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AĶňŉŇĵķŉ

Modern three dimensional digital archiving technique provides a reliable assistance to

archaeologists. Although a number of culture heritages and relics have been preserved

by digital modelling so far, how to further utilize those three dimensional data andmine

the deep information is still under exploration.

In this thesis, an approach of classical sculpture analysis via three dimensional model

comparison is discussed. In order to ėll in the current gap between subjeČive reasoning

and rarely accessible cultural relics, we explore a complete framework for digital classical

sculpture comparison. ĉis framework consists of mainly three steps: model

construČion, alignment of twomodels and difference evaluation. Having three

dimensional models in hand, a Region of InterestGuided Alignment is introduced so

that it becomes possible to emphasize ĝeciėc regions onmodel. Euclidean distances of

correĝondent point pairs between twomodels are calculated as indicator of shape

difference andmoreover, those are colour-coded to present the intuitive difference

distribution. In addition, quantitative evaluation of those point to point distance is

introduced to achieve numerical similarity assessment.

Experimental results using real three dimensional scanning data of several statues

shows the effeČiveness of our method. Inferences based on our comparison results

appear to be consistent with historical materials, which assures us that our method is

reliable as a base of sculpture analysis.
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No two leaves could ever be exactly the same.

GoĨfriedWilhelm Leibniz

1
IntroduČion

TŇŏĽłĻ to recover the whole piČure of all aĝeČs of social lives based on records and
relics, archaeological research gives us a way to trace the Ěow of our history. As an
important kind of culture relics, classical sculptures never fail to fascinate archaeologists.

Besides of the aesthetic impression, the comparison serves as the basic stage of the
whole sculpture analysis Among varieties of ways of research. Information such as
sculpture ėneness or similarity appear direČly by contrast andmoreover, such
information give us hint to unveil more. ĉe ancient sculpture construČion process, the
aĨribution of a masterpiece... Mysteries underneath sculptures are waiting for us to solve
and fortunately, they can be explored by shape comparison.

ǉ



ǉ.ǉ SĽŁĽŀĵŇ SķŊŀńŉŊŇĹň CŃŁńĵŇĽňŃł

Narrowing down the topic of sculpture comparison, we would like to focus on statues
which look similar to each other. Similar statues include from different copies of one
statuary type, to different statues with same pose or even different charaČers just sharing
alike parts(such as foot or hand). ĉus our comparison enjoys the beneėts to be limited
to concrete sense rather than abstraČ description such as symbolic meaning or emotion
expression, so that make digitalization feasible. Fig. ǉ.ǉ.ǉ shows an instance of similar
sculptures.

(a) (b)

Figure 1.1.1: Two marble replicas in Glyptothek, Munich. (a): Satyr I; (b) Satyr II. Both
these two statues are Roman copies of a Greek original— the Resting Satyr by Praxiteles
(ca. 320BC).

Ǌ



But difficulty still exists. Appreciation of sculpture depends upon the ability to
reĝond to form in three dimensions. ĉat is perhaps why sculpture has been described
as the most difficult of all arts; certainly it is more difficult than the arts which involve
appreciation of Ěat forms, shape in only two dimensions ¹.

Just as HenryMoore said, “A sculpture has requirements more than two-dimensional
shapes and also relates to distances judgement or depths perception. People develop the
ability to judge roughly three-dimensional distances mainly for personal safety and
praČical needs, unfortunately however, though they may aĨain considerable accuracy in
the perception of Ěat form, they do notmake the further intelleČual and emotional effort
needed to comprehend form in its full ĝatial existence. On the other hand, a sensitive
observer of sculpture must also learn to feel shape simply as shape, not as description or
reminiscence. Hemust, for example, perceive an egg as a simple single solid shape, quite
apart from its signiėcance as food,or from the literary idea that it will become a bird.”

Such high accuracy requirement gives modern computer vision technique a chance to
play its strength. Perhaps it is a good idea to trace what a sculptor must did thousands
years ago just by analysis the shape of his works. Under the shape diĝlacing in the air for
centuries, we hope to disinterred a past era where ancient sculptures strive continually to
think of, and use, form in its full ĝatial completeness and emotion expressions. Let the
what sculptor most cares, the shape, tell story itself.

ǉ.Ǌ MŃŉĽŋĵŉĽŃł ĵłĸGŃĵŀň

Given a certain statue, usually archaeologists would like to ėgure out the following
questions: Who is this statue? Which period does it belong to? Where was it used to be
placed? Who is the sculptor and what did he want to express through his work? And so
on. To get all these questions solved, subjeČive analysis is highly relied, meaning that

¹HĹłŇŏMŃŃŇĹĉe Sculptor Speaks fromĉe Listener
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experience, sensitivity and imagination are pivotal in archaeological studies.
In this thesis, we focus on comparing classical sculptures from the viewpoint of ǋD

digital archiving. Specially, the comparison between alike copies of one statuary type
and similar statues arouse our interests. With highly accurate three dimensional model
of sculptures, previously impossible processing such as arbitrary cut and view form
inside can be achieved now. Moreover, comparison of three dimensional models shows
us result by exaČ number. It is a method independent on human sensation so that
human error is avoided. With precise comparison and quantiėed analysis, we aim to help
archaeologists ėll the gap between subjeČive hypothesis and objeČive evidence.

