the reconstruction behavior especially the priorities of module
types for selection while implementing the general algorithm, we suppose to have an
unlimited resource of module of any type as input. In this case, the first, second and the
third points of the general condition is temporary not necessary but we take into account
of the fourth. Figure 3.1.1 demonstrates the reconstruction procedure.

It is important to notice that after adding the satisfied component ¢, , at the k-th

i+l
column index of #/ in the reconstruction phase (a) of step 2, we do not reset k =1. This
means that the system continues evaluating the value v, of tj»i . from position k(z,)+1.
At the end of the first iteration of k-loop, thus at the step j =3 for evaluating
components to be linked to module ¢;, ¢, would be a, if the system evaluated v, €¢,,,
anew from k=1 because v, =v, =1. Instead ¢, ,=d because k(t,,)=3 thus the
system continues evaluating k(7,,,) >3, and select d since v, =v,, =v;, =1 being the
next approved module. In addition, base on the values v, € a | j=1,...,6 we see that only
c- and f~module are allowed to link to a. This means that ,a is not focused until f'is

added to S, . This is one of the fact that prevents from adding ,a in between the

Temp
sequence, however let us discuss how the (c,d) block is generated.

During the step of ¢, =d,, the system must loop to the second k=1,2,3,4
iteration because v, = O|Vk =5,6, and accept ,c at k(¢,) =3, then repeating the same

procedure as shown in step i =3 forming repeatedly a sequence of (c,d) blocks n, times

before switching to e then £, and loop to @ again.
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Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

i 123 456 7
t a b c d c d c
Ji 1 23 4 3 4 3 S,_{(a,b,c,d,c,d,...) }
(vi=1)ed/ atk(r) 2 3 4 3 4 3 4 | with n, x (c.d) blocks
fin bcdedcod
k™ iteration 1 2 3

Figure 3.1.1
The reconstruction procedure using the general algorithm for reconstructing a sequence a

!
subsequence S

For this reason the (c,d) blocks is automatically generated, and ,a remains

unused until i=N-1. We consider in figure 3.1.1 that S'=(1,0,...0,, .3)

:[a,,b2,(cd blocks),c(ziw)] is already a correct sub-sequence of an ATE, which

correspond to the sequence of a column-capital or wall-capital. Our hypothesis for this
analysis was an unlimited supply of resources of all module types, thus we would obtain

a sub-sequence S’ with infinite set of (¢,d) blocks. On the other hand, the row vectors
e/ =d’ and €' =d" with {d*",e-",d",ek} € ¢, thus similar to the case of forming of (c,d)

blocks, the algorithm would reconstruct unwanted (c,e) blocks. For this reason we now
provide a limited number of resources for reconstruction.

Recalling the general condition of ATE sequence, we know that 3>n, > n, +n,
and n,,n,,n, <1. From these three types we will provide a maximum, and three from the
“repeated module” d thus n, =3. We obtain the input components for reconstruction of
the sequence as following: N = {3a,b,ncc,3d e, f } . We firstly need to calculate the
required n, =n, +n,+n,—1 =3+3+1-1=6, thus N ={3a,b,6¢,3d,e, f} =15. Figure

3.1.2 shows that the general algorithm provides a sequence as following:

S=(,a,,b,,c,,d,,c,,d,;c,5d, 4c,18,5¢, 13, :C,3a)
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3.1. Reconstruction Based on Number of Modules

which can be considered as a 80% correct ATE sequence. The error lays in the mismatch
between the temple element type to be reconstructed and the corresponding composition
which we did not take into account in advance for the example above. An ATE sequence

with both, b and f as well as n, =3 is normally a basement that requires specific

additional treatments to the general condition which we will present later in this section.

i 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

l; I S N Y (AN R N ST < TR (PSP G YN
J; 1 2 3 4 3 4 3 4 3 5 3 6 1 3 1
(vi=l)et/ath¢) 2 3 4 3 4 3 4 3 5 3 6 1 3 1 0
l b ¢ d ¢ d ¢ d 6 & ¢ f, a4 ¢ a5 0
h - . —_—— — — —_— — — NE—
k" iteration 1 2 3 4 5 6 7
Figure 3.1.2

A procedure for reconstruction of a sequence S using N = {3a,b,6c,3d 6, f } =15 input modules,

and resulting S = (,a, b, ¢, ,d, ,c,,d, ¢, 5d, 4c,,e,5¢,, f,5a,¢c,5a).

Let us restructure S to become an ATE module sequence. To do this, we need to
dispose superfluous modules including f =,f, a=,a and the accompanying c= .c.
We then obtain a correct ATE sequence that corresponds to a column- or wall-base
element:"S,,. =(,a,,b,,c,,d,,c,,d,,c,,d, c, e, c,,a) where again the (c,d) blocks are
automatically generated, and ,a is placed at the end of the sequence, as we implied
earlier in this section.

Using the general algorithm we are able to properly reconstruct sequences of
ATE, not only the column-base and wall-base elements but also any other elements in the
group of the lower part elements (see section 2.2.2). This algorithm is also applicable for
reconstruction of elements with following properties: i(, b) <i(, d) <i(, e)<i(n/ ).

Figure 3.1.3 presents additional samples of ATE types of which reconstruction are based

on general algorithm. However, we are still not able to apply the general algorithm solely
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Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

for reconstructing temple elements such as the basement, column- or wall-capital,
colonnette, window-grids, etc. The structure of these element types are either non-
alphabetic ordered sequence or special complex elements. Properties of special elements

will be discussed in detail in section 3.1.6. For now let us focus on elements with non-

alphabetic sequence.

P(S) P(S,) P(S5)
Sl o o o o o o o o o o o
N(S) = {2a,b,4c,2d,e}
Sz o [-] o o L] o (-] o o (-] L] o

N(S,) = {2a,50,3d,e}
S3 L] L] o o o

N(S,) = {Za,b,c}

Figure 3.1.3
Samples for S, reconstruction using the general algorithm, and their corresponding

temple element profiles P(S ;) where P(S,) and P(S,) are samples of a typical wall-

base or column-capital. P(S;) is a very simple structure of a wall-base of Angkor Wat

Tower tier.

There are several sorts of ATE with non-alphabetic sequence found on Angkor
temple including the basement, wall-capital, column-capital, cornice of the tower tier, etc.

But as we implied in section 2.2.3, most of them corresponds to only two groups, the
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3.1. Reconstruction Based on Number of Modules

group of the UPE and basement. Above we have seen an algorithm for reconstructing
ATE in the group of LPE, and do not correspond to the non-alphabetic sequence.
Reconstructing the sequence of a non-alphabetic element is based on the general
algorithm but with additional modifications. The following we present properties of non-
alphabetic elements and the required modifications to the general algorithm by examine

each element by their type individually.

3.1.2 Non-alphabetic Sequence of ATE

A special feature of elements with non-alphabetic module sequence is the uncommon

position of the e-module and ,a in its structure. The example for reconstructing S,

using the general algorithm in figure 3.1.3 shows that e is positioned at the index

i(e)>i(, d),and ;a at i(;a) =N . On elements with non-alphabetic sequence however,

they are positioning in a different order.

Definition 3.1.1 non-alphabetic sequence

Angkor temple elements of which modules including , b,, d,, e,, f and , a occurin its
sequence S,,, not in an alphabetic order counting from left to right (on element profile:
upwards), thus the index {i(nb b) <i(,, d) <i(, e)<i(, f)<i(, a)} ¢ Sy, are called non-

alphabetic sequence.

In the structure of an UPE column-capital or wall-capital we can observe that

i(, )< [i(ld) <i(,, d)] < i(nf f)<i(, a), and the structure of a basement typically

K By<id) < {l( e)‘ _ N+l

<i(, d)<i(, f) with N=2x|VxeN"" where the e-
i(,, a) 2 ! !

module occur directly before the (c,d) block in a UPE structure, and e-module or

~a=,a in the middle of the whole sequence for the case of a basement. Thus the

n
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Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

modification has to be carried out differently, forming two different algorithms. In the
next step we present the algorithm for reconstruction of upper part elements (UPE), and

will begin with analyzing their properties.

Upper Part Element (UPE)

Theoretically, the module sequence S,,, of an UPE is equivalent to the invert sequence
imgS, ,, of an imaginary sequence imgS,,, of a corresponding LPE (see figure 2.2.9 in

section 2.2.3). Together S, imgS,,, =imgS, they form up a sequence of an

asement

imaginary basement with the following conditions:

n,= M, |VE= {a,b,d,e, [} with t € S,,, and img(t) € imgS, ,,

f(SUPE) = b(lmgSLPE) = imngasment

e(Sypp) > e(imgS ) or \a(Sy,,) = ,a(imgs, ;)

SUPE

!

imgs, pp i —

imgs, pp —

. r_ : —
Supe =iMgS pp = (ay,¢,,€,,6,,d,,¢5,d,),¢,, f1,a,) with fi=b,

Figure 3.1.4
A sample for the equivalent sequences S, = imgS; . with f, =b, and

N(Syp:) = {2a,4c,2d,e,f} and N =10 .

Base on this theory and the inverse-directed priority of modules in §,,, we can

define that i(, e) <i(, d)< i(nf f) where e-module has priority over d-module. On the
other hand, in the matrix @(v,) (3.1) we see that the row vector d’ =e’ and column

vector d* =¢e". These properties allow us to simply change the order of d’ with e/ and
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3.1. Reconstruction Based on Number of Modules

d" with e* in order to give priority to e-module over d-module in the for loop procedure.

We obtain a new matrix ¢,,.(v,)=@(v,) of which the row- and column vectors are
referred to ¢/ = ={a,,b,,c;.e,.d;, f;}|Vi=1,...,6 (see matrix (3.2)).
The algorithm for reconstructing S, ,. is based on the general condition and has

the same procedure as that of the general algorithm but with following additional

condition:
e n,<2,n,=0
¢ Instep 2 of the general algorithm we replace ¢(v,) with @, (v,,)
at bt et dt ff
(01 1 0 0 0
10 01 0 0 O
i Vel gl 0001 11 .
¢)UPE(vjk): : = Jl0 0100 0 (3.2)
Yoo el plo 001 0 0 0
7t 0 0 0 0 O

We obtain a new algorithm:

Algorithm 3.1.2 (UPE reconstruction)

For all components (input modules) ¢, € S,,,. Vi=1,...,N do the following:

1. As the forth condition implies, initialize S,

emp

with #, = a, at i =1. We refer

the row vector #/(¢,;) =a’ at the row index j(z,)= j(,a)=1. Else quit the

process.

2. Forall elements v, = {O,l Vk = 1,...,6} et/ (¢,pz) » do the following:
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Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

a. Add the module ¢, =¢* to S,,, of which the type is defined by the

Temp
column index k() if v, =1.
b. Refer the row index of j(¢,,,) = k(t,).
3. Loop step 2 for i +1 iteration until i = N, such that k(z,,,) = k(¢,) +1,...,6 and
loop if v, =0|Vk(r,,,) = k(t,) +1,...,6.

4. Set Sy = Sy = (tsslipety) if i= N

P(S)) P(S5) P(S5)

Sl ° ° ° ° o ° o ° o °
N(S)) = {a,4c,4d}

S2 ° ° ° ° ° ® ° ° ®

N(S,) = {2a,3c,d,e,f}

S -] -] o -] L] -] o -] o -] o

3
N(S,) = {2a,4c,2d,e,f}

Figure 3.1.5
Three samples of reconstruction of upper part elements sequence including wall-capital and
cornice using algorithm 3.1.2, and their corresponding profiles (the three images in the top).

P(S))is a profile of Angkor Wat wall-capital, P(S,)is a wall-capital Chao Say Tevda

temple and P (S3) a cornice of the first stage of the Thomannon temple tower.

Basement

The basement element is the most complex “single element”, and covers up to 50% of the
whole temple complex surface in particular on Temple Mountain such as Angkor Wat,

Bapuon temple, Takeo temple, etc. It is the only element with the highest number of a-
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3.1. Reconstruction Based on Number of Modules

module: n, =3 where two of them, as common on ATE, locating at both ends of its

module sequence structure, and the potential third one in the middle. The architecture of a
basement is in terms of module sequence vertically symmetric, again see figure 2.2.9.
This property is responsible for the architectural relationship between basement and
LPE/UPE. Since one module must be locating in the middle of the sequence, the number
of its components is constantly odd. As consequence, we can observe that b- and f-
module must exist simultaneously in a basement module sequence.

Another considerable property of a basement is that it is the only one temple

element which are (almost) consisting of two different (cd) blocks (if n, = 2x“v’x eN""):

one in the lower part and another in upper part, separated by either a, ¢, d or e-module,
exactly in middle of the its sequence which are called the central module (see figure

3.1.6).

Definition 3.1.2 (central module)

The number of components N(S, ) of a basement sequence S, ... = (t,....t;,....1\)

asement

is always an odd number N = 2X+1‘VX e N** . The module t, locating at the index

. N+1
1=

in S is called the central module.

basement

In order to describe the structure of a basement module sequence S, with N

asement

components, again let us define S’ S There are

basement

to be a sub-sequence of S,

asement *
several possible structures of Angkor temple basement, but they can be generally

described as below:

S, = ( Slr’[%"(cd)blocks},Sz',{%"(cd)blocks},S;j

with S/ :={a,b}, S, := {(c,aNH),(c,dNH),(c,eNH),@} and S} :={a,c, f}

2 2 2
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Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

and consists of the following properties:

l. n,<3 and 1#n,+n, <2
2. If n,=2X,+1 and n,=2, n,=0 then S)=(cd), else if
n,+n,=2X+1 and n, =2X, then S, =(c,t) with t ={a,e}, else if

n,=2X with t={a,d,e} then S, =, and the c,,, becomes the central
2

module forall X, X, e Z".

Figure 3.1.6
Two types basement of Chao Say Tevda temple, left: S = (c,a), right: S; =

Lemma 3.1.3. The input modules N(S, )= 2X+1‘VX e N’ for reconstruction of

asement

Angkor temple basement sequence S, must be selected base on following pattern:

asement

). >n,=2X,+1
a).—n, =0,
l. n,=2, ii).—>n, =2X, 0
VX, eN" (3.3)
b).—n, =1, n, =2X,
2. n,=3, n,=0, n,=2X,

Proof: The input module e is depending on a, and d depends on e respectively. We want

to proof that for any case in (3.3), N(S, ) remains being an odd number. We

asement

consider in the first property of a basement that n, +n, = {0,2} = even thus N(S,

asement )

does not depend these two module types. We study only the case of the rest. The first
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3.1. Reconstruction Based on Number of Modules

case of n, =2 there exists two cases of e: if n, is even, n, is set to odd, else the other

way round. We obtain:
no=n,+n,+n,—1=[2+0+Q2X, +1)]-1=2(X, +1)=2X,
Da)i): |= N(S, =n,+n +n,+n,=2+2X_+0+2X,+1)

=22X +1)+1=0dd

asement )

no=n,+n,+n,—1=[2+0+2X,]-1=2(X, +1)-1=2X, -1
Da)ii): |= N(S, )=n,+n, +n,+n,=2+2X -1)+0+2X,
=2(2X)+1=odd

asement

no=n,+n,+n,—1=[2+1+2X,]-1=2(2X,+1)=2X,
Db): |= N(S, =n,+n.+n,+n,=2+2X +1+2X,

=202X +1)+1=o0dd

asement )

In the fourth case of n, =3, the module e do not exist thus n, =0, and n, must be even

in order to form the lower- and the upper part (cd) blocks. In this case we have a as the
central module and we obtain:
n,=n,+n,+n, :[3+0+2Xd]—1:2(2Xd +D)+1-1=2X,
2. |=>N(S, )=n,+n,+n,+n,=3+0+2X_+2X,
=2Q2X +1)+1=o0dd

asement

The characteristic of the basement is there for depending on the set of input
modules shown in (3.3). Consequently, the algorithm for reconstruction of Angkor
temple basement element must evaluate input data in order to define the case,
respectively the type of the basement structure, to be reconstructed in advance.

It is for this reason not possible to solely implement the general algorithm which
would produce one single (cd) block for n, =2X|vX € N** Before we present the
algorithm for reconstructing a basement, we would like to recall that a basement structure
consists of two (cd) blocks which are separated by a central module. However, we

consider that the case in 1)a)ii) there is no convex module amid the (cd) block. In this

case c-module becomes the central module of the sequence, see the right hand side image
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Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

of figure 3.1.6. Similarly case can be seen in 1)a)i). Although the structure here
comprising of a convex module as its central module, which is the d-module, its (cd)
block remains unified as one single block. In both cases the priority of modules to be
checked in the reconstruction process (range in the matrix) remains as unchanged. The
uppermost basement of the central east-west gallery of Angkor Wat cruciform is a good
example for this case. Thus we could simply use the general algorithm to reconstruct
their sequence without any modification to the procedure or the matrix. But basement of
these two types can be rather seldom found on Angkor temples, and if exist then mostly
as small scale basements such as shown as examples above.

More complicated are the other two cases: 1)b) and 2, where the (cd) block are
separated by a convex module: a- and e-module. Our proposed solution is to give priority

to these central modules (,a and \e) over , d,,,
1

the first d-module of the upper part

2 2

g . 1 . .
(cd) block with identity %" +1 and index N+ where n, and N respectively denoting

the number of d-modules and the total number of components in the basement.
The algorithm for reconstructing the basement is directed to the actual selective

case from the pattern (3.3), and can be described as following 5 steps:

Algorithm 3.1.3 (basement reconstruction)

For all components (input modules) ¢, € S, Vi=1,...,N do the following:

asement

1. Select case in following pattern:

i), »>n,=2X,+1
a).—>n,=0,
1. n,=2, i) > n, =2X, o
VX, eN*
b).—>n, =1, n,=2X,
2. n,=3, n,=0, n,=2X,

2. Initialize S

remp With £, = a, at i =1, and refer the row vector t/(p)=a’ at

the row index j(¢,) = j(,a) =1 for n, > 2, else quit the process.

3. Forall elements v, = {O,l

Vk =1,..,6} €t/ (9), do the following:
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3.1. Reconstruction Based on Number of Modules

a. Ifstep 1 be case 1)b) thenset 7, ,, =e,add 7, to §,,,, and skip c).
2 2

b. Ifstep 1 be the case 2 then set 7, = ,a,add ¢, to S, and skip c).
2 2

c. Addt, =t to Strenp, of which the type is defined by the column index

k() if v, =1.
d. Refer the row index of j(z,,,) =k(¢,).
4. Loop step 3 for i +1 iteration until i = N, such that k(z,,) = k() +1,...,6 and

loop if v, = 0|Vk(z,,,) = k(t,) +1,...,6 .

i+1

5. Set S

sasement = Stomp = (Bsweslisennsty) M i=N.

We see that there is no any change to the matrix as the case of UPE. The first step does
not only make sure that the composition is properly defined but also describes the varying
cases which control further step in the algorithm. As usual, step 2 initializes the sequence
with an initiator a. Special feature in step 3 is the case selection defined in a). and b).
where either a or e is set as the central module of the sequence.

As soon as the lower part sequence of the basement is added to S and the

Temp

t,=t,, 1s evaluating, the algorithm automatically apply the central module

a .
t,=t,,, =| depending on the actual case. For both cases the system does not need to
e

evaluate the values of ¢ at j, ,, thus skipping phase c) of step 3. Then the
2

reconstruction procedure can follow up its ordinary process until the upper part sequence

is completed. Figure 3.1.7 gives an example on implementing the Algorithm 3.1.3.
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Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

Figure 3.1.7
Reconstruction of a basement composing of N (S, e ) = {2a.b,n.¢,6d e, 1} .

We first calculate n, =n, +n,+n,—1=2+6+1-1=8, and obtain an input
= N(S, )= {2a,b, 8c,6d,e, f} with N =19. The composition

corresponds to case a) of step 3 where n, =1. Thus Lion =t10 =,€,- The
2

asement

reconstruction algorithm provides a sequence:

S

basement

=(ay,b,,c5,d,,¢5,dg,¢;,dg,Cq,€,0,1,d,,,C13,d4,C5,d 65,55 fig, Qo)

P(S

Sequence of S, basement

): Profile of Sy, i P

asement
v
a4y by ey dy g Gdg 0 sdy (o € 5G4y G sy 1Gs Bie G s 2o

Unlike previous algorithms which can be implemented for any LPE or UPE, this
algorithm is specialized for reconstructing only a basement. These three algorithms cover
the reconstruction of the sequence of most common Angkor- as well as Khmer temple
elements. There are several elements of which definitions do not belong to the three
groups mentioned above but its sequence property is identical to one of them. For
instance the crown element of the tower is a single element with architectural function as
the LPE, of which sequence properties are identical to each other as well.

It is possible in such cases to use the algorithm for reconstructing LPE to
reconstruct the sequence structure of a crown, see figure 3.1.8. Other cases could belong
to the complex elements, an element that consist of more then one single elements such
as the tower stage of Angkor Wat also shown in figure 3.1.8. In such case it is possible to
reconstruct each corresponding single element structure separately using the algorithm

for reconstructing UPE, and later combine them together. Other more special complex
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3.1. Reconstruction Based on Number of Modules

elements are too complex or consisting of too many single elements that it make no sense
to reconstruct them one by one and manually combine. We propose another solution for
treating such elements, and will be presented later in section 3.2 and

3.3.

Colonnette

Figure 3.1.8

Angkor Wat central tower and its elements: left the crown, and the right image shows a drawing of
the first tower stage, a special complex element consisting of 2 single UPEs (Drawing done by
EFEO).

Until now we were able to reconstruct the sequences of modules in an Angkor
temple elements structure. The modules sequences however, are represented by the
vectors of each corresponding modules, and still appear as a sequence of horizontal
homogeneous line segments. In the following step we are going provide advanced

properties to the modules in order to form the structure into a proper state of an ATE.

3.1.3 Proportion of Modules in the Sequence

Our goal in this section is to generate a two dimensional profile of ATE in which each
module vector appears with particular proportion of length relative to a unit length that
we are going find out. In addition, as we have mentioned in section 2.2.2, also see section
2.3.1, that we need to give a certain angle value to the vectors in order to obtain an
upright standing profile, and further responsible for the jut effect, see the mathematical
model in figure 2.3.6. These two modifications, scaling and rotating the vector lines, will

be discussed in the next section.
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Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

The proportion of the components in a module sequence of ATE is generally
depending on the type of that element. Furthermore for each component in the sequence

it differs from one to another simultaneously by both the scale / and angle value ¢, . The

procedure for modifying the module sequence (sequence of horizontal module vectors
achieved in earlier section) is for this reason divided into two steps: firstly we set the
components individually to the right size, and secondly we rotate each of them by the
corresponding angle value. Similar to the reconstruction of the sequence, we analyze the
proportions by type of element groups: the lower part elements (wall-base, column-base,
etc.), the upper part element (wall-capital, column-capital, etc.) and the basement
element. We begin this time with the basement, and study the scaling properties in
advance before showing the properties for rotation. But first of all let us have a closer
look at common characteristics of ATE in terms of proportion of their components.

We have mentioned in section 2.2.2 about the jut effect of ATEs at a certain part
of the temple, and that it occurs at the transitional part between two different elements.
Generally, we can observe that the closer a module of an element is located to that
transitional part, the larger becomes its size. Another considerable characteristic is the
size of c-module. From section 2.2.2 we also know that the “connector” ¢ is responsible
for providing a harmonic space between two different convex modules, and early in this
chapter that the number of ¢ modules depends on the number of a certain convex modules
as well. Similarly to these properties, we discovered that the size of c-module in a module
sequence of an ATE is proportional to its adjacent convex modules as well. For these
reasons we are going to discuss the proportions of convex modules in advance.

Let us have a look at the repeated convex module 4. We know that in a large scale
ATE with comparative large number of modules, the d-modules respectively the (c,d)

block is the key for the complexity. The size of each d-module in that (c,d) block

obviously does not remain constant thus l(_ 07 l(‘ @) |Vi =1,...,n, . On the other hand, for

the reason that n, <3 and {nb,ne,nf} <1, see definition 3.1.1. of general condition, we
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3.1. Reconstruction Based on Number of Modules

need to examine the ratios of lengths of the modules a,b,e and ' in relation to each

other, whereas d and c are discussed individually for the case of a basement element.

Basement

In order to examine the ratio of modules in an element we must set one module in that
element sequence to be the unit to which ratios of all other modules are related. The
selected one should exist in any type of temple element as well as in any case of one

element type. Based on the general condition and the properties of LPE, UPE and the

basement we have presented early in this chapter, we know that {nb,ne,nf} <1 and
n, 20 which denoted that n,,n,,n, and n, can be zero. On the other hand the proportion

of c-modules, as mentioned above, is not independent of other lengths, thus only the
module of type a can be chosen as unit.
In addition, our investigation shows that special elements such as the wall capital

of Angkor Wat shown image (a) of figure 3.1.9 comprises of only one a or n, =1 which
is ,a. Generally the lower a module always exists but it partly vanishes in some cases

because of the varying level of underneath lying basement. Image (b) and (c) give
examples of such cases on basements of Chao Say Tevda and temple Angkor Wat

respectively marked by red color hatching the vertical surfaces of a .

a vanishes Simpie base

Figure 3.1.9

(a) Wall capital showing a single lower a-module (Angkor Wat), (b) Lower a-module partly
vanishing shown by the thickness of the red colored hatching (Chao Say Tevda) and (c) Lower a-
module vanishes or probably represented by the simple base below the basement.
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Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

Thus we set ;a to be the base unit, and use it to study the proportions of other
modules in the same module sequence of an ATE.
To do this we are going to capture the length /, and angle «, of module ¢ from

digital images of nine selected existing Angkor temple basements using AutoCAD, and

compare their length- and angle function by groups. The length is given relative to the

chosen base unit |a.

. Basement 01 -

Basement | Segment h a:lla b: lla clla d: l/a ella flla
01 Upper part | 11.125 0.4/95.7
0.35/90.8 0.62/88.5
0.32/99.1 0.52/119.1
0.82/90.6 0.32/59.5 0.54/101.5 1.69/148
1.01/90.4
Lower part 0.36/91.2
0.33/61.5 0.52/92.8
0.34/51.4 0.59/92.8
1/90 1.76/42.3 0.42/54.3 0.61/89.8
Figure 3.1.10

Top images: Selected basements of Angkor Wat, Chao Say Tevda and Thomannon temple for capturing
the lengths and angles (in degree) of their components. The measurements of the top left image is

shown in table below it where the module length of | @ is set as base unit.
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3.1. Reconstruction Based on Number of Modules

Figure 3.1.10 shows the input data for our analysis and a demonstration of the
measurements with the results in the table below. We used this method to measure all
basements shown on the right side of this figure (see also appendix A.l1). We must
mention at this point that the manual measurement and the limited quality of our input
image may cause minor errors. The parameters we obtained can be described in form of
functions shown in figure 3.1.11 and 3.1.12.

Length Proportion: Based on our hypothesis that a basement is a combination of

the LPE and the UPE with N(S,,.) = N(S,,;), 7,(S,5;) =1,(Syp;) With 1 €{a,d,e} and
1, (S, pp) =1, (Sypp) » We expect that the length of a module 7 and its inverted module,

th(i71)|‘v’i=1,...,N in the basement module sequence S, =(ts-eeslyseenty), are

asement

equivalent: /, = IrN,“,]) . We define such property as Scale Symmetric Property (SSP). The

length functions of ,a,b,(e/,a withn, =3),f and , a shown on the left hand side of

basement number 03, 05, 07, 08, and 09 in figures 3.1.11 and 3.1.12 however, give us
different information. But still in cases such as basement 01, 02, 04 and 06 we can

observe that / =/, and [, =/ which satisfy our expectation. Extreme deviations
parametric data from our hypothesis can be seen from basements number 03 and 05
where the lengths of all five module types occur arbitrary. Module e or,a is a central
module, and therefore does not influence the symmetry.

The ratios of the lengths of b,e, f and ,a are comparatively simple. We know
from the general condition that the number of these groups are limited to one, and n, <3.

In any case no more then five modules appear, and moreover, in small scale basements e

and/or b and f can even vanish. In order to define the ratios of ideal lengths of

b,e, f and ,a we calculate the average length l: for t= {b,e, [ a} using the captured

data of the basements shown in figure 3.1.11 and 3.1.12, we obtain:

8 8 9 9

) I " - Y,

lb _ Zi:l b =173 l/' — =l fi _ 1’71’ le — 21:1 & _ 1’17’ ] .= 21:1 Ga) _ 0,98
8 8 9 : 9
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Graphs of captured lengths of modules in five different basements of Angkor Wat, Chao Say Tevda and
Thomannon temple. On the left: the ratio of b,e,fand ,ato ;a, and in the middle and on the right:
graphs of d- and c-group respectively.
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Graphs of captured lengths of modules in five different basements of Angkor Wat, Chao Say Tevda and
Thomannon temple. On the left: the ratio of b,e,f'and ,ato ;a, and in the middle and on the right:

graphs of d- and c-group respectively.

Remark:

We limit the input data for analysis to these nine basements however, larger dataset might

provide better results. An interesting approach is also to analyze the proportion of

modules based on distinct complexity of the element.
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Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

It is remarkable that the results strongly support our theory. We obtain the ideal

lengths / , =1 ,=1 and [, =/, =172, and give an almost perfect symmetric graph of

length proportion shown in figure 3.1.13.

Length

+---—d-->7

Figure 3.1.13
Graph of the average length of 0

-

1
1
1
1
1 S Index of Module

b,e,f and ,a. (Bottom-Up>
Ideal length of a.b,e,f

Turing to the ¢- and d-modules we need a different way to represent the length
ratios. Moreover, we sometimes observe quite a high number of the modules. The reason
for this is that we require an ideal function to represent the length of each set of module.
We again expect that for both the d- and the c-group to satisfy SSP. From the graphs we
can see that nine of the ten selected cases including basement number 01, 02, 03 and 07
can be considered to adhere to this property with only minor artistic deviation.

We can observe for basements with a high number of repeated modules (n, > 2)

that the curves representing the length of 4 all tend to have U-shaped curves (most
noticeable 01, 02, 03, 04 and 06). More variations occur with the group of c. Here three
kinds of curves exist: the upside down U-shaped curve (02 and 08), the W-shaped curve
(01, 03 and 05) and the U-shaped curve (06 and 07).

The largest recorded numbers of c- and d-module on existing temples are

n, =8 and n, =6 which can be found for instance on the main basement of the central

building of Angkor Wat. However our vision is to open possibilities for ATE profile
reconstructions with more complex structure and a larger number of d-modules. We can
observe that the length function of the d- and even more the c-modules are not linear,
which can be seen from basement 01, 02, 03, 05 and 06. These properties are related to

Khmer arts and architectural means of smoothness we have mentioned in chapter 2. Thus
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3.1. Reconstruction Based on Number of Modules

the function of the ideal lengths of c- and d-modules should be a curve. We suggest the
cosine function as the length function of ¢ and d-modules.

We define:

f(x)=A4-cosx+B (3.4)
as a shifted cosine function with radius 4 and shift parameter B. Additionally let us define

Al be the difference of maximum and minimum length of modules ¢ in S, thus

asement

Al =™ — ™ for t ={c,d}. To calculate 4 and B from a given set of data, first observe
that Al =™ —[™ we get:

A:A—Z and B:A—l+lmi".
2 2

In our dataset a small deviation from the shape sequence property occur. To

calculate

max
l(r

and [;]™ respectively, we use an average over the first and last module
length:

Zl +l(n,f)
2

t

max __
ll

where l~] , and l~( ,, denoting the average lengths of the first and the last module of type ¢

respectively. We get the following

9 9 I +1]
~ . l o ~ 2 Z C); Z(,'+l c
i, =—Zz$ W~ 0,416; I =#:0,386 = I == 0,401

9 9 v 7
i Z,-:ll(m,- _0.787: | Zizll(ndd), La+1 4
b b 9

\d 9 Gy d) = =0,778 = ™ = =0,782.

For ™ and [™ respectively, we use an average over the minimal module length

that occurs in our dataset:

9 i 9 i
‘ 4 lm}n ‘ . lm{n
lznm _ Zz:l C,l — 0,266, Z;nln — Zl=1 d,i — 0,615
9 9

With these values we now compute:

AL =1 -] =0,401-0,266=0,135; Al, =0,782-0,615=0,167.
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Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

The ideal lengths function of d-module groups for instance can be obtained by

firstly calculating:
A :ATI"’:M =0,084; = B=0,084+0,615=0,699, and further
£,(x)=0,084-cos x + 0,699 (3.5)
i
¥
/ f,(x)=A4-cosx+B f(x)=cosx
AN V/d /
Ald=2”d{4’_-\ [ N// % w
! | s 2r sy 4 X -
-1
U-shaped
| Upside down U-shaped
+
W-shaped
Figure 3.1.14

Cosine function: representation of the d-module length function.

Similarly, the ideal lengths function of c-group:

A= Azlc _ 0,1235 =0,068;, = B=0,068+0,266= 0,334, and the function
f.(x)=0,068-cosx+0,334 (3.6)

The advantage of the function f(x) is that it represents all three different shapes
of length functions of ¢- and d-module groups that we have introduced above. Each shape
is defined by different interval {x‘x1 <x< xnl} of f(x) (see figure 3.1.14) where x, and
x, denoting the left-most and right-most value of p respectively, and can be described as
following:

f,(x) > U-shape for x €[0,27]

f,(x) > N-shape for x € [7,37]
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3.1. Reconstruction Based on Number of Modules

f,(x) = W-shape forx € [0,47[]

The length /, = f,(x;) of a given module ¢, is defined by the position x, within
the certain interval {x‘x1 Sxan’} for i=12,..,n,. We define x, - f(x)=1/, and
x, B f(x)= lu,f to be the values that satisfy f(x) with the length of the first and the last

module of type # respectively. The length /  of the remaining modules ¢, |‘v’i #1,n, is the

value x, = f(x)=1, with a constant distance Ax =x,,, —x, between x, and x,,, in order

+1

to obtain a smooth transition of lengths /, and / ,, and can be formulated as following:

xn _'xl
Ax =— . 3.7
n —1
With (3.7) we calculate: x; = x, + Ax(i —1) (3.8)

Until this step we know the length /, of the all the modules (module vectors) in a
basement element but yet we do not know their angle «,. The following step we will

define the angle ¢, of -module in a module sequence S, of a basement.

asement

Angle Proportion: Similarly to the method of capturing the lengths of modules in
a basement we have seen earlier, we are now trying to understand the angle proportions
of modules in an Angkor temple basement. We select nine basements to capture the angle
value of each module it consists of, and observe its angle development as we switch from
one module to another step-wise upward. Again we observe them by the same three
different groups as we have done to the height capture. The results are depicted in a graph
as shown in figure 3.1.15 and figure 3.1.16. Immediately we remark the almost identical
property of the graph of the group a, b, e and f as shown on left hand side graph.

Remarkable is also the angle value of the initiator ,a and the value of the central module

. . . p/a
which are in these cases ,a or e. Here we obtain ¢, = E‘W ={a,e} . Module b and f on

the other hand appear to be a reflection of each other which angles tend toward a relation

of a, =7 —a,.
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Let &, and &, be the average angle of b and frespectively. We calculate the ideal

angle @, =a, and o, =&, and obtain:

8
L@, 338,14

a, =a, =
b b
8

8

7

=427 =7

30
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8
- L%, 1108,82° 2
ozf:oef:zl=l o 0882 135622,
8 30

We see that indeed %ﬂ' =7 —lﬂ'. Thus we define value o, = %ﬂ' and o, = %7[ to

be the ideal angles of 7, and ¢, respectively.

The graphs of angles developments in c-group and d-group have a common
characteristic. Here we obtain almost a continuous rising of the angle with a drastic
change of gradient at the crossing part between the lower part and the upper part modules
of the basement (crossing part is defined by the vertical dashed lines in graphs of c- and

d-group). The domain of angle changes of ATE modules is O<ea, <7z for
t= {a,b,c,d,e,f}.
The lowest recorded angle value from our input data is around 32 degree belongs

to b-module from basement 03 whereas the highest is around 148 degree of f~module

from basement 01. Here again we see that «, =7 —a,. These relationships we also
expect from group d and ¢ individually thus a, . =r-a, for ¢ = {c,d } . The numerical

data, however, shows that there is no any remarkable common rule for controlling the
angles of both module types. Nevertheless there still exit some pairs of modules in the

same basement that satisfy a, . =r-a, with £5 degree tolerance. These special cases

1-i

is marked by a star symbol (*) next to the angle values in column 7 —¢,  which is

compared with ¢, for 1={c,d} and i =1,2,...,n, (see table of appendix A.2).

Based on this information we could make a conclusion that an ideal Angkor

temple basement with module sequence S, generally comprises of modules of

asement

which the angle value ¢, and .. of the pair ¢, and ¢ respectively has the

(N=1)=i
following proportion:

=7 —a, for t={c,d} and i=12,.,N. (3.7)

IN-1)-i
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3.1. Reconstruction Based on Number of Modules

The next step we need to know the initial angle value of the module to be initialized at

first in the module sequence, and the angle difference @ , —a , of two adjacent modules

t
;£ and ¢t so that all modules of type ¢ = {c,a’ } can be generated based on a certain ideal

angle function of ATE modules.

From the captured data we have presented in figure 3.1.15 and 3.1.16 we can
observe that the initial angle value of c-group varies between 41 and 69 degrees, and that
of d-group between 81 and 95 degrees. The same method we have used to calculate the

ideal initial length of both module groups will be applied to define the ideal initial angle

a, for t= {c,d}as well. Let a , be the average angle value of the initial module type

t={c,d} of all nine selected basements. The ideal initial angle is calculated by

9
Zi:l a(lt)i
9

a,=da,=

=a, where i denoting the index of the basement. We obtain the ideal

initial angle of ¢ and d (see also appendix A.2):

- 297 %), .
a . =a ,=%=58,66 , and (3.8)

1¢ 1€

- Z?—l %a) .
@, =, = S =688 (3.9)

ot (3.10)

and thus we know the difference a ,—a ,. With the given number n, of module 7 we

t

can further calculate the difference of &, and « . Let A, =a , -« , be the difference
of ¢, and & ,. We then obtain:
a , —a,
Ao, =——— (3.11).
n,—1

We replace (3.10) in (3.11), and get:
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7 -2a,
Aa, = ‘ (3.12).
n,—1

Finally we obtain the angle « , at i-th index as following:

-2 a. (n-D+({(-D)(r-2a
a,=a,+(-DAg,=a +(i-1) LA =D+ IX )

n —1 n,—1

ni-D+a ,(n —2i+1)
=>a,= ‘

l't

3.13
o (3.13)

Summary: Module Proportions of S,

asement

Module Length: The proportional setting of modules 7, in an Angkor temple basement
Spasement = (tyseeslisenty) for t={a,b,c,d,e, [} andi=1,...,N is divided into two steps:
firstly we set the length /, and secondly rotate ¢, by «, .

We define the ideal length of a, b, e and f by /,=/,=1,72 and [, =117
respectively for n, =2 and {nb,ne,n f} # 0. The ideal lengths of module groups of ¢ and d

are [, with = {c,d} for i =1,...,n, is defined by the function:

f,(x)=A-cosx+B
with A: radius of length unit circle
ideal radius: 4, = 0,068; 4, = 0,084
B : Shifting Parameter
B =0,334; B, =0,699.
x, : position of module index i that satisfy f(x) =/, and is calculated as:

'xn[ - ‘xl

x, =x, +Ax(i—-1) fori=1,...,n, and Ax = .
n —1

Function f(x) represents all three different shape of length function which can be

distinguished by the period p = [xl X, } .
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3.1. Reconstruction Based on Number of Modules

Module Angle: The rotation of module # by an ideal angle «, is again separated into

. 7
two steps. Firstly we define a, for t={a,b,e,f}: a,=a ,=a ,=a, =%; =357

and «, =7 —a,. Then we rotate 7, for t={c,d} and i=1,..,n, using the following

formula:

(i-Dr+a,(n—-2i+])

a n —1
with ¢, : initial angle

: 59 87
ideala . =—m a j=—nr
180 180
n, : total number of input module type ¢
After the proportional settings of length and angle to each module (module vector) ¢, of
Syusoment = (ts-estis.osty) , the structure of S is no longer a composition of homogeneous

line segment, and its geometry is not a simple horizontal line anymore. We can now

describe S in form of vector as following (see also figure 3.1.17):

Sbasement = (Zi"“’;i"“’ZTN)

l’l y l’i y IZN y w2
PEXET) PEEXT) ‘\\‘
ltlx lt,-x ltNx “
cosa, cosa, cosa,
Ll . Y A T O A
1 i N N
sing, sing, sing, v

Lds

Lcs

Figure 3.1.17
(a) Vector representation of ¢ with

magnitude l[ and rotated by ¢, .
(b) Reconstruction of a basement
structure S with  n,=2,

basement 5

n,=l,n,=6,n,=landn, =1.
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Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

LPEs and UPEs

The proportional controls of both, module lengths and angle, we have presented so far is
specified for reconstruction of Angkor temple basement. LPEs and UPEs have their own
characteristics which must be handled differently. However, referring to the theory of the
architectonic relationship of the basement with a LPE and an UPE (see section 2.2.3;
figure 2.2.9), we can partially apply information for reconstruction of basement structure
to reconstruct LPEs and UPE:s.

The proportional property of modules in the sequence S,,, = (t,...,t,,....,t,) of a
LPE is identical to the lower-part segment S, =(t1,...,ti,...,tb) of a basement
2

S

vasemens. With £ ={a,b,c,d} and f;(x) > U-shaped curve. A special property of the LPE
structure is that [, >1,  with t={c,d}U{,a,ect(d)} for i=1,...,n, considering the
structure upward. The notion ,a,e € t(d) notice that we include the module type a and e

into d-group for the case of using the function f(x) to calculate the lengths of 1 =d .

Thus we can conclude that the length function of # in a LPE is a decreasing monotony
function. With these prerequisite we can conclude:
1. The ideal lengths of modules in LPE is controlled as following:

e The ideal lengths of ,aandb are identical to that of a basement:
l,=11,=172.

e Groups ¢ and d can be controlled by the function
y=/f(x)=r(cosx-1)+/, within an interval {x|0 <x< 7r} and
x>0 x, >, t={cdjU{,a,ect(d)}. Again we define
y=/f(x)=1, where x, can be calculated by x, =x +Ax(i-1) for

. xn _xl
i=1..,n and Ax = — .
n,—1
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3.1. Reconstruction Based on Number of Modules

e The initial lengths /, forz= {c,d} are identical to that of a basement:
l.=0,401 withr, =0,167; [ , =0,782 with r, = 0,345

2. Angle proportions can be controlled in the same way as for a basement:
V4 7

==, 0,=—T;, 2%72' (see appendix B.1).

e idealangle a , =0, = .
: 2 30 :

e Angle o, can be calculated using:

ga—n+qu—0

a,= (3.14)
‘ n -1
o 59 87 )
for ¢t ={c,d}U{eet(d)} and initial & ,=——7, a , =——x. See appendix
180 ! 180
B.2 for details.

On the contrary, the structure S,,, = (,,...,t;,...,¢,,) of UPE comprise of modules
t, of which lengths [ </ for i=1,..,n, and t={c,d}U{,a,ect(d)}, and thus

forming an increasing monotony function f,(x). The calculation of ideal lengths 7 is

done following the procedure we presented in step 1 for computing the lengths of

modules in LPE above. Different is the interval of x which is specified for UPE:

{x|7r <x< 27[}. We see that the length / , of the initial module ,a is /, <1, and ,a is

classified in the group of d. So we can calculate / , from function (3.5) with x, =7 :

lla :fd(xl):rd(cosx—l)+lld =0,177(cos 7 —1)+ 0,782
=1,=0,428

Lengths , for i={1,..,n}and ¢t ={c,d}U{eet(d)} can be done in the same way as for
LPE using function (3.5) and (3.6). The rest, /, and / , remains the same as we have

defined for a basement.
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Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

Angle proportion of UPE modules is identical to the modules of the upper part

segment of a basement. The initial ideal angle is o , = ﬂ—iﬂ Zlﬂ' (see appendix

12 12

B.1) which is followed by a, with r={e,d} for i=1,..,(n,+n,), and can also be

calculated using the equation (3.14). The initial module of d-group is e with an angle

e

T .
a =—1ncase n, #0.
2 e

Summary: We are approaching the final step to complete the reconstruction of the ideal
2D profile of an ATE. Before we continue we would like to summaries at this point that
the reconstruction of Angkor temple elements that is based on the number of input

components is about reconstructing the sequence of their module vectors following a

certain combination rule that is specified for a certain element type. After obtaining the
proper module sequence, we applied the required proportion to each vector in order to
form the horizontal line segments into a proper shape of an element as shown for a
sample in figure 3.1.17, image (b). Yet the result is not a profile of an ATE. We still need

to map the module profiles to the sequence, and is discussed in the following section.

3.1.4 Mapping the Module Profiles

We have introduced in section 2.3.1 and definition 2.3.2 that a module profile p, of
module type ¢ is a non-closed sequence of edge segments. We also know that it consists
of two ends: a start point s and end point e” . The same as a module vector ¢, a module

profile p,,is initialized at the origin of the coordinate system (x, y): with s"(0,0) and
e” (1,0). Our goal is to map the start point s > s, and e” > e, with {s”’,e”’ } €p,
and {s,,¢,} €. To do this we need to proceed three steps 2D transformations.
Firstly we will fit the dimension of an initialized p,, to the dimension of z, thus
m _.m

fit to the length /, = (/,,4,,)) of £, by multiplying each node {o/(x}y/) e R} € p,, with

1
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3.1. Reconstruction Based on Number of Modules

the scaling matrix ¢, for i=1,...,n and ¢ = {a,b,c,d e, f } where n denotes the number of

nodes that form p,. We obtain {o;" X, )€ Rz} ep/:

/ 0 " / x_”’

n.nw o " (X) xi (x)7i
Gi(xi,y,-)zgld,«{o 1 }{ ,,}L } (3.15)

o) JLYid [

We transform p,, to p/ by keeping the ratio of length and width of p,, thus

L =1

»mn = |lt| :

Secondly we need to rotate p/ such that vector (s”,e”) points to the same
direction as (s,,e,). In other words, we need to rotate o/(x,y/) in counterclockwise
direction by «, over the origin (0,0) for i=1,..,n, where «, denotes the angle of

. . 2 .
module vector ¢ with the x-axis. Let o](x],») € R® be the nodes of p, after rotating p;

over the start point 5% (0,0) . We obtain o/ € p!:

. x; cosa, —sineg, || x/
o, = = . mE (3.16)
Vi +sina, cosa, ||y
Finally in step three we need to move p; to map to ¢, and define p, as the final
stadium of the transformation. The mapping is done in such a way that s” - s, thus we

translate p! along the vector (s”,s,). Each node {o,(x,,y,) € p,} € R* for i=1,..,n can

be found using:
X, x X,
o, = { ’}:{ ’,}+ "L (3.17)
yi yi yxl

In figure 3.1.17 shows a graphics representation of the transformation procedure

demonstrating a map p , >, d. After all profiles are mapped we obtain an ideal 2D

basement profile as shown in image (e) of the figure 3.1.18, and is ready for 3D

reconstruction which will be discussed in the last section 3.4.
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Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

Figure 3.1.18
Mapping module profiles P.q d : (a) initializes Po.q - (b)scales p, , to

Pl with Iy =1, = ‘lld‘ , (c) rotating p)) by a 4, (d) translating D) by

(s? S ,) from the origin and (e) a finish reconstructed profile B, = based
onS, . :(a,b,c,d,c,d,c,d,c,e,c,d,c,d,c,d,c,f,a) with
n,=2n,=ln,=6,n,=Ln,=landn, =n,+n, +n,—1=8.
o s i
@ - ® @ @ 3
§ ol | 92 [ 6@ [ o2 a2
c fez

>
1.0000 |—

1.0000

3.2 Capturing the Element Structure from an
Image

The method for reconstruction of Angkor temple element profile we have proposed in
previous section is likely more suitable for reconstruction of ideal 2D element profiles
following a pre-defined rule which potentially has been the traditional Khmer temple
construction rule. In some cases however, we need to reconstruct profiles based on
available input data of an actual existing temple element such as basic measurements of
the height, width of the element and digital photography of it. The reason why we
additionally propose this second method for reconstruction of ATE profiles is because in

some cases (though seldom) we find elements of which module structure does not
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3.2. Capturing the Element Structure from an Image

correspond to the ATE group. Thus it is not possible to implement the principle rule for
reconstruction of such exceptional structures. The image in figure 3.2.1 for example
shows a wall base of Angkor Wat where a b-module, instead of being adjacent to a-

module, it is directly connected to a d-module.

Figure 3.2.1
A special wall base structure: left, of the southern library of Angkor Wat’s, and right, of
Angkor Wat gopuram. Extraordinary location of b between d- and c-module in the sequence

SLPE = (a,C,d,b,C,d,C,d,C,d’C,d,c’a) .

In this section we are going to discuss on identification of module properties in an
element structure. We mainly focus on identifying the type ¢, the start point s, and the
end point e, of the module ¢ as well as the way to capture their properties from the input

image. Then we will describe an algorithm for reconstruction of the element structure,

and conversion of the captured data in vector format of AutoCAD.

3.2.1 ldentification of the Module Type

Our six predefined module types presented in section 2.3.1 do not always perfectly fit
with the modules on actual elements. In figure 3.2.2 we present the major members of e-
module family. There are two main criteria for identification and classification of the
module type; the similarity of their profiles and the decorative aspect which is based on

the same principle of lotus motif, e.g. image (1), (2) and (3) is one group of e, and (4), (5)
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Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

and (6) the other group of e. We can observe a certain similarity of the profiles of these

modules if compared to other module types.

Figure 3.2.2

(1), (2) and (3) are respectively a basement , cylindrical column capital, and quadratic column
capital of Angkor Wat depicting one sort of e-module. (4), (5) and (6) shows respectively a
wall base of Chao Say Tevda, column capital of Boeung Mealea and column capital of
Banteay Sray temple with another sort of e-module.

On the other hand, based on the fact that a man-made work is always unique,
more over in art and architecture where favor and fantasy are an important factor for the
creativity, we accept minor geometric deviations of modules in the same family. Our goal
is to generate a virtual reality representation of temple elements using a limited
complexity of their 3D geometry together. Advanced details of the modules (lotus motif)
are expressed by the texture (photo of the element) to be mapped on the geometry. Figure
3.2.3 demonstrates the effectiveness of this method (see also appendix C). Here we see
that even though we use the same 2D profile of a column capital to reconstruct two
different styles of columns, we almost realize no anomaly of inappropriate match after
applying texture to the geometry.

As the module type is identified, we know the position of its start point and end

point which is relevant to calculate other properties such as length and angle of that

module vector. In the following section we present the method to capture the module
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3.2. Capturing the Element Structure from an Image

vector of the identified module from an input image.

Figure 3.2.3
3D Computer reconstruction of column capital of Angkor Wat (2) and Banteay Srey (3) using two
different textures (texture from figure 3.2.2 (3) and (6) respectively) but the same 2D geometry (1).

3.2.2 Capturing the Module Vectors

Before we discuss on capturing properties of modules from an image we need a
mathematical notation of the digital image and its elements. Based on Jdhne [Jdh02] an

image is a grid /., with the pixel (element) E(S,y) where m denoting the rows index

74
and » the columns index of the grid, and can be represented by an = x ¥ -matrix. The

start point s and end point e of the module vector #(s,e) to be captured from the image /

are denoted by two pixels E (& ,y,) and E (&,,,) with w >y, see figure 3.2.4.
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o Ye| \
> t
E \
m _

, &

X
(a) © (b
Figure 3.2.4
Conversion of coordinates from (&,§) of to (X, ) of a CAD tool. (a) The grid of /. , in

which two pixels E (&,w,)and E (&, ,,)are captured, and (b) shows the new

coordinates of ¢ with proportions as it was captured from 7 but in a CAD coordinate system.

We see that the column index & of / is arranged from left to right like the ordinate
x of an ordinary coordinate system (x,y) but the row index (vertical scalar) y is

pointing downward adapting the matrix notation. Related to this notation we define our
module capturing process in top-down direction. In order to keep the proportion of ¢
when vectorizing it in a conventional CAD coordinate system on the basis of the captured

data E (&,y,)and E (S,,v,), we need to flip the rows y of I horizontally. Let

C., € R* be a CAD coordinate system in which 7 is to be vectorized. A captured pixel

E(&,w) el can be reconstructed as a point v(x,y) € C using the following relationship:
v(x,y) = E,(&,,¥ ~v,) (3.18)

From (3.18) we obtain the start point s(x,y)=E (S, —w,) and end point

e(x,y)=E, (¢, —y,). Both pixels (points) are selected manually from an image of

which the grid can consist of an enormous large number of pixel rows and columns up to
the resolution of the image. Fact is, the higher resolution the input image consists of, the
more accurate we can define the pixel of selection, see figure 3.2.5. On the contrary, the

higher the resolution is, the smaller the pixel size becomes, and thus harder to manually
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3.2. Capturing the Element Structure from an Image

catch one pixel twice. The start point s, ~of an already captured module must absolutely
overlap with the end point e, of the module to be captured otherwise ¢, and #,,, will not

form a continuous sequence which consequently causes problems with the 3D
reconstruction of the captured 2D profile. More details about 3D reconstruction will be

described in the final section 3.4.2.

Figure 3.2.5
Three images of a c-module of a basement in different resolutions. Left: 210 x 210 pixels,
center: 42 x 42 pixels and the right image: 21 x 21 pixels.

To solve this problem we simply need to assign s, =e¢, (we recall that it is a top-
down directional capture). For the first module ¢ of a module sequence
S=(t,...t,,....t,,) we need to capture both, its start- and end point whereas for the
following ¢, for i =2,..., N, we only need to capture the start points s, .

Practically we do not require any further calculations to reconstruct the module
sequence S. However, we want to display some informative properties of the module

during capturing time such as the length / and the angle «,. On the basis of E, and E,

we can compute the length /, using the Euclidean distance:

L=|(v.-w) +(§e—¢z)2];. (3.19)
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We know that y >y, which makes sure that 0<ea,<z. The calculation of
a=(E,E h) with h =(& +1,p) depends on the relation of & and £, and

comprises of two cases:

l. a= arctanLMJ for £ <& and (3.20)
2. a=rx —arctan(uJ for & > &,. (3.21)

After all module vectors are captured from the image and linked to each other as a
sequence, we are ready to map the module profiles to each corresponding vectors. This
process is identical to that presented in section 3.1.4.

The manual way of linking the modules independently from their types gives a
certain combination flexibility which is necessary when dealing with reconstruction of
temple elements with exceptional module structures. It is also aimed to apply for
reconstructing special element structure of other temple styles. The left image of figure

3.2.6 for instance presents a basement of Banteay Srey temple with components n, =2
and n, =1, with exchanged functions such that 4 becomes the central module instead of e

which is in Angkor Wat style absolutely uncommon.

Figure 3.2.6

Left: basement of Banteay Srey
with special structure:

S =(a,b,c,e,c,d,c,e,c, [,a)-
Right: an eroded wall capital of a
tower stage of Angkor Wat with a

structure:
S = (a765e’C5d’C5d’C5f5a’bﬁc5f’a)'

Another purpose of this method is to deal with ATEs with uncommon module structure
and eroded surface with the prerequisite that the start- and end point of each module as

well as the module types are still identifiable. The right image of figure 3.2.6 shows an
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3.3. Reconstruction Based on Image Segmentation

example of this case. The software tool and how this method is implemented are

described in subsection 4.3.2.

Both methods, the reconstruction based on the number of modules and the reconstruction
using capturing modules from digital image, are based on predefined ideal modules.
Therefore it is not to expect that the reconstructed model and the actual object absolutely
match with each other. Nevertheless the feedbacks are more then reasonable and provide
valuable initial information for further experiments and analysis. Reconstructing of
temple elements which are in a good condition however, it is crucial to preserve their
geometric information as much as possible. With this idea in mind we would like to
propose a last reconstruction method which automatically detects the contour or element

profile from the available digital image of the element.

3.3 Reconstruction Based on Image Segmentation

Image Processing, operations for changing, correcting, improving as well as analyzing an
image, has been widely used for engineering and scientific purposes. Technologies and
algorithms that have been found for implementation today are immense. In this section
we will present an operation which belongs to Image Segmentation, a part of Image
Analysis, for detection of a temple element profile from a digital image.

We will begin with some comments on the quality of an input image required for
detection operation. An algorithm for detecting the temple element profile is then
presented in section 3.3.2. We also introduce an algorithm for controlling the levels of
detail of the element profile geometry at detection time in order to optimize the
complexity of the final 3D model. Finally we show the conversion of the captured data

into vector format in AutoCAD.
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3.3.1 Quality of the Input Image

Segmentation operation is used to isolate particular objects from each other or from the
image background. We implement an amplitude segmentation which is based on color
components however, our purpose is not to produce a binary image nor to detect the
whole closed boundary of the object of interest from an image as presented in [Pra07],
[Jah02], [Bax94]. We also will not discuss on image processing techniques to enhance
the input image. Our goal is to identify the coordinates of each pixel element at the
threshold between the temple element profile, which corresponds to a partial boundary of
the whole object of interest, and its background (figure 3.3.1).

We have already seen in previous chapters that for all temple elements we have
taken into account for discussion the module sequence are arranged upward forming the
element profile. Both ends of the profile string define the row pixel section that contains
information of the profile geometry. When we make a photography of the temple element
to use as input image we obtain information of the element profile on the left- and right
side of the object. This is mainly subjected to small scale elements such as column capital
as shown in figure 3.3.1, column base, window grids, etc. We confine our discussion on

segmenting element profile on the left hand side of the image.
Upper limit
Object of interest

Left side Profile

Figure 3.3.1 Background
An input image sample for
reconstruction of the

profile of a column capital.

Lower limit

We define an input image as a grid /., with resolution of ExY¥ pixels as in

section 3.2. The pixel element of [ is defined by E(&,p,g) where g € O denoting the

gray value of £ with 0< g <255 and Q the finite number of the available gray level of
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256 [Jdn04]. A pixel that belongs to the background is denoted by E”, and to the

element profile by E”. In order to segment the background from the element profile it is

necessary that the gray values of the background pixels are different from that of the

profile thus g” # g”. Because we are focusing only on capturing coordinates of the first
pixel of the object at row y, it is not important whether g” < g” or g” > g”. We discuss
the case g” > g”where the background is brighter then the object essentially at the
threshold. Important is that £” >0 which means that for all rows y =0,1,..., ¥ —1 there
must exist at least one pixel E”(0,y,g) to evaluate its gray value g” with g” of the

following pixel E”(1,i,g).

3.3.2 Detection of Element Profile

The idea for detecting the threshold is very simple. For all rows w =0,..,.% -1 we

capture two pixel elements E (&,w,g) and E,(S+1Ly,g), and evaluate the difference,

of E, and E,. The pixels of the background area

of the gray levels Agz‘g§ —8ei

appear uniform but in general Ag has non-zero value with thresholds of E’ and E;

remain minimal. This can be seen from the gray level graphs at three different parts of the

image in figure 3.3.2. In order to tolerate these minimal gray value fluctuations within the
background we define a limitation variable I'e N** such that if 0<Ag<T for all
£=0,1,..,=2~1, then we define E, e £ . At a certain step we obtain the first enormous
fluctuation of the gray values with Ag >T". In this case the threshold of the background
and the object lies between E, and E,. We then define:

E: =E(+Ly) (3.22)
as a pixel element that belongs to the object profile P at pixel column (abscissa) £+1,

and row (ordinate) i, and skip the evaluation to the next row y +1, and repeat the same

procedure.
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When all pixel rows are evaluated, and all E” are identified including their

coordinates we are able to reconstruct the element profile by connecting the pixel (point)
E, with E,, forall ¢ =0,1,...,'¥ —1. To vectorize the data packet in CAD system we
must convert the coordinates from pixel coordinate system into CAD coordinate systems.

Like the conversion in section 3.2.2, we let C_ € R? be the CAD coordinate system in

which the vertex o(x,y)eC corresponding to the detected pixel E’(E,w)el is
reconstructed. We use the following relationship:

Uw(x,y)zE:(f,T—w) forall w =0,1,...,%¥ -1 (3.23)

255

Gray |
Levwvel
a

T T T
Left Position Along Line Right

Gray |
Levwvel

] T T T

Left Position Along Line Riight
255
Figure 3.3.2
Samples of the gray level of pixels in three different frap
rows are recorded. The gray level graphics on right ©
hand side is done by a tool provided by [Bax94]. 0 . : :

Left Position &long Line Right

Input images taken from different direction or different location without artificial
illumination provide different brightness and thus different gray level of the background.
It is therefore necessary to redefine I' to adapt to the background gray level of the actual
input image by taking some samples of few pixels from the background. We will

introduce a method to define I' in section 4.4.
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3.3. Reconstruction Based on Image Segmentation

The algorithm for reconstruction of Angkor temple element profiles based on
segmenting the object of interest presented above returns a highly detailed profile
structure, and is proportional to the resolution of the input image. The number of vertices
v is equal to the number of rows that image / consists of. An input image with a standard
resolution of 800x800 pixels would produce 800 vertices and 799 line segments for a
single profile. 2D reconstruction with such details is still acceptable but it would quickly
lead to data abundance at the 3D level.

On the other hand, some part of a module profile, e.g. the middle segment of a-
module profile is represented by a single straight line. The arcs of b- and f~module for
instance could also be represented by few line segments, and do not require unnecessary
numerous lines segments to form them.

In the following section we present two algorithms for controlling the levels of

detail of the element profile including their advantages and disadvantages.

3.3.3 Optimizing Geometry and Controlling Levels of Detalil

The first algorithm is aimed to optimize the geometry of the element profile. The control
for optimization is based on evaluating the angle difference of two adjacent line
segments. For the case where the angles difference is minimal, we consider both lines as
one single line. In this case the second line segment is ignored, and the geometry of the
element profile becomes one edge less complex. Otherwise it is defined as part of the
element profile, and thus must be preserved. Thus we need to define a deviation tolerance
of the angles in order to control the accuracy of the reconstruction, and the levels of detail
of the object geometry.
Let £ ,E . and E

o E, 2 be three pixel elements representing the nodes of the two

adjacent line segments [/, =(E£,,E,,,) and [, =(E,,,E, ;). [, and [, form with

horizontal lines [EWI,(fWl +l,y/+l)} and [sz,(é+2 +1,y1+2)} the angles 7, and
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7, respectively. We define the difference of y, and y,., by Ay=|y, -7, The
deviation tolerance variable is denoted by 7 € N, where 0 <7 < %
e
Wy B
| 1>
%
+1 4
v B, ,4-7' Yol
Figure 3.3.3 L P
Representation of three detected pixels v+2 v E i J
E,E, andE, , from image I, y+2

and their angles 7,,, 7,.,, and Ay.

Each evaluation interval requires those three detected pixel elements as input data.
As we have mentioned above, the evaluation returns only two type of results:

1. Ay>T: 1, deviates too much from /,, and they must be considered as two
different line segments. In this case the coordinates of all three pixels are saved in the
temple element profile database, and £,,, is set as the initial pixel for evaluating the
following line segments /,,, and / ;.

2. Ay<T: [,and],, deviates minimal from each other. Both lines will be

unified as one line in such a way that £, , will be rejected and removed from the

+1

database. The two remained points together form a new line segment /), =(E,,E, )

which will be saved in a so-called waiting list, and is ready for the next evaluation. As
soon as the system detects the next valid pixel, it is again added to the list to do the next

evaluation, and so forth.
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T=1 T=5 T=10 =15 1=20
T=30 T=40 T=50 T=60 T=/0
|- EEEEEEEEeH a2 |- EREEEEEEE o [-EEEECEEEE o |-REEECEEERE o [-EEEEEEEEEEE in]

lines

Y oy | b, | .
# & B B L

# o #o g i £ &

74 ? 64 ? SR Y As o
lines % lines g lines 'Egl lines B lines &
T=25 T=40 T=50 T=60 T=70

Figure 3.3.4
12 samples for detection of a column capital profile from an input image with a resolution of

I, =ExY =300x186. The difference of the complexity can be seen from the number of lines

identified by vertices shown as small squares along the profiles.
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Figure 3.3.4 shows 12 different simplification levels controlled by 12 different
value of 7, produced by the software tool which we are going to discuss in detail in
chapter 4. In this example we measure the angles in degrees in order to ease observation
of each simplification steps at small changes of 7 value. We see that solely with one
degree limitation 7=1 we already can reduce the complexity by 37 lines. We also can
observe that vertices lying within one straight line are removed, and are only necessary at
corners and curves. This comes out clearly in our examples when 7 >20. The optimal
simplification level amongst all 12 is 7=40. For T > 40 too much geometric information
get lost although the profile still consists of 64 line segments.

In this simplification method all pixel rows are examined, and thus returns a
considerable precise feedback. Even at a level of 7=60 the system preserve the
characteristic of the original temple element profile with all modules (primitive) shape
revealed. For a certain purpose, such as virtual realistic representation of very complex

3D structure with texture mapping, this level would be the most reasonable one.

The second simplification algorithm is based on linear vertex reduction independently
from the gray level of each pixel. Here we skip a certain number of pixel rows at each
pixel detection interval. Doing like this we can reduce the calculation time immensely,
and is proportional to the number pixel rows that have been skipped. This method is very
useful especially when we deal with high-resolution input images to examine different

levels of detail from higher performance downward.
Let LN be the number of pixel rows to be skipped. In addition we define
W' Re N as the new number of pixel rows of image / at L skip and the reminder

respectively. It is crucial that the number of pixel rows to be evaluated is computed in
advanced in order to define the limit of the skipping process. W' is then calculate as
following:
_(¥-2)-R
VYW=>—-"t— 2
L+1 . (3.24)
with reminder R = (¥ - 2)(mod(L +1))
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3.3. Reconstruction Based on Image Segmentation

Figure 3.3.5 presents an example of an input image /

19

with 20 pixel rows, and

shows the homogenous part as well as the corresponding reminder with different levels

L=

...,

10 in different pixel columns. The black colored pixels define the first and the

last nodes of the structure and the gray colored are the evaluated pixels.

Figure 3.3.5

On the right: an example of
input image with 20 pixel
rows, and 10 different
levels of skipped rows L.
Below: 10 samples of
profile detection from the
image shown in figure
3.3.2 which simplification
are solely Dbased on
skipping L.

L=1 L=2 L=3

W'=6 with R=(¥-2(mod(L+1)))=

18(mod4) =2
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Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

Our experiments show that this algorithm together with the previous one can

enhance the effectiveness of the simplification. By increasing the scalar y (when

skipping pixel rows) whereas scalar & remains unchanged Ay gets smaller and thus less

SZEW - é:EW

“sensible” in the difference . Let us denote E,E

.. and £/ the new three

pixels at L #0. From these pixels we obtain two lines /, and /,, which form with a
horizontal line the angles y,, and y, ,, , and further the difference of both angles Ay’ (see

Figure 3.3.6 for the case of L=2). Based on Pythagoras theorem we get:

WE/-H - l//E l//E,/-H - l//E,
cot(Ay)="—"—" and cot(Ay')="——" (3.25)
gEl//-H - ng §E|;/+] o gEq’/
since §EJ/+1 —§EV,/ = §EW+1 —§Ew and Ve, ~Ve |> W, Vs, | We obtain Ay’ > Ay.
Figure 3.3.6 E
Comparison of angle difference Ay - £=0
and Ay’ of two groups of two E,., j
lines, each consisting of three pixels . ’Aj/ -y
E,LE, E,, and E:” , Ey'/+1 , \ N
Er;/ ., with: K
E, , .
Ve, Ve |= Ve, Ve |t 2. "
Yoo
’ 7
Ay' <Ay E,.,
(a) (b)

The result of implementing both simplification methods together at the same time is
presented in figure 3.3.7. In figure 3.3.8 we compared all three methods by selecting
three levels of 7'and L from the already obtained results. We observe in the highest level
of detail for instance; algorithm 1 produces 33 lines, algorithm 2 produces 27 lines and

combined algorithm only 23 lines but the best profile structure.
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3.3. Reconstruction Based on Image Segmentation

49
lines lines %
L=1 L=2
T=5 T=10
Figure 3.3.7
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Eight samples of simplification using both method, evaluating 7" and skip pixel rows by L at the

same time.

Figure 3.3.8
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Algorithm 1: Evaluating A}/ Algorithm 2: Skip row pixels by L Combine algorithm 1 and 2

Comparison of the three simplification algorithms; evaluating Ay (first three profiles), skipping
pixel rows by L (three middle profile), and a combined of both algorithms (last three profiles), each

at three different level settings.

101



Chapter 3. Algorithm for Reconstruction of Angkor Temple Elements

3.4 3D Reconstruction of Temple Elements

In this last section of chapter 3 we will discuss the 3D reconstruction of temple elements
using the 2D profiles we obtained in section 3.1, section 3.2 and 3.3. A Constructive
Solid Geometry approach is partially applied for 3D modeling of ATE, and we provide an
introduction in section 3.4.1. Section 3.4.2 we present an approach to make the opened
line segments of the element profile become a bounded region. Then we discuss on 3D
operations including the so-called extrusion operation that performs the 3D generation of
solid bodies from 2D cross sections, and is mainly applied for 3D reconstruction of

Angkor temple elements. Finally we do the conclusion in section 3.4.4.

3.4.1 Constructive Solid Geometry (CSG) of ATE

3D reconstruction of ideal Angkor temple elements is suggested to implement the
building block approach where each block is represented in solid geometry. This method
allows us to preserve complete geometric information of the objects in order to flexibly
modify the objects using 3D operations such as cut or slice, union, subtraction,
intersection and other Boolean operations during modeling time. Thus each building must
be a valid solid reconstructed from a bounded set. Building blocks of an element are
separately modeled based on distinct simple but sufficient bounded point sets which then
can be generally combination together as a whole. Such model is called Constructive
Solid Geometry [Man88].

The CSG tree representing a single Angkor temple element generally has two
leaves (primitives): leave (a) the sweeping of a bounded element profile I1 of P (see
details in next section) along the ground floor projection (extrude path) Q of the element,
leave (b) sweeping of a bounded Q by the height # of P. The result (¢) is the combination
(union) of (a) and (b), see figure 3.4.1. The CSG tree can be represented as following:

< basement tree > = <solid of basement profile > <union >|

< solid of swept of basement ground floor plan offset >
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3.4. 3D Reconstruction of Temple Elements

Figure 3.4.1

A combination of two building blocks of
an Angkor temple basement as CSG tree
with two leaves (a) and (b), and an
operation (node) union that provide (c).

Results we obtained in section 3.1, 3.2 as shown in figure 3.1.17, and section 3.3
shown in figure 3.35 (the red color profile) are non-closed 2D line segments. In the
following section we discuss on converting the element profile into a bounded 2D point
set as well as abstract representation of 3D reconstruction of ATE profile and the filling

volume as shown (a) and (b) respectively in figure 3.4.1.

3.4.2 Reconstruction of Bounded Element Profile

Before an element profile can be used to reconstruct a 3D solid object the profile must be
modified into a bounded (and closed) region or limina [Mé&n88]. To do this we propose to
add line segments (polyline) such that the start point and end point of the profile are
individually joined with both ends of the line segments. This can be done differently
however, it is important that both objects forms one single bounded region. Figure 3.4.2
(b) for instance gives an example of an invalid combination with a single line that results
three different regions R1, R2 and R3. In contrast to (c¢) and (d), profiles P are joined with

two and three line segments respectively, and each form valid regions. Sample (c) is
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compared with (d) a better solution in terms of virtual realistic representation using basic
plane or cubic texture mapping (a single image of the profile fagade) to the final 3D solid
of the element because the offset distance o =0, and thus the warped texture is not
visible. We will give an example on this subject in chapter 4. For 3D reconstruction of
temple element in this research we focus on sample (d): a combination of profile P with

three line segments.

(a) (b) (c)
R1

Figure 3.4.2
LA

d
(d) A
(a) unbounded basement P R2 —] } ,
profile. (b), (c) and (d)
are bounded by closing
l;
co-

\\/\/,

\4

the line segments with
one, two and three lines R3 \\\
segments respectively.

In order to model a valid bounded region of profile P for 3D generation we should
discuss on some properties of the additional line segments in advanced. There are two
parameters we should consider: the height 4 (height of P) and the offset distance o from
the start point of P (see figure 3.4.2 (d)). The height % is defined as the length of the
middle line segment and can be calculated using definition 2.3.7. Offset distance o must
be defined in respect to property of the extrude path or the ground floor plan of the
corresponding element which P is going to sweep along.

Figure 3.4.3 gives an example on problematic of the offset distance o. In this
figure we show seven different samples of sweeping a profile, as a simple rectangle each
with same height 4 but a varying o parameter, along a given ground floor plan of a
basement. Both bolded lines, the first outer most and second the offset of the outer most

boundary by o, represent the boundaries of the swept profile; the 3D solid.
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O 1 1171 T T

] O T

T O 1

T 1

O 1

1T

Error offset distance from original path

Sample rectangular profile for sweep

On top are front views of the below bold marked border seven of solid samples of sweeping rectangular profiles of height A4,
offset distance ¢ and sweeping along same ground floor plan (path) of a basement. We see case (g) produce error because

the offset distance o = w/2 :

Figure 3.4.3
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The relationship of o with the ground floor plan can be observed from the inner
boundary of the solid. We increase the value of o at each step in such a way that the inner
boundary of the solid overlaps one of the offset lines (offset by a constant value of 2xo0
to the inside direction of the ground floor plan). We observe that the outer border of the
3D solid correctly remains fit with the ground floor plan until step (f). In contrast to case
(g) where o >w/2 (w is the width of the narrowest part of the ground floor plan; in the
example of figure 3.4.3 are the upper- and lower-most parts of the ground floor plan) the
modeler of the system (in this case AutoCAD modeler) produces an error 3D model that
is larger in width and length than the given ground floor plan. Thus we define the
maximum offset o, <w(Q)/2 where o,, € R™, and w denotes the narrowest width of
a ground floor plan QO which profile P is swept along (see figure 3.4.3).

On the other hand we need to discuss on the allowed minimum of o=o,,, € R™
that still preserve the profile boundary as a single bounded region. We recall from section
2.2.3 that module of type c is the only one concave module of which geometry reaches
far deep inside the volume of the element. Another considerable property of module ¢ in
this context is that ¢ plays a roll as connector of almost all convex modules, and thus for
any geometric type of Angkor temple element profile, the geometry of one ¢, always lies
at the right most position compared to the other types. The index i varies by type of
temple element. Figure 3.4.4 gives some example of our description.

We propose for this reason to find out the right most lying ¢ module type in the

sequence P by comparing the abscissa value of its start point x . The minimum offset
Oin 18 defined by:
Opin =X o 1, <O (3.20)
where ¢, is the length of ¢, defines (see figure 3.4.4).
The three line segments [, /, and /; now have the following general parameters:
L=1(s,,e) withs, =(x,,v,), ¢ =(x,+[.,y,),
l,=1(s,,e ) withs, =(x,+/[ ,v,), ¢ =(x,+I .y, ) and

C;

106



3.4. 3D Reconstruction of Temple Elements

L=1(s,,e,) withs, =(x,+1..,y,), ¢ =(x,,y,)-

Basement

Figure 3.4.4

Lowest limitof 0 =0 in

min
relation to the abscissa X(Sc- )

of the start point of module
vector ¢, at i-th index.

For the reason that reconstruction algorithm presented in section 3.2 is also based
on module and produce the same result as that from section 3.1, this method is also define
for modeling a bounded region with that algorithm as well.

Differently must be handled with the profile obtained from image segmentation
because this reconstruction method is not based on modules but sequence of line
segments. Instead of identifying the identity of the right most lying line segment we

simply “scan” for the largest value of abscissa & of detected point, and define x,_ =¢&,,
for i =0,...,n—1 where n defines the total number of pixel rows that have been evaluated

from the input image.

The algorithm for determine x,_,  has the following structure:

Algorithm 3.4.1 (determine abscissa x,_.  of the right most captured pixel)

max

1. Set initial value of x_, =0
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2. For all column index & for i=0,..,n—2 of the detected pixels Eyf see

equation (3.22), do the following:

o If x_  #0 and i<n-2, evaluate the pair £ and &, and select

following case:

o Case &>¢&  tsetx, =¢

o (Case & <&, isetx,, =&,

The minimum offset distance o . then can be define by adding one unit (length

of one pixel) to x_, thus o, =x_ +1. The three line segments can then be modeled

using the same method that has been applied for reconstruction of bounded region of

module based element profile as shown above.

3.4.3 3D Reconstruction of ATE

The 2D profile P has become a bounded (and closed) region, and we can reconstruction a
3D solid model of the temple element profile by spanning the 2D profile along a given
ground floor plan projection of the element. Let IT be the point set of the closed polygon
of profile P in a two dimensional Euclidian space: IT — E*, and let us denote the ground

floor plan Q as a sequence of n line segments v, for i =0,1,...,n. Additionally we define
apoint O €I1,v, as the origin to support IT on vector v,.

The operation of extrusion a polygon along a given path that is implemented by
AutoCAD modeler differs from sweeping operation (Minkowski sum with interval)
presented by [Pao03] in a way that the polyhedron to be translated do not change

direction. In our case the plane of Il that is to be swept along vector v, must be
perpendicular to v, thus v, LE,. We consider extrusion of Il within two adjacent

interval v, and v,,,, where the outside angle £(v,,v,,,) > and x, > x;; do not cover the

+1°

space at the corner of both vectors, see figure 3.4.5 (a) and (b). In order to fulfill the
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3.4. 3D Reconstruction of Temple Elements

incomplete volume we must calculate the infersection volume I,,,, of the extended

Ji+1

volume V; and V,

i+1°

see (c) and (d).

(b)

Incomplete

Figure 3.4.5

(a) Sample for sweeping I with interval v, and v, ,

resulting two solid volume V; and V,
respectively. (b) Representation of uncompleted volume at a corner. (¢) Prolonged solid of
V. and V,,, to find out their intersection which is shown in shaded format in (d).

Before we present the abstract model of the complete extruded 3D model of a 1
along a ground floor plan Q with n intervals (line segments), let us keep in mind the

following proportion.
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Proportion (Sweep): Based on [Pao03] consider the interval [v,.] of a ground floor plan
projection of a temple element as two segments [—V,- /2,v,/ 2] with a midpoint O be the

origin of the point set I1€ E; of an element profile to be spanned by v, with O ev,,T1
and v, L E,. We obtain ¥V, by sweep operation:
Sweep(v,):E} - E* :I1+> I1+[v,] where

V,=I+[v,]= (Sweep(—v,./2) ° Sweep(v[/2))(H) . (3.27)

Intersection of sweeping: Two solids V, and V,, intersect each other in a subset /., is

i+l
called the logical intersection and is described as: (figure 3.4.5 (¢))

AL (.28)

i,i+1
The 3D solid V (object (a) in figure 3.4.1) of sweeping a point set I1 along Q as a

union of a pair wise union of V,and/,, we have obtained in (3.27) and (3.28)

respectively for i =1,...,n and [ 1

nn+l — Tnlct

v=> vurl, (3.29)

Finally the 3D solid of the whole temple element need to be completed by
reconstructing a filling volume W (object (b) in figure 3.1.4), and unify it with V. In some
cases such as that of reconstructing a column or wall, volume # has more advanced form
and function if compared to the basement. For a column for instance # of a column base
is used to fulfill the inner volume however, its extrusion by the height of the column body
and column capital will provide a complete column as shown in figure 3.4.6 (b) and (c).
In this figure we also see that the inner volume of a wall base and wall capital must
remain open. The solid objects of the wall base and wall capital (extruded profile) are
simply glued to the wall body, and thus do not require additional W solid to fill in the
bounded solid.
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Q solid A — solid B = solid Wall
E ’
Q solid B
solid A
(a)
Figure 3.4.6

(a) Modeling a wall based on
extrude path Q and its offset. (b)
The volume W that fills in a column
capital and column base is the
extrusion of the corresponding
column body by their heights. (c)
Application of wall capital and wall
base with wall body.

Although different types of ATE require different treatments to complete its 3D
geometric property, it is crucial to notice that the operations for their production have
much in common. All of them are based on the extrude path Q of the profile point set IT.
The basement and column for example can be completed by directly extruding the closed
extrude path Q that was used to generate V. LPE and UPE mainly wall base and wall
capital on the other hand is to completed with a wall which either can be obtained by the
subtraction of two solid objects, say solid Wall = solid A — solid B where solid A is the
extrusion of Q by the height of the solid Wall, and solid B is the extrusion of an offset
Q' of Q by the thickness of the wall then extrude by the same height of solid Wall with

area A(Q)> A(Q"), see figure 3.4.6 (a). Another alternative is to extrude a give cross

section of the wall alone Q.

3.4.4 Conclusion

In this chapter we have presented three different algorithms for reconstruction of 2D
Angkor temple element profile, and followed by 3D reconstruction using the obtained 2D

profile. The first two are modules based combinatorial algorithms from which the first
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automatically reconstruct ATE profile by analyzing the given type and number of
modules. This algorithm implements predefined construction concepts and rules that the
ancient Khmer architects and artists once might had in mind. The second allows the user
to manually pick each module from available image of the element, and it is thus an
algorithm of a combined concept of reconstructing ideal temple element using input data
from existing element. Last algorithm does not rely on the predefined ideal modules and
construction rules. It detects the element profile from the available input image of a
temple element. This algorithm is the best for preserving and depicting geometric
information of existing element in the 2D vectorized profile, and further in the 3D model.

We finally introduced some suggested methods and operations for converting the
obtained 2D element profile into a final 3D solid object in respect to the structure of
Khmer temple and available 3D CAD operations.

The following chapter we are going to present our software tool which was
designed for implementation of the algorithms and methods we have introduced in this

chapter.
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Chapter 4

Angkor Temple Generator Software Tool

In this chapter we discuss all about our self-written Angkor Temple Generator (ATG)
software tool. We will start with the section 4.1 in which rough description on the
architecture of ATG and how it is designed in Visual Basic for Application (VBA) as well
as the interaction between ATG and its parent tool AutoCAD. Here we give some
instructions on how to access ATG codes for further potential improvements. The library
of ATG, its pipeline structure, the user interface and other features of ATG are shown in
this section too. The following three sections; 4.2, 4.3 and 4.4 we demonstrate the three
methods for reconstruction of the ATE profiles we have introduced in chapter 3, and will
discuss their practical advantages and drawbacks. Section 4.5 we show how to generate a
3D model of the element and introduce methods on how ATG can be best implemented.

The last section 4.6 presents some suggestions on improvement of the ATG tool.

4.1 Architecture of ATG

Autodesk provides two Integrated Development Environment (IDE) in order to customize
and extend controls over AutoCAD; Visual Basic for Applications (VBA) and Visual
LISP. In section 4.1.1 we will give an overview of VBA, and point out the reason we
choose VBA for our project. and describe the functions of Macros as components of

ATG in section 4.1.2. The graphics interface of the tool is shown afterwards in section
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4.1.3 with special features that make ATG powerful and user-friendly. The final section
shows how to load ATG project and how to execute the application. Before discussing
about VBA, we would like to point out the advantages of building ATG on an existing
host CAD tool instead of writing a standalone application.

The major inspiring factor is that we want to bring out our software to a
professional level by providing mutual exchange of significant features of both
applications. Powerful CAD tool equips with a wide variety of features such as Boolean
operations, precise controls on moving, placing, rotating, mirroring, etc. as well as
absolutely precise controls on geometric measurement of 2D and 3D objects to be
modeled. Dealing with highly complex structured models requires an ingenious system of
displaying the monitoring objects in order not to get lost in “the jungle of wires” when
displaying as Wireframe view format at modeling time (see figure 4.1.1). All these
available CAD features are based on highly complex mathematical calculations and

programming tasks which for this project does not make any sense to reproduce again.

Figure 4.1.1

Wireframe view of a part
of the 3D model of Angkor
Wat complex in AutoCAD.

On the other hand, AutoCAD is already widely deployed to assist the architectural
work for reconstruction of Angkor temples. Base on our experience in modeling as well
as programming within AutoCAD, we expect that ATG can be well integrated to work

environment especially to users who are already familiar with AutoCAD.
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4.1.1 VBA IDE and AutoCAD

VBA is an implementation-oriented version of the event driven programming language
Visual Basic (VB). Microsoft does not provide VBA only to the family tools of Microsoft
Office, but also licensed it to several other applications including AutoCAD by
imbedding VBA IDE in that host application (see figure 4.1.2). Although VBA is
somehow limited in terms of controlling AutoCAD features compared to Visual LISP and
Object ARX (AutoCAD Runtime Extension), base on some criteria it is still the best choice
for our project and ATG.

Because VBA compiles the codes real-time as we type, it immediately detects
syntax errors and requires very less time to compile the whole program. This is of great
advantage for testing the codes during design-time. The most outstanding feature of VBA
is the rich resources for developing tools with complex graphic interface, and that is

relatively simple for both beginners and advanced developers of customizing AutoCAD.

Autodesk

Microsoft
AutoCAD

Our Application

Figure 4.1.2
Hierarchy of the interactive systems of ATG, VBA and AutoCAD.

The main purpose of providing an integrated development environment in a
software tool like AutoCAD is to automate specific operations within that tool. The
performance of automation is generally a combination of certain available objects and
functions that can be derived from AutoCAD or can be a new user generated

mathematical and algorithmic expressions.
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There are several ways to load VBA environment from AutoCAD. We suggest
either using AutoCAD toolbar: Tools — Macro — Visual Basic Editor, or we can load it
using AutoCAD command prompt by typing: vbaide . This will generate and load a new
blank project. In order to edit or explore an existing project such as that of ATG, we need
to load that project in advanced. We again go to toolbar: Tools — Macro — Load
Projects..., or using command prompt by typing: vbaload I, then from the Open VBA
Project form window browse for the project file (eg. ATG.dvb), and click the Open
button. We then can load VBA IDE with the required project (see figure 4.1.3). For more

details on loading, saving and managing projects we suggest [Sut04] or [CotO1].

¢ - F\1_MyThesis6UAT Glaty, v
Be B8t Pew feet Fgmat Doy Bn Teoh ke liedow beb
oy e HNEE2 G2 s w

BT My ThestsO8\ATGAalg. dvb - ATG [Code)
o BV My ThesisOBAT Gl el - X_JCRE (Code]
. B My ThesO6\AT Glatg vt - Mod_A (Code)

(General) > 'M}'W

. E_MyThesisDS\ATGLAE. dvb - Sbq_Basomont (Code)

Figure 4.1.3
VBA IDE presented with ATG project and some of its components.

4.1.2 Loading and Executing the Program

VBA applications including ATG cannot be executed without loading its VBA project in

advance. There are three ways to load the project. The first two options use AutoCAD
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menu tool. In AutoCAD menu select Tools — Macro — Load Project..., then from the
Open VBA Project popup window browse for the project file ATG.dvb, and open it. Or
choose Tools — Macro — VBA Manager..., then from the VBA Manager popup window
click Load button to open the Open VBA Project window, and proceed as previously
described. After the project is loaded, click Close button to close the VBA Manager
window. Option three uses the command prompt. Type vbaload —/ in the command
prompt, then the Open VBA Project window appears for browsing the project just the
same as in previous options.

Now that our project is loaded, VBA programming environment is active and
ready for controlling AutoCAD. We now can run ATG. AutoCAD provides two
possibilities to run VBA projects. For user who is familiar with using menu chose 7ools
— Macro — Macros.... The window in figure 4.1.4 appears. From the macro list select
.\ATG\atg.dvb!ATG.ATG, then click the Run button to run ATG macro. Now you
should see ATG main form loaded shown as in figure 4.2.1. The second way to run ATG
is designed for user who prefers command prompt controls. In the command prompt type
-vbarun J, then we are instructed to enter the macro name to run, thus typing atg . Of
course it is possible to run Angkor Temple Detector (ATD) directly without opening ATG
main form in advance. This can be done following the same way we described for
running or loading ATG main form but we must select .\ATG\ATG.dvb!ATD.ATD from
the list in the macros window or type atd / in the command prompt.

We are now ready to have a closer look on how to use ATG and ATD. As we
have seen from earlier chapters that we propose three possibilities for reconstruction of
ATEs. The first method which is based on ATE modules is built on ATG main form, thus
that form must loaded in advance. Other two is based on input images which requires
ATD interface to be loaded. The following section demonstrates the reconstruction of
ATE using the first method.

In the next section we will look closer at the physical structure of ATG in
form of a pipeline. We will provide an overview on macros, and what roll it plays in the

system of ATG.
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4.1.3 Macros and Pipeline of ATG

Macros are groups of Visual Basic scripts that can perform specific tasks of application at

the parent level application which is in this case AutoCAD. A macro can be very simple

like the macro we have defined the name ATG. Its job is simply loading the main form

frmMain that provides further accesses to all other macros of ATG application by

clicking or modifying its controls. Visual Basic script in figure 4.1.4 (a) shows the whole

contents of ATG macro. However some of macros are much more complex.

ATG consists of 46 project modules:

o 4 form modules:

frmMain: Main form of ATG
frmDetec: interface for detection of element profile from image.
frmSettings: form to display options for setting features.

frmPictEnlarge: for enlargement of sample images of element.

o0 32 standard modules
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ATG: for loading main form.

6 modules (Mod_A to Mod_F): for creating the six different
ATE-module profiles (Polyline object) and their properties.

6 modules (Vec_A to Vec_F): for creating vectors (Line objects)
of the ATE-modules and their properties.

Seq_Basement: for reconstruction of the basement vector
sequence.

Seq_ColWalBase: for reconstruction of column-base, wall-base
and LPE vector sequence.

Seq_ColWalCapital: for reconstruction of column-capital, wall-
capital and UPE vector sequence.

Seq_AddXMod: adds the AT-modules to the corresponding

vectors in Modelspace.
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Seq_Text: add module identity (fext object) to corresponding
vectors.

X_Clear: clearing current list boxes before make new
reconstruction.

X_PathCol: create a quadratic extrusion path for the column.
X_PathBaseWal: for creating a sample extrude path for the
basement, wall-base and wall-capital.

X_PathCrown: for creating a circle extrude path for elements
such as the crown, cylindrical column, colonette or window grids,
etc.

X_JCRE: (Join, Close, Rotate and Extrude) for joining all
generated modules, closing module sequence, and finally rotating
the closed 2D profile (see section 3.4.1).

X_Delete2Ds: deleting temporary generated vectors and naming
texts of AT-modules to clean up Modelspace before 3D
reconstruction.

X _Viewports: create multiple Viewports that is recommended for
3D reconstruction using ATG.

Det_Delete2Ds: deleting 2D lines created after detection of
element profile.

Det_JCR: joins, close and rotates the generated line sequence of
element profile.

Det_MinMax: controls the size of frmDetec either mini- or
standard format.

Det_ScaleSeq: scaling the vectorized 2D profile of element to the
required dimension.

Det_Vectorize_LineDect: vectorizing the captured parameter

(image segmentation) of the element from image in AutoCAD.
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» Det_Vectorize_ModCapture: vectorizing the captured parameter
(by capturing modules from image), and add ATG module to the
corresponding vectors.
o 10 class modules

= 6 modules (clsMod(x)vector): to holding properties of the six
different AT-module vectors at modified event procedure.

= clsModText: holds properties of each ATG generated texts at
modified event procedure.

= 3 modules (clsArray, clsArrCol, clsArrRow): to control the

adjacency matrix.

Each macro can be retrieved and run individually from AutoCAD Macro
windows: Tools — Macro — Macros..., or from the command prompt type: vbarun
then enter the macro to be run by name. The macro window appears with the available
macros in the project we have loaded as shown in figure 4.1.4 (b). From this window we
can select a macro and click on Run button. However, in order to access all feature of

ATG it is necessary to load, and work on the two main graphics interfaces of ATG.
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We have seen in chapter 3 that ATG provides three alternatives for reconstruction
of Angkor temple elements. The first is based on construction rule of Khmer temple
architecture, and the last two are based on available photography of the elements. ATG is
design according to this subdivision. The architecture of the three systems is partially in
common. Let us firstly have a look at the pipeline of the system that is based on the
construction rule. Compared to the rest, it has the most complex structure as shown figure
4.1.5.

At first, the system reads the parameters necessary for reconstructing a given type
of ATG-ELEMENTS on the main form of ATG including the number of modules of each
type (see also figure 4.1.6). Then it select the combination rule based on the element type
(special case: basement and UPE) before deriving the required objects from AutoCAD, in
this case a line objects, and sets the corresponding properties including line type as
dashed line and the corresponding color type which distinguishes types of module vectors
as predefined in ATG library. Each line is to be linked to each other with respect to the
construction rule forming up a horizontal sequence of homogeneous module vectors.

In step three, the system adjusts the proportion and angle value of each
component of the element structure. The fourth step makes the reconstructed module
vector structure more readable. Here ATG derives text object, placing it at the bottom
right of the start point of a module vector, and labeled it by the identity of the
corresponding module type as well as the indices (of its type) in the structure. Now that
we know all relevant properties of each component in the element structure, the modules
(module profiles) can be added to the corresponding vectors in the structure.

Up to the fifth step, all processes are done automatically with just a single click on
the COMBINE button of ATG’s main graphics user interface. We obtain a complete ideal
profile of Angkor temple element. In some cases we require to adjust the properties of the
resulting element profile. At this phase we are still able to modify parameters of each
module. In such case, the system simply begins the reconstruction procedure (from step
one to four) as described above anew to reproduce the structure after the newly adjusted

parameters.
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In step seven, ATG retrieves another polyline object from AutoCAD to close the

polyline (module) sequence of the element structure. This operation converts all modules

into one single closed polyline object or region. After this phase, ATG scales the ideal

dimension of element profile to fit the height of the element to be reconstructed.

Figure 4.1.5
Pipeline of ATG
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Finally in the last step, the system rotates the closed 2D region upright so that the

plane of the region is positioned perpendicular to the plain of the extrude path. Then it
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asks the user to move the region and place it at the proper position in relation to the

extrude path, and extrude the profile along that path as it is selected by a mouse click.

4.1.4 User Interface and Features

The compactness ATG graphics form (160 x 650 pixels) preserves large work area or
viewport of AutoCAD for user to operate, and provides access to features of ATG and
AutoCAD easily. This is necessary because ATG depending on AutoCAD modeling tools
and operations such as drawing objects, text objects, viewer etc. Generally if a graphics
user interface (GUI) form of an application is in modal mode, the other forms related to
the same parent application or the parent application itself either must be closed or must
be set to inactive which means no access allowed until the active one is closed. Unlike
pallets and other controls which are parts of AutoCAD controls, we are constrained to
design ATG on a separated form module which makes the switching from between ATG
and AutoCAD GUI a little bit inconvenient though not impossible.

As ATG is loaded, its form is set to modeless. This feature enables accessibility
to both forms; ATG and AutoCAD where AutoCAD has priority. This means that while
we are working on AutoCAD, ATG’s form remains on top of AutoCAD, and can (only)
be accessed by mouse click events on its controls, and is automatically set back to
modeless after releasing the mouse button. A minor drawback is when you need to enter
or modify parameter by keyboard, for instance in a text box, you need to click the Edit
button to turn ATG form to modal, and turn it off when finish.

The architecture of ATG is built in such a way that the user can easily access most
frequently used components including the zaps of each type of module, the main fap and
others components, marked with the red dashed lines in figure 4.1.6., by designing them
close to each other on the main form.

The second important graphics interface is the form of Angkor Temple Detector
which can be loaded by clicking the ATDetector button on the Main tap of ATG main

graphics interface or using command prompt as will be shown in the next section.
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Figure 4.1.7 presents the graphics user
interface of ATD; one for capturing module
properties, and the other being in the process of
detecting the profile from an image of a column
capital of Angkor Wat temple. Unlike ATG, ATD
interface must be designed larger (1000 x 650
pixels) since it deals with digital images as input
data for reconstruction of ATE profiles. It is
therefore also a little bit more inconvenience to
interact with AutoCAD interface. Also on this form
we implement the switch option between modeless
and modal modus, and simultaneously kept on top of
AutoCAD application together with ATG form.

The rest two forms are classified as second-
rated. One of them is used to hold settings
parameters, and can be loaded by clicking the
SETTINGS button on the lowermost part of ATG
main form. The other form holds the enlarged
images of sample drawings of ATE to be
reconstructed, and appears when clicking on the
toggle button with the magnifying glass icon on the
Image tab.

Before we demonstrate reconstructing
Angkor temple elements using ATG and ATD, we
need to know how to run them as being a child
application of AutoCAD. In the last part of this
section we explain what conditions are required in

order to execute these software tools.
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Top: Sequence tab, a tool for module sequence reconstruction by capturing module properties from
a digital image. Bottom: Profile tab, another tool to detect element profile from a digital image.
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4.2 Module-Based Reconstruction Using ATG

In this section we discuss about the functionality of ATG. We begin with input data
required for reconstruction an ATE, and how they are managed in the reconstruction
process. Section 4.2.2 presents the management of ATG objects and data structure
generation. Finally we introduce some special features of ATG for controlling AutoCAD

features to gain advantage for the reconstruction with a reconstruction demonstration.

4.2.1 Input Parameters

Common approaches for modeling objects with comparative similar geometric
complexity as ATE require an image of the objects used as input data to manually
vectorize the profile. Another method is to measuring every geometric detail which is in
practice very limited because of the difficulties in both tasks; measuring and modeling.
These processes must be done manually, and are the most time consuming tasks in 3D
modeling.
In contrast, with the advantages of the predefined algorithms and objects, ATG
requires only two fundamental parametric settings:
e Defining element type to be reconstructed in order to identify the associated
algorithm
e Numbers of modules of each type needed as the composition of the structure.
Reconstruction of a basement for instance, we simply need to set the ATG-ELEMENTS in
the combo box on ATG main form shown in figure 4.1.6 to Basement and required
number of each ATG-Modules right below it. Then a complete ideal profile can be
reconstructed with just a single click on the COMBINE button. Figure 4.2.1 shows an
example for reconstructing a basement profile, and the modeling environment of ATG

with AutoCAD.
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Figure 4.2.1
ATG and AutoCAD modeling Environment, and a sample for reconstructing a basement profile.

More detailed description on modeling using ATG is discussed in section 4.2.3.
Let us firstly have a closer look at the data structure ATG produces based on these input

parameters, and its management of AutoCAD objects.

4.2.2 Object Representation and Data Structure

All objects of any types including 3D object, line, polyline, text etc. that have been
generated in the Modelspace of AutoCAD is identified by individual object identity
called object handle. The name consists of letters or numbers or a combination of both
for instance AEC, 2268, 3C0, etc. and is automatically defined by AutoCAD system.

In order keep full control of all objects that corresponds to ATG it is necessary to
generate data structure in form of ordered lists of object arranged by object type and
module type. Above all we must create an adjacency-list of module vectors (line objects)

that represent the structure of the temple element to holding the handles of all objects.
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Figure 4.2.2 (c) shows three lists of objects in c-module group including module

profiles (polyline), module vector (line) and the naming object (text). The list of module

vectors is the most important amongst them because other related objects are always

referred to the line objects. Moreover, as we have discussed in section 3.1.3, the angles

and lengths settings of ¢ and d-module are defined in regarding their indices in a

particular group, thus we need this list to store them in an associated order as they are

initialized as well as to provide access to the objects for further modifications.
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With the object handle we can get and set relevant information of the object
property. For AcadLine, a class for AutoCAD lines objects used for VBA for instance,
there are following available properties:

e Handle: Get identity of the object

e Angle: Getangle at X-axis proceeding counterclockwise

e Delta: Getdelta of X-, Y- and Z-axis

e EndPoint: Get and set coordinates of its end point

e Length: Getlength

e Normal: Get and set normal

e StartPoint: Getand set coordinates of its start point

e Thickness: Getand set it distance extruded above or below its elevation.
ATG provide access to relevant properties of each objects for the case of individual
modification as for the module ¢5 shown in image (a) and (b) of figure 4.2.2. For more
detailed information for programming AutoCAD objects and their properties see [Sut04].

Another very important data structure is stored as the adjacency-list of objects
consisting in the temple element structure. Here again we store their handles with a link
to the associated object names as shown on the Sequence tab of ATG main user interface
of image (b). ATG is designed for an experimental purpose to observe and analyzing the
reconstruction process. We can observe from software pipeline that it firstly generate the
chain of module vectors. The next step however, scales and rotates the initialized
component with specific factors that breaks down the sequence into individual
components. At this step we use the adjacency list to reconnect them in their current
order.

In relation to ATD capturing tools, this list is used to associate the parameters of
module properties that have been captured from an image to the objects to be vectorized.
We will see the practical use of this term in the next section. After all, this list is also

useful for printing the results of reconstruction or capturing process.
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4.2.3 3D Reconstruction and Special Features

ATG provides a new dimension of 3D computer reconstruction of Angkor Temple. The
very limited requirement of input data and the specific algorithm designed following the
Khmer temple construction rules make possible to reconstruct a complete 3D model of
the temple element with just a few mouse clicks.

More advantageous features of ATG that we must have mentioned is that it
contains of specific repertoire of commands for controlling selective 2D and 3D
operations of AutoCAD system. Each collection of commands automatically executes a
routine of operations for a particular purpose, and is either imbed in a code sub procedure
or can be accessed by mouse click event.

For instance the GET 3D button executes the following:

e Automatically add the three line segments we have discuss in section 3.4.2, join
all polyline objects in data structure to convert the whole structure into one region
e Scale the element profile to fit the required height of the 3D model
e Rotate the profile upright from the ground floor plain
e Extrude the profile a long a given path.
All these operations are automatically executed except the selection of the support origin
O on the profile and selection of the corresponding path which should be done manually.

A demonstrate of module based 3D reconstruction using ATG is given a following.

For the reconstruction demonstration we choose the following input data:
e Temple element type: basement

e Components: S, '=(2a,b,6d,e, f)

asement
e Height of basement: 3 unit
e Define the ground floor projection of the basement (extrude path)
That is all we need as input parameters. Figure 4.2.3 shows a demonstration of the
reconstruction procedure which is divided into seven steps. The time required to precede

the whole process is about few seconds only.
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Figure 4.2.3
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To modify the basement structure we can go to the properties tab of each module
type, and change the default settings with new parameters yet before the fifth step (see
also figure 4.2.2 (b).

The module-based reconstruction approach can be very well intergraded with
more detailed measurements of an available ATE to reconstruct the element following its
current state. This is one of the main tasks of ATD tool which we are going to present in

the next step.

4.3 Angkor Temple Detector (ATD) Tool

Earlier we have introduced that ATD provides two different tools for reconstruction of
ATE, which one of them are based on capturing module (module properties) from an
available digital image of the element. On the other hand, the second tool reconstructs by
automatically detecting the profile from the image. Section 4.3.1 we introduce an image
processing class which is necessary for software development within VBA. Then in the
last two parts we discuss and provide samples for reconstruction using both tools;

capturing module properties tool and detection of ATE profile tool respectively.

4.3.1 Image Processing Class for VBA

Developing software tools for controlling AutoCAD using VBA is almost unlimited as
described by [Cut01] and [Sut04] however, it is very limited when dealing with images
and image processing functions. VBA does not comprise a picture box control from
which properties of picture elements (pixel) of an image can be examined or modified.
Instead an image box is available for loading an image only.

ATD is designed with an image processing ActiveX control called GDPicture Pro
which can be used in various developing environments including Visual Basic, Visual
FoxPro, MS Access Delphi, VB.NET, C#, Visual C++, RealBasic, etc. GDPicture Pro is

a product of a young company called gdpicture.com, founded in 2003 and focusing on
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developing imaging toolkits. For more information we suggest to visit their website:
www.gdpicture.com.

Our main purpose to use GDPicture is to access each pixel of an image of a
temple element from AutoCAD in order to examine the picture properties, and thus the
properties of the temple element. Besides, GDPicture provides many useful features for
handling the image such as zooming, rotating, image quality display, etc. Instructions on
adding the control, system registry, programming reference, and other technical topics
can be found in the documents coming with the toolkit.

We have seen from chapter 3 that the modules capturing tool of ATD does not
require to examine any pixel of the input image however, we use it to capture coordinates

of certain selected pixels. In the following section we present how this works.

4.3.2 Capturing Module Properties

We have already mentioned how to load the graphics user interface of ATD in section
4.1.4. This interface is necessary to be loaded in order to work with ATD tools. From the
File tab we can open an input image, which must be a RGB color channel image because
we have defined color line objects to trace the captured module vector.

As we have identified the first module (topmost module) on the image we must
firstly insert the module type into the system using the keyboard. Then with the mouse
cursor we select on the input image each node of the module sequence in the top-down
directional order. Remark: as a rule, we only need to select the start points of each
selected module. The start point of the preceding captured module is automatically
defined as the endpoint of the module to be captured in order to guaranty a continuous
chain of module vectors. But for the initial module, both ends must be picked.

For this reconstruction method we again need to generate data structures of the
captured element structure. Relevant parameters are the following:

e Module sequence of the whole element structure

e Angles and lengths of the modules in the element structure
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Theoretically it is sufficient to generate data structure of coordinates of the nodes which
are represented by the coordinates of the corresponding captured pixels to reconstruct the
element profile structure. But ATD calculates the lengths and angles of each module real-
time during capturing process from the captured coordinates. Doing this, we obtain a
more informative data of the modules for printing for instance. The modules are
vectorized in AutoCAD using the data structure of the computed lengths and angle
values. To vectorize the results, we simply need to click on the Export 2D button on the

left hand side of ATD graphics interface, see figure 4.3.1.
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Figure 4.3.1
Left: Capturing module structure of a part of a window gird of Angkor Wat temple. Middle:
Reconstruction of the captured element profile. Right: 3D model we finally obtain.

This figure also emphasizes the main advantage of using ATD capturing tool. We
observe that we can freely connect distinct module type with each other in case of
reconstructing special element structure which original structuring concept is apart from
our construction rule. On this window grid element we find a sub-sequence of three d-
modules, and d-module is directly linked with an e-module, for instance which is not

defined in the reconstruction rule of ATG.
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Although the module capturing tool of ATD only provides a half-automated
reconstruction method, it is crucial to have flexible options of combining distinct module
types. After all it is still far faster if compared with conventional modeling methods to
reconstruct complex element structure such as the window grid. For the reason that it
employs ATG predefined module profiles, we finally obtain a highly detailed 3D model.

The following section we present a full-automated approach for detection of

temple element profile from a digital input image.

4.3.3 Detection of ATE Profile

The temple element profile detection tool of ATD, unlike the other two methods, is not a
module based reconstruction tool. Together with the module capturing tool, it is built on
ATD user interface but in a different tab called Profile tab. Here we find various control
options including the both levels of detail controls presented in section 3.3.3, see figure
4.3.2. The parameter T of the angle deviation tolerance is defined here using the slide bar
Angle Tolerance in the Detection Settings frame. Above it we see the slide bar Skip

Reading Rows for setting the number of pixel rows to skip for each detection interval.
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Figure 4.3.2
Left: Detection of a very detailed window grid of Angkor Wat temple. Middle: Reconstruction
the detected profile. Right: 3D model of the window grid.

135
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It is also important to mention the function of Detect Value < X: slide bar. As
default its value is set to 255, the maximum gray value of a pixel. We have seen in
section 3.3.1 that for the case that satisfies the inequality g’ <g”, the pixel E” is
considered as a pixel of the element profile. Thus it is important to set the X value
properly. If we define it too large ATD will register any uneven pixels on the
background, but if it is set too low the system will partly ignore the threshold. Figure

4.3.3 presents an example on setting three different tolerances of the gray value.

e P

B A A AN A

Detect Value < X:
T | 2%

-

Detect Value < X:
1 | 208

Figure 4.3.3
Three different results each of which corresponds to a certain level of tolerated gray
value setting. Left: too large, Middle: too low, and Right: proper value

In order to find out the lowest tolerated gray value of the background pixels, we
have developed a function that records the gray value from a set of pixels that the user
selects from the background. As an input image is loaded the initial value of X = 255.
Thus the first task to do is locate the mouse cursor on the background area, and press the
Shift key. With the key remain pressed down, move the cursor to the likely darkest area in
the background or visible dark spot without crossing over the object (temple element).

We observe that the value of X reduces as we move the cursor to a darker area.
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A well shaded photography of the temple element require no additional
modification to X. Otherwise we might miss a few dark spots that can cause minor
detection error but it can be solved by reducing X by a few levels or use ATD image
editor tool in the Tool tab. Thus to use this tool effectively it is necessary to use good
quality input image with following relevant properties:

e High contrast between object and background
e Prevent distortion: image should be made from large distance.
Finally, to detect the element profile we must click the Detect button.

Unlike the module capturing tool, the data structure generated by this system
consists of coordinates of the detected pixels which will be directly exported to
AutoCAD without additional calculations except to convert the coordinate system (see

section 3.2.2).

4.4 Conclusions and Further Improvements

ATG is a software package that consists of three different tools for a time-saving and
high quality 3D reconstruction of Angkor temple elements with the main focus on
reconstruction of Angkor Wat style temples. The main tool of ATG is based on a brand
new technique which is the result of a combination of ancient Khmer temple architecture

and state-of-the-art technologies in computer science.

Module

ATG

main tool capturing Profile
(module, tool detector
construction (module, (image)

rule) image)

D

Figure 4.4.1

The three tools of ATG for
reconstruction of Angkor
temple elements.

137



Chapter 4. Angkor Temple Generator Software Tool

The deployment of the tools depends on the available input data and the purpose
of the reconstruction. Predefined modules together with the imbedded reconstruction rule
make the ATG main tool to be the most user-friendly tool amongst the other two.

As a completion to it, the module capturing tool of ATD gives the user the
opportunity to freely choose the way of combining the predefined modules. This tool is
specified for reconstruction of non-ATEs as well as complex elements of ATE sorts. It
can be well integrated with input images of temple elements of which surface is party
eroded but the sequence structure could still be identified by the user.

For the case of reconstructing and existing element which is still in a good

condition, and an input image of it exists, the profile detector is the appropriated tool.

Further Improvements: ATG that is attached with this book is a beta version software
package, designed for experimental purposes of this research. Some unexpected errors
might occur when working with this version which must be maintained in the future.
More relevant subjects that we suggest to improve or further develop on ATG are the
following:

e Add user-defined controls for modification of length and angle functions.

e Implement the inverse problem: automate the module shape detection from a
temple element profile of an input image by finding out the most suitable match
between the predefined ideal module profile and the associated module profile on
the image.

e Automate the filling process introduced in figure 3.4.6 (b) to column and
basement and elements with the associated volumes.

e Implement the rule number 3 of the definition of the general condition to

automatically sets the number of c-module based on n, =n, +n, +n, —1.

e Automate ATD 3D reconstruction of elements with basic geometric extrude path:

column, window grids, crown, etc.
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e Element profile detection: Do not begin to analyze the pixels in the proceeding
row y,,, from column index &, =0 but from &, =& —x where x defines the
number of pixel columns to turn back from column &, . This method will reduce
the number of pixel to examine, and thus enhance the speed of detection.

e Develop a user-defined option for selecting the interval of pixel rows to be

detected on the input image.

e Develop multi-level of details of the six module profiles

139



Chapter 4. Angkor Temple Generator Software Tool

140



Chapter 5

Reconstruction Using ATG and Results

In this chapter we are going to present the results of using ATG tools for reconstruction
of Angkor temples and Khmer temples. The first part of this chapter is about 3D
reconstruction of Angkor Wat style temples by taking a library of Angkor Wat complex
as our case study. Further results on using ATG to reconstruct the whole Angkor Wat
temple complex with basic virtual reality 3D models of the library as well as Angkor Wat
are presented in this section as well.

In the second part we discuss the reconstruction of element profiles of non-
AWSTs using ATG tools. We divide them into two groups; the group of temples before
Angkor Wat style period and after Angkor Wat style period, and study the differences of
their architectural properties relative to Angkor Wat styles and ATG modules with

samples of few selected elements.

5.1 3D Reconstruction of the Library and Angkor
Wat

In this section we are going to present the 3D computer reconstruction of temple elements
in Angkor Wat style using ATG and ATD. As a sample for our reconstruction we chose
the southern library which is located on the second level of Angkor Wat temple complex.
Several elements that belong to the library will be separately reconstructed which finally

are composed together as whole, and is presented in section 5.1.1. At the end of this
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section we will also show some more results of using our software tools to reconstruct the
whole Angkor Wat temple complex with virtual reality visualizations of the library and

the Angkor Wat temple.

5.1.1 Measurements and Structuring the Extrude Paths

As for our first reconstruction sample using ATG we select a single building; the so-
called Library of Angkor Wat temple complex. In the Chronology we listed some
relevant descriptions about Angkor Wat including the construction period, the dynasty,
capital, etc. For historical details about Angkor Wat temple complex we highly suggest to
read [Sti82] and [Jac99].

Figure 1.2.1 we have already given some pictorial description of the library as
well as the reconstruction principles that we are going to discuss now in detail. Based on
this figure together with figure 1.2.2 and 1.2.3 we also know that our method for 3D
reconstruction of ATE requires two sources of information: one is the information for
reconstruction of the element profile, and the other is information for reconstructing the
extrude paths of the corresponding profile.

The major information resource we get for this reconstruction purpose is
measured from the hand drawings what were made by EFEO, and published in the year
1969 [Naf69] including the ground floor plan, elevation plan and a cross section of the
library. We will also use information that was gained from the photography of the temple
elements in order to obtain more reliable input data. However, the extrude paths (ground
floor plans of the elements) are totally based on the drawings.

Before we begin with reconstructing the element profiles using ATG, we must
vectorized their extrude paths in AutoCAD in advance. This can be done by importing
the ground floor plan drawing of the library into AutoCAD viewport, and use the polyline

object to manually draw over the ground floor projection of each element.
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Figure 5.1.1

Measurement (in centimeters) of the southern library at the second level of Angkor Wat for
reconstruction of the extrude path of a few selected elements of the library. (a) Measurement of the
ground floor plan, (b) measuring the elevation, (c) vectorized version of the ground floor plan, (d)
height of each path, and (e) isometric view of the paths.
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We can also do measurements of all elements to get their dimension and location
relative to a selected reference point which is generally the main axis of the building.
Then we need to find out their locations on the X-Y plain, the height of each element as
well as their elevation. The measurements we demonstrate in figure 5.1.1 where the
image (a) shows the measurements on the ground floor plan, and (b), on the east-west
cross section. Image (c) shows the top view of the vectorized version of the outlines of
some selected elements, and (d) and (e¢) show their elevations and isometric view
respectively. After the extrude paths of the elements are vectorized and are located in
their proper positions, we can start to reconstruct the element profiles.

From these selected elements let us take a few elements to analyze and
demonstrate the reconstruction methods in detail. We define the name of each element as
shown in figure 5.1.2, and we start with the reconstruction of B1, and then B3, the wall

base W1, wall capital W2, the column C1, and finally the window grid G1.

B0 Bl B2 B3 B4 B5 WI/W2

Figure 5.1.2
Left: elevation of the library and the selected elements for reconstruction. Right: the
extrude paths of the elements.

Remark: In order to assemble each element model on each other properly, we must
make sure that the heights of the element profiles match with the levels of the predefined
extrude paths as shown in image (b) and (d) of figure 5.1.1.
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5.1.2 3D Reconstruction of Elements and Assembling

For reconstruction of B1 we use the photography of the actual basement as input image in
order to reconstruct the profile, and the height of the basement we get from the
measurement in figure 5.1.1. We firstly try to reconstruct it using the main tool of ATG
that is based on the predefined reconstruction rule and ideal proportional settings of the

modules. From the image we can identify the structure of Bl as S, :=(3a,b,4d, /). We

give these input data to ATG, and obtain a profile with the module structure:

Sy =Gab, c,d,c,d,;c,a,,c:d,sc,,dgc, f,ya).

Figure5.1.3
Comparison of the
reconstructed profiles
with the profile of the
actual basement BI1.
(a) Using ATG with
predefined  module
proportion  settings.
(b) Using ATG with
adjustments to the
predefined  propor-
tions. (c) Using ATD
capturing tool. (d) the
3D model of B1 using
profile of case (c).

Image (a) of figure 5.1.3 shows the results of using this tool. We observe that only

a few modules of the profile match with those in the image including ,c, , a, («, f and
;a . With some manual adjustments to the properties of the modules we obtain a better
result. In this case it matches |a, b, ¢, ;c, f and ;a, see image (b). However we get a

much better results when using ATD capturing tool to capture each module manually as
shown in image (c). The 3D model in image (d) is the result of using the profile (c) with

the corresponding extrude path B1 shown in right image of figure 5.1.2.
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ATG is not yet equipped with all functions for controlling the module
proportions. At the moment it consists of a fixed U-shaped function for controlling the
lengths of the modules. We might obtain better results if implementing other functions
that we have presented in chapter 3. Another problem we meet here is that the central
module ,a of B1 is not positioning exactly on the central axis of the structure which we
noticed by a horizontal dashed line on image (b) whereas this ATG tool always produces
a profile of which the central module lies exactly in the middle of the profile.

Basement B3 is a more complex structured element. Its composition is

S;;=(2a,b,6d,e, ), and again we try using the ATG main tool to reconstruct its

profile. A serious mismatch can be seen also in this case as shown on image (a) of figure

5.1.4. With some adjustments to the initial proportions we could match a, b, c, e, c, f
and ,a, see image (b). The same as for reconstruction of B1, the best result can be

obtained here when applying the capturing tool of ATD (image (c), (c1) and (c2)).

Figure 5.1.4
Reconstruction of the profile of
B3. (a) Using ATG with initial
parameters, (b) with manual
adjustments to the lengths and
angles of deviated modules, (c)
using ATD capturing tool, (c1)
and (c2) are the profiles of case
(¢), and (d) 3D model of B3.
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We observe that the module-based reconstruction method is ideal for the
reconstruction of elements that is partly broken as the .d of B3 which is totally lost but
we still could define its start- and end point, and thus could reconstruct its ideal state.

The remarkable property on basement B3 is the profile of module e. The central
arc of the module profile is larger than that of ATG, and almost covers a semicircle. In
order to reconstruct such extraordinary element profile we suggest using ATD detector
which, of course, requires a suitable input image.

Extraordinary in terms of sequence structure is the wall base W1. We see that two
convex modules, the  d and b, are adjacent modules which conflicts with the
construction rule of ATG. With this available input image (b) as shown in figure 5.1.5,
we have no other option then using the module capturing tool. Except for some minor
artistic variations of forming the d-module profile (,d and ,d ), the result can be
considered as perfectly matching with the origin. Temple element with such properties

can only be reconstructed using either the ATD capturing tool or ATD detection tool.

(@)

Figure 5.1.5
Reconstruction of wall base (W1) using ATD capturing tool. (a) Reconstructed profile of W1,
(b) compare the result with input image, and (c) the 3D model of W1.

In contrast, the property of the wall capital W2 and the property of its input
image for the 3D reconstruction allow us to have three options to find out the most
appropriated reconstruction method. ATG tool provides a proper module sequence

structure, however, also in this case it occurs some deviations which can be seen on
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image (al) of figure 5.1.6. The module capturing tool as expected provides is a better
solution. In (bl) we observe a considerable mismatch of module ,d that causes by its
special function of what we would define as the transitional module from wall capital to

the gutter or the other way round. The form of the lotus motif was probably depicted in

order to adapt this transition, see the side cross section of the library in [Naf69].

Figure5.1.6

Reconstruction of the wall capital W2. (a)
and (al) using ATG, and (b), (bl) and (b2)
using ATD capturing tool. (c), (c1) and (c2)
are results of using ATD detector.

)

Image (c), (cl) and (c2) shows the results of implementing the detector tool, and

(c1) (c2)

we see the difference of the quality of both 3D model (b2) and (c2). We see that using the
module-based reconstruction we obtain a clearer and smother geometric structure than

that from the detector. The zigzag effect of model (c2) however, also caused by the low
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5.1. 3D Reconstruction of the Library and Angkor Wat

resolution as well as the poor quality of the input image. We will see better results of
using the detector a little bit later.
The column base of C1 consists of only three types of modules with the input

S

column base

=(2a,4c,3d) . As image (a) of figure 5.1.7 shows, ATG produces from these

input data an appropriated module sequence: S

ot base = (@5 Cod oy Cyd ey d,, cyya)
but with serious mismatch with the photography of the element. A relatively acceptable
result we obtain when using the module capturing tool. Image (b), (bl), (b2) and (c)
shows the resulting 2D and 3D model respectively.

A crucial remark we must make at this point is that there is a certain simpli-

fication of the geometry of d-module profile. Observing the ideal geometry of ,d, the

part that is bounded by the dash-lined square number 1 in image (bl) was not depicted on
the module of the real column base. This simplification causes the mismatch in this
reconstruction but also causes difficulties for identifying the joints of each module.

A fully illustrated form of d can be mostly found on large scale elements as well
as elements that are directly faced to the eyes of the observer. An example for the latter
case is the column capital. The simplified part of d on the column base can be clearly

seen on the column capital, and is shown on image (e) of figure 5.1.8.

(@) ® by (02 ©

Figure 5.1.7

Reconstruction of the column base C1. (a) using ATG with adjustments of module proportions, (b)
using ATD capturing tool, (bl) highlights the parts of potential simplification on d-module profile.
(b2) are the results of (b), and (c¢) the 3D model of column base C1.
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Let us demonstrate the 3D reconstruction of the column capital C1 by using the
hand drawings made by the EFEO [Naf69] as input data. We discuss the reconstruction
of this element in a close relationship with the other form of simplifying d-module profile
that is marked by the dash-lined square number 2 on the image (b1) of figure 5.1.7.

From image (b) of figure 5.1.8 we observe that using the ATD module capturing
tool it again, gives a much better match with the drawing if compared with case (a) which

uses the ATG main tool. The reason for the deviation of module ,d is similar to the case

that we have discussed on the column base above, but here the upper part of d-module

profile was left away. We see that the shape of ,d appears alike that of f, which the

draftsman of this drawing obviously discerns as the f. This can be seen clearly on (c)
where we use the finstead of d which almost perfectly matches with the drawing.

To solve these problems we suggest two methods. The first is to use ATD profile
detector with an available input photography of the element, and the second method is to

adapt the simplification of d-module profile for the case of reconstructing column capital.

Figure 5.1.8

Reconstruction of column capital of Cl. (a) Using ATG with
adjustments of module proportions, (b) and (c) using ATD
capturing tool, and (d) using the detector. (e) is a photography of
the actual element, and (f) the 3D reconstruction using profile (d).
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This means that we must improve ATG in such a way that it automatically simplifies the
uppermost part d-module profile.

Image (d) and (f) show the results of the 2D and 3D reconstruction of Cl
respectively using ATD detector to detect the profile from the drawing, and we can see
that the 3D model is already almost identical to actual element in image (e).

The temple elements with highest structural complexity are the colonnettes and
the window grids which do not belong to ATEs, and thus it is not possible to use the main
tool of ATG to reconstruct them. But we can use the module capturing tool as we have
demonstrated in figure 4.3.1, however, figure 4.3.2 also showed that there are some
components that do not belong to ATE modules. It is therefore not always possible to
apply this method. For the reason that such elements comprise of a large number of

modules, practically it is suggested to use the profile detector to reconstruction them.

A
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Figure 5.1.9

Reconstruction of the window grid G1 using
ATD detection tool. (a) is Input image, (b)
the profile detection on the negative version
of the input image, (c) the reconstructed 2D
profile, (d) the 3D model of the element, and
(@) (b) (© (d) (e) a 3D model of a window with the grids.
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Figure 5.1.9 shows the reconstruction of the window grid G1 using a photography
of the element as input image for the profile detection. We consider that, compared to the

input image for reconstruction of W2 in figure 5.1.6, the resolution of this image is much
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higher. As a result, we obtain a highly detailed and smooth 3D model which can be seen
from image (d) and (e).

Now that all selected elements are reconstructed, we can assemble them together
based on the positioning data we have obtained earlier in figure 5.1.1 image (e). We
almost get a completed raw 3D model of the library as shown in figure 5.1.10. We see
that the highly detailed 2D profiles of the elements produced by ATG tools finally give a
high quality 3D model of the temple as a whole.

Figure 5.1.10
Assembled model
of the library.

5.1.3 Virtual Reality and 3D Angkor Wat

A basic virtual reality rendering with texture mapping using only one photo of a typical
Angkor temple sandstone layer grid applying to the complete 3D models of the library
immensely enhance the realistic appearance of the temple, see figure 5.1.11.

Further results on using ATG to reconstruct the whole Angkor Wat temple
complex is shown in figure 5.1.12, as well as in appendix C. All other results including
images, animations, ATG and a test version of AutoCAD 2007, and an electronic version

of this thesis are found in the attached DVD. All of them are copyrighted materials!
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(b)

Figure 5.1.11
Both images are 3D Virtual Reality Rendering of the Library using Autodesk VIZ 2006 rendering tool
based on the 3D model produced by ATG.
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Figure 5.1.12
Computer reconstruction of Angkor Wat temple complex. (a) raw 3D model (uncompleted) of the

temple complex of which elements are distinguished by colors, and (b) Virtual Reality Rendering of
the temple using only one texture of a stone grid. The measurements for this 3D model are taken from

drawings of [Naf69], EFEO.
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We experienced that the reconstruction of complex structure such as Angkor Wat
using highly detailed 3D models of elements can quickly leads to data overflow, and
immensely slowdown the modeling process as well as the visualization performance. To
avoid this problem we suggest reducing the level of details of small-scale elements and
elements that are not supposed to face closely to the observer.

In order to obtain a more photo-realistic representation of the 3D model we must
apply more advanced techniques in computer graphics. An important technique for the
enhancement of the appearance of the fine art works especially the details of lotus motifs
on the geometry of the modules is the advanced texture mapping technique. Each element
should be applied with individual texture in such a way that the lotus motifs on the
texture exactly match with the 3D geometry of the corresponding modules. Secondly, we
must apply the bump mapping, to improve the bumpiness of the element surface thus

bringing the carvings on the stone onto the front, see figure 5.1.13.

Figure 5.1.13

Computer reconstruction
of the main basement of
the central building of
Angkor Wat temple.

In the following section we will present some samples of using ATG tools to
reconstruct element profiles of temples that do not belong to Angkor Wat style temples.
For our case study we select elements with special properties, and discuss them relative
to the properties Angkor Wat styles elements as well as pointing out the most suitable

reconstruction tool in each case to obtain the optimal results.
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5.2 Reconstruction of Non-AWSTs

In this section we present some results of using ATG tools for reconstruction of temple
elements for non-AWSTs. We distinguish these temples into two groups. The first Group
consists of temples which have been constructed before Angkor Wat style period and the
other after this period. For our reconstruction samples of the first group we select
elements of the Bakheng, Kravann and the Banteay Srey temple, and from the second

group the Ta Prohm, Banteay Kdey, and the great Bayon temple.

5.2.1 Temples before Angkor Wat Styles

At first sight we realize that the element components of earlier temple styles such as the
Bakheng are the ATE modules very much alike. Without any doubt we could say that
they provided architectural basis for later temple constructions thus also Angkor Wat
style temples. The architectural structure of the uppermost terrace basement however,
also consists of a component which does not belong to ATE modules; those

corresponding to the ,c and ,c. Nevertheless, they have the same architectural function

as the c-module. We replace them with the ¢, and reconstruct the basement profile using
the ATD module capturing tool as shown on image (a) of figure 5.2.1. The obtained

structure S

asement = A5 D51 € €55 €y a5 ¢, d,, ¢, f 55 a) 1s not a symmetric module sequence
structure as the basements structure of ATE. We observe that the e-module occur at the
(common) position of the d-module.

Using the input image shown in this figure we can also apply the ATD profile
detection tool to exactly reconstruct the basement profile as depicted on image (b). At
this point we can summarize that the ATD profile detection tool is applicable for
reconstructing all types of element profiles of any Khmer temples styles. Thus in the

following discussion we will give no more samples on using it to reconstruct the element

profiles.
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Figure 5.2.1

Reconstruction of two elements of Bakheng. (a) and (b) using module capturing and the
ATD detector tool respectively to reconstruct the basement of the uppermost terrace. (c)
capturing the modules of the wall base of the main tower. Drawings are done by EFEO.

The image (c) of figure 5.2.1 shows further samples on using module capturing
tool to reconstruct the wall base of the central tower of Bakheng temple. The same as for
the reconstruction of the basement profile in (a), a considerable mismatch here causes by
the primitive form of c-module profile which are related to ,c and ,c¢ of the reconstructed
module structure. Observing ,c from this image however, it clearly shows that the full
geometry of c-module has already been used from this period (see chronology). But we
also observe a very special combination of a simplified d-module with only a part of the
ATE c-module profile which is the part that corresponds to (,c, d) .

Although both selected elements of Bakheng temple have properties of which

reconstruction is beyond capabilities of ATG main tool, we still could use the ATD

capturing tool and the detector to reconstruct their profiles with minor imprecision.

In about 921 AD, two decades after the reconstruction of Bakheng, the five towers brick
stone temple of Kravann was constructed. On this temple we can clearer see the
similarity between the components of their elements with ATE modules. But we also see

some uncommon compositions such as the column capital of the central tower porch.
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Figure 5.2.2

Reconstruction of a column capital of
the central tower of Kravann temple: (a)
using ATG main tool, and (b) using
module capturing tool.

Reconstruction of a wall base: (c) using
ATG, and (d) and (e) using capturing
tool where (d) adapt to c-module, and
(e) share the overlapped area.

In image (a) of figure 5.2.2 we show an ordinary ATE structure imbedded in the
column capital structure of the Kravann temple. The whole structure of this column
capital however, is a complex element. In order to reconstruct the whole structure with
the most possible match, we need to improvise the module combination by forming a

dual c-module structure below the d-module then connecting them with the last two ,a

and | f, see image (b). We obtain S

column capital

=(f,a,c,c,d,c, f,,a) of which

architectural function of c-module is unclear, and uncommonly the f'occurs twice.

Figure 5.2.3 R -=]-- Overlapping area

Adjacent modules ¢ and d of the
wall base shown in figure 5.2.2
which overlaps one another.

In contrast, the wall base of the central tower of Kravann is clearer structured, and
satisfies the ATE structuring condition. It is therefore possible to use ATG to reconstruct

the profile as shown on image (c). On this element we also observe simplified forms of
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the d- and/or c-module. We use the expression “and/or” because a part of both profiles
overlap each other. Image (d) of figure 5.2.2 shows the result of capturing the modules of
the wall base in such a way that whole form of c-modules are preserved. Compared with
the result as shown on image (e) we see a better match if we share the overlapped area in

the middle to both modules as shown in figure 5.2.3.

The temple that is very well-known in grace and beauty of detailed fine art works is the
Banteay Srey temple, constructed around 941 AD. Lotus motifs on their elements are
very well depicted, even clearer than that of Angkor Wat style temples but their module
profiles are still the earlier styles alike, the Kravann and Bakheng. We will see that the
reconstruction results are also similar to the previous reconstruction cases however, and

we begin two special characteristics of Banteay Srey.

Figure 5.2.4

Reconstruction of element profiles of Banteay Srey using ATD
capturing tool. (a) UPE of a stair rail, (b) basement of the central
building, (c¢) and (d) column capital and column base respectively.

The first considerable element of Banteay Srey is the “banister”, which for other
temple styles normally is a part of a basement, and thus its profile is identical with the
profile of that basement. In this case it is not. In relationship with ATE, we can consider
it as a bounded wall with typical wall base and wall capital. Image (a) of figure 5.2.4
shows the reconstruction of its UPE using the module capturing tool (see also (al)). We

observe the minor mismatch causes by the simplified d profile and the primitive form c.
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Another special module structure (element) if compared with Angkor Wat style
temples, is the main basement of the central building (image (b)). Its module structure:

S

vasement = (18051 € €5, C,d 5 500, C, |, a) comprises of two of e-modules and one of d-
module with the reversed architectural function of one another. We use the capturing tool
to reconstruct the basement profile in (b).

The last two reconstruction samples of Banteay Srey elements are the column
capital and column base shown on image (c) and (d) respectively. The module structures
of both elements are typical ATE structures which allow us to use ATG main tool to

reconstruct their profiles. We obtain better results however, when using the ATD module

capturing tool as presented in that figure.

Conclusion: It is possible to use ATG tools to reconstruct the element profiles of earlier
style temples before Angkor Wat style period, but in some cases with a limited matching

precision if based on ATG modules and the predefined construction rule.

5.2.2 Temples after Angkor Wat Styles

Now let us discuss on using ATG tools to reconstruct elements of later temple styles. The
three temples, The Ta Prohm, Banteay Kdey and the Bayon, belong to the group of
temples constructed during the reign of the great king Jayavarman VII, 1181-1220 thus
about three decades after Angkor Wat styles. We observe that the quality of carvings and
lotus motifs presentation are a little bit lower than earlier temples however, during
Jayavarman VII’s period a large number of temples have been constructed as many as
almost all other Khmer kings together, see chronology.

The elements of Ta Prohm temple (1186) are well structured with components
which are very much ATE module structures alike. It is therefore possible to use ATG to
reconstruct their profiles but here again the ATD module capturing tool provides better
results as shown in figure 5.2.5. Ta Prohm might have elements with special module

structure but our rough investigations could not confirm of such irregularity.
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Figure 5.2.5
Reconstruction of elements of Ta Prohm temple. (a) wall base, (b) and (c) are respectively
column base and column capital of a porch.

Similar to Ta Prohm can be observed from the Banteay Kdey temple. This temple
was constructed around the same time with Ta Prohm, but is a little bit less complex
structured. The artistic and structural properties of their elements are almost identical, and

thus can be treated in the same way.

(b)

Eglj):lest\rr,uzcﬁon of elements of the Banteay Kdey temple using ATD module capturing tool. (a)
and (b) are respectively a column base and column capital of a porch, and (c) a colonnette.

Our last samples are the reconstruction of element profiles of the great Bayon
temple (1190), the second largest Khmer temple. Most module structures of its elements
follow the construction rule of ATG. For this, we provide two examples on recon-
structing a column base and a column capital as shown on image (a) and (b) of figure

5.2.7 respectively. We observe that the module sequence could be reconstructed by the
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construction rule of ATG but the proportions of the modules are not the same as that of
ATG. Case (a) can be reconstructed by ATG with less proportional adjustment however,

case (b) requires too much adjustment, and thus the capturing tool is suggested instead.

Figure 5.2.7

Reconstruction of elements of the Bayon temple complex. (a)
and (b) are respectively the column base and column capital
of a gallery colonnade, (c) and (d) are two different
basements, and (e) a part of a porch’s colonnette. Drawings
are done by EFEO.

Image (c) (basement of northern staircase of Bayon complex) and (d) (main
basement of its northern library) show extraordinary module sequences of two different
basements of Bayon complex. There are basements of which module structures are

identical to AWST basements, but these selected basements have a considerable

structure: S

asement = (Ao 051 €51 €5, €5, d 5 C50 8, Cn d g Cre, C, f,, a) with three e-modules of
which two play the roll of d. Such structure could not be reconstructed by ATG. The
results in (c) and (d) but also (a), (b) and (e), are provided by ATD capturing tool.
Another special factor that motivates us to show these two examples is the
uncertain geometric form of the e-module on structure (c) if compared with (d). By
looking closer at e-modules of (c) we realize that the carvings belong to a common e-
module type however, its profiles rather fit to a d. In the reconstruction we did not
identify them as the d-profiles because the predefined ideal profile of d in ATG would

produce a 3D surface which would not match with the actual e-module texture. The
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concept of combining a d-profile with an e-texture is without doubt a very interesting
idea, and should be considered as part of the arts. Nevertheless, based on the predefined
ideal modules we are constrained to improvise, and select the best possible way which in
this case an e-module profile as case (d) also confirms.

The last reconstruction sample of case (e) shows the similarity of elements
(quality of art works and module structure) of the temples that have been constructed
during the reign of Jayavarman VII. We can compare (e) of figure 5.2.7 with (c) of figure
5.1.18. The overall structure of this colonnette comprise mainly of the cropped part of the
whole colonnette that is shown on the left hand side of (e). Thus theoretically we need to

reconstruct only a selected section, and copy it to place to the other parts.

Conclusion: There are not many different styles of temples after the period of Angkor
Wat style temples though, it does not mean that fewer temples have been constructed. For
the reason that most of them had been constructed within a short period of time in one
reign of king, and probably designed by the same temple architects, the temples could be
treated in the same way in terms of reconstruction. On the other hand, in most cases the
architects seem to implement the construction rules imbedded in AWST which allow us
to use almost all three tools of ATG to reconstruct them.

We can conclude that ATG main tool which is based on the predefined modules
and the construction rules has the feasibility to provide proper module sequences but
often with considerable mismatch with the input data. Thus it is not suitable for
reconstruction of existing elements. Nevertheless, it is a useful tool and suitable for
building new drafting of traditional Khmer temple design. The module capturing tool and
the element profile detector of ATD on the other hand, can be applied to reconstruction
almost any type of Khmer temple element with molding characteristics, and is suitable

for reconstruction of existing objects.
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Chapter 6

Conclusions and Outlook

Summary and Conclusions

The overall goal of this research is to provide computer-aided supports for preservation,
restoration and reconstruction of the UNESCO world heritage temples of Angkor in
Cambodia. With our “devotion to detail”’, and knowledge in Khmer arts and temple
architecture we were able to generate a combined approach, together with the available
state-of-the-art methodologies in applied mathematics, computer science and computer
graphics, to develop a computer-aided design software tool called ATG which is
specialized for highly detailed 3D reconstruction of Angkor Wat style temples.

With the results of this research we could confirm that one of the most important
architectonic symbolisms of Angkor temples architecture is the sacred lotus flower which
has been an essential iconography in Buddhism and Hinduism. We have discovered a
construction rule which potentially had been an important part of the original construc-

tion rule that was developed by the ancient temple architects.

Description of the Method (Chapter 1 - 2)

First of all we have provided a rough overview of the history of Angkor temples relative
to the problematic we are facing today. Most of the about one thousand years old temples
of Angkor are still waiting for new technologies and methods for restoring the collapsed

ruins whereas some are in danger of collapse. Some temples again are structural in a good
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condition but their priceless carvings are shattering everyday which needed to be
preserved and well documented as soon as possible.

Computer assisted design and methods are of great supports in this digital age
however, the highly detailed structures and carvings of the temple elements cause vast
difficulties for 3D computer reconstruction and modeling. Up-to-date known
reconstructions are very limited quality 3D models, and moreover architectonic geometry
is often improperly reconstructed.

With the knowledge in traditional temple architecture and construction philo-
sophy as well as experience in 3D computer graphics and modeling we expect to be able
to generate a user-friendly software tool of which reconstruction system is strictly based

on the Khmer temple architecture, and thus could assists the reconstruction process.

The observations on Angkor temple architecture showed that there is an architectural
pattern on the temple elements which are depicted as decorative moldings, and occur
almost anywhere on the temple structure. The moldings comprise of particular
composition of six different types of lotus motifs. The cross section of these lotus motifs
are defined as the six modules of Angkor temple element structure.

Our investigations also showed that each module has its individual architectural
function of which the proportions and the way they structured vary by the function the
modules and the element type. The structuring pattern of the modules further allows us to
setup a directed graph that represents the rule for structuring the six modules.

Based on these two major definitions we have developed the following:

e Six different names for the modules, a, b, ¢, d, e and f, and the data structures of
their 2D module profiles geometry.
e Mathematical model in form of an adjacency matrix that represents the rule for

structuring the modules.
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Algorithmic Approaches and Software tool (Chapter 3 - 4)

In chapter 3 we present three different sets of algorithms each of which is for three
different reconstruction methods of the ATG software tool:

e ATG Main tool: used for the reconstruction of 2D element profiles based on the
predefined ideal module profiles and construction rule.

e ATD module capturing tool: used for the reconstruction of 2D element profiles
based on the predefined ideal module profiles with the proportional and sequential
properties captured from an input image.

e ATD element profile detection tool: used for the reconstruction of 2D element
profiles from an input image by detecting the profile shape directly from the

image.

The analytic data of the architectural functions of the modules that we obtained in the
chapter 2 are used to setup the initial conditions in order to control the implementation of
the construction rule thus producing a proper module sequence of the element structure.
The conditions vary by groups of element types; LPE, UPE and elements with Non-
alphabetic ordered module sequences, and are defined separately.

We have measured and analyzed the proportions of modules from nine selected
photos of basements in order to find out the ideal functions of the length- and angle
proportions of the module vectors. As a result, we found out that only the proportion of c-
and d-modules require a function; the cosine function is suitable to apply for
representation of their ideal length functions, whereas the angle proportion is a linear

growth function.

The concept of ATD capturing tool is very simple. With the manual mouse clicks on the
joints of each defined module of the element module structure on an input image, the
system can reconstructs the current state of the element profile with ideal modules. The

advantage of using this tool is also because it does not require a special input image.
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However, the element structure must be visually well identifiable (by the user) as well as
skills in recognition of module type are the essential prerequisites for using this tool.

For the reconstruction of elements which are still in a good condition, we further
provided the ATD element profile detection tool. It is fully automated, and is applicable
not only for reconstruction of elements of Angkor Wat style temples but any kind of
elements (with molding) of any styles of Khmer temple. It is especially useful for
reconstruction of very complex structured elements, and it provides options for

controlling the levels of detail to optimize the geometry of the final 3D model.

Results and Experiments (Chapter 5)

ATG main tool still requires to be improved in its proportional control functions in order
to use it for reconstruction of the existing elements. For the moment it is rather suitable
for drafting new construction projects of traditional Khmer temples.

The module capturing tool is only partly automated, and suitable to reconstruct
elements with limited structural complexity however, based on the reconstruction tests
and results, it seems to be the best tool for reconstruction of element profiles which are
eroded or partly lost.

ATD profile detection tool is a very user-friendly tool, and it is not only
applicable for reconstruction of any Khmer temple element, but also other non-Khmer

building of which the element geometry is depicted in form of moldings.

Outlook

We have seen in our reconstruction tests that there are mismatches between the profile of
the actual elements and that generated by ATG main tool. There are few reasons that

cause these mismatches:
e Ideal proportion: we need to develop advanced options for the adjustments of
both proportional controls; the function of lengths proportion and angle

proportion.

168



Outlook

e Advanced form of c-module: we observe that in some cases, when the jut effect
of an element is large; such as the basement of Banteay Srey temple (figure
5.1.16, image (b)), the shape of c-modules of the UPE is the vertical flipping of c-
module of LPE. On the other hand, we have also seen a primitive form of c-
modules on earlier style temples which can be considered as a horizontal flipping
of the a-module. Thus we need to generate a family of c-module profile as well as
new algorithms for placing them properly in the module sequence.

e Advanced form of d-module: we have mentioned two different form of the
simplified d-modules geometry in figure 5.1.7. Both simplified d-module should
be generated, and analyze their architectural function in order to setup an

appropriated algorithm for the implementation.

We suggest developing a real-time matching of the predefined module profiles with a
particular segment of a detected element profile from an input image. This can be done
by fixing the end point of a selected module (selection is based on the general condition
of definition 3.1.1 in chapter 3) at the initial point of detection on an image whereas the
start point of the module is fixed to the last detected pixel of an input image.

As a result, we would obtain a sequence of ideal module instead of a chain of line

segments of which module proportions are automatically detected from the image.

The ATD image viewer provides access to external hardware such as digital camera or
video camera which gives us the possibility to develop a 3D scanner using the depth from
active triangulation method which is one amongst many other of 3D imaging methods
introduced by Jahne [Jan04]. It would be useful not only for 3D recording and
reconstruction of element profiles with all the 3D lotus motifs but also for scanning and
documenting the priceless carvings on the temple walls in 3D. Moreover, the obtained 3D
data structure could be converted real-time in form of point clouds or triangles into
AutoCAD. This 3D information could be very well combined with the 3D model of the
temple generated by ATG tools.
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Appendix A

Figures and Tables

A.1. Measurements of Module Proportions from Images

In this appendix we present the materials and the way of measuring the module
proportions of the nine selected basements used for the graphs in figure 3.1.10, 3.1.11,
3.1.14 and 3.1.15. The distinct colored dimensions correspond to the six different types of

modules; a (magenta), b (cyan), ¢ (yellow), d (green), e (blue) and f{red).

Basement 0.1 - "-'_' _ g s 4 R . Basement 03!

Basement 01; is the main basement of the southern library of Angkor Wat on the second level,
Basement 02; the eastern main basement of the central building of Chao Say Tevda temple, and
Basement 03 is the main basement of Angkor Wat central building.
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A

Basement 07. ' Basement 08 ~ ‘- Basement 09

Basement 04; basement of the terrace of Angkor Wat’s western pavilion, Basement 05;
southern main basement of Angkor Wat central building, Basement 06; main basement of a
pavilion of Angkor Wat, Basement 07; basement of a stair case of Angkor Wat, Basement 08;
uppermost level basement of a stair case of Angkor Wat, and Basement 09; main basement of
Chao Say Tevda central building.

A.2. Symmetric Properties of the Angle Proportion of ¢c- and d-modules

In section 3.1.3 we have analyzed the length and angle proportions of modules from the

nine selected basements shown above. We observed a symmetric property of two
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modules types; ¢- and d-modules from the module sequences. Such cases are shown

Table A1l marked with a (*) symbol.

Baserment 01 Basement 02
. T—Q, T—Q T—, T—Qa
e 1] e a, | L a, a, o
8 95 B X
7 6
90.84 88.63 96.36 X
6 99.08 1907 5 105 .62 9543
5 5045 1018 4 76.65 99 .38
4 a1.18 92.76 12056 a5 3 10415 4083 103.35 * 80.64
3 2 ®
6146 92 81 8094 6093 521 9578 74 .38 8057
2 2141 88.83 89.18 9147 * 1 66.18 X 84.54 #ALUE!
1 54.34 84.33 X #ALUE!
Baserment 03 Basement 04
8
101.01 x
7
94 4 106.13 6 1084 X
6 5
96 65 103.25 1013 102 .08
5 4
95 44 93 61 80.21 108 45
4
79.15 81.76 8446 * 86.39 * 3 10245 7654 98.79 * 7185 *
3 2 *
74.73 86.24 8335 TB.78 86.44 7892 Ter 7784
2 1 *
68 57 8167 856 7387 63.92 X 706 #UALUE]
1
65 76 7899 Ed #YALUE!
Baserment 05 Basement 08
8 107.71 = =
7 95.59 98 67 6 g .41 X
6 11127 94 03 5 101.09 100 38
5 a0 44 9925 4 9783 11041
4 a0.59 89.35 pose * a0.75 3 82.64 ar.04 g7 ¥ 69.69
3 7381 91.6 68.73 * 85.97 2 70.57 9092 7881 79.62
2 67.04 8987 8441 a143 1 5513 X 63.59 #ALUE!
1 63.1 X 732729 X #YALUE!
Basement 07 Basement 08
4 117.28 X 4 138.07 X
3 93.64 10051 3 12137 114 .28
2 68.83 90.02 oeas * 79449 2 5518 8343 50.63 * 6572
1 63.06 X 5272 ¥ #YALUEL 1 40.93 X 40.93 * FVALUE!
Basernent 09
4 108.26 x
3 53.74 97.28
2 63.08 84.29 96.26 82.72 *
1 5146 X 7374 #ALUE!

Table Al: List of measured angles of c- and d, and the symmetric property of angle proportion.
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Calculation of the Module Proportion

B.1 Ideal Angle of ,a and ,a of UPE and LPE

Our investigation on thirteen LPEs and UPEs shows that the initiator ;@ of an UPE and

. 5 .
the terminator ,a ofanLPE o , =7 -« EEﬂ' with .ae S, and ,ae§,,,. Thus we

24

define o ,=7-a ,= %7[ as the ideal angles of the related elements.

24

B.2 Angle Proportion of LPE

The ideal angle proportion ¢, of modules for r={c,d} and {a,e} e#(d) in LPE vary

s . r .
from « , to  , within the interval [alt,z] The difference A, between o, and o,

is calculated based on (3.11) section 3.1.3:

The angle value « , at the index i:
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E—Ol alt(nt_1)+(i_1)(ﬁ_a,tj
@, =a,+Aa(i-l)=a,+(i-D)| 2—|= 2

n —1 n —1

t t

a n/g/ﬂ——za ——+ f

n -1

ZU—D+qu—ﬂ.

n —1
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Further Results

Reconstruction of the Library of Angkor Wat

—
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Photo of Angkor Wat Complex
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Further Results

Reconstruction of Angkor Wat Complex
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Reconstruction of a column capital of Angkor Wat temple

Reconstruction of a column capital of Banteay Srey temple
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