ǉ.ǋ RĹŀĵŉĹĸWŃŇĿň

ǉ.ǋ.ǉ TŇĵĸĽŉĽŃłĵŀ SķŊŀńŉŊŇĹ CŃŁńĵŇĽňŃł

Traditionally, archaeologists analyse differences between classical sculptures mainly
by comparing plaster casts or photographs.

In representative works [ǉ], the way how craĜsmen creating statue copies in ancient
times are discussed and the authors further evaluate shape similarities with ǊDmanually
generated contours and silhoueĨes. Fig. ǉ.ǋ.ǉ.

However, since most shape information is dropped in the processing, this kind of ǊD
comparison is not accurate enough. Besides, it is difficult to illustrate subtle differences.

In a word, these approaches suffer from several disadvantages. For instance, there will
be information loss if only ǊD photographs are used; taking plaster casts is usually a
energy-consuming task andmay cause physical damages to the original as well.
Moreover, traditional method based on subjeČive judgement is not as convincing as
quantitative analysis. ĉerefore, demand of novel comparisonmethod comes into being.

ǌ



ȕ.ȗ. RELATED WORKS Ǎ

(a)

(b) (c)

Figure 1.3.1: An example of traditional sculpture comparison methods. (a) this figure is
the explanation of how the Roman copies were made using comparison by profile line[1]. (b)
and (c) shows an example of feature contour extraction. (b): the target model; (c): ridges
and valleys on the target model[2]

.



ǉ.ǋ.Ǌ DĽĻĽŉĵŀHĹŇĽŉĵĻĹ AŇķļĽŋĹ

In the recent studies about cultural heritage preservation and analysis, ǋD digital
replicas play an increasingly important role [ǋ]. With the help of ǋD scanning
techniques, accurate digital copies of real-world objeČs are widely used in various
archaeological studies.

A famous work about digital archiving of cultural heritage such as Digital
Michelangelo ProjeČ [ǌ] preserved the ǋDmodel of famous sculptures and initiates in
the research of digital archive. BayonDigital Archival ProjeČ, another representative
work about modelling cultural heritage is presented in [Ǎ, ǎ]. Notice that the entire
building of the Bayon temple at Angkor ĉom was digitally recorded, moreover, novel
scanmechanisms were in utilization[Ǐ], new sensors were developed, such as Climbing
Sensor[ǐ] and Flying Laser Range Sensor[Ǒ], and newmodelling techniques were
proposed including fast alignment and parallel merging[ǉǈ].

With the obtained digital copies, further analysis can be explored, such as to restore
and classify those famous Bayon facial sculptures [ǉǉ, ǉǊ]. Besides, with the help of
digital archiving technique, a repetitive use of model parts for different bronze statues in
a sculptor’s workshop has been aĨested in [ǉǋ]. Moreover, a trial of sculpture
categorization via local shape comparison[ǉǌ] has been proposed in Ǌǈǉǋ.

ǉ.ǋ.ǋ SļĵńĹ CŃŁńĵŇĽňŃł Ľł CŃŁńŊŉĹŇ VĽňĽŃł

Shape analysis and comparison is an aČive ėeld in computer science as well. A typical
approach to analyse a set of shapes is statistical shape analysis, which is discussed in [ǉǍ].
Statistics are measured to describe geometrical properties of similar shapes and usually
Principal Component Analysis (PCA) [ǉǎ] is used to analyse the shape variability.
Besides, partial shape matching methods, such as [ǉǏ, ǉǐ], also play an important role in
shape comparison task.

Serves as a basic step of shape comparison, how to get correČ andmeaningful shape

ǎ



correĝondence is also a important topic in this issue. A survey done by Kaick, et. ac in
[ǉǑ] reviews the progression of the research on shape correĝondence. Correĝondence
problem could be divided to some branches: dense vs. ĝarse, partial vs. full, nonrigid vs.
rigid. Each of them has its own challenges and usually has relation to another. For
instance, rigid registration with full matching is discussed in [Ǌǈ–ǊǊ] while in [Ǌǋ–ǊǍ],
authors focus onĝarse correĝondence with more general case. Non-rigid matching
problem is another huge category andmore general. Non-rigid but isometric
correĝondence[Ǌǎ–Ǌǐ] and further constraint-less cases such as in [ǊǑ] and [ǋǈ] are
explored reĝeČively. ĉe trend that shape correĝondence develops from low-level
pure geometry analysis to the higher-level problem of semantic reasoning, and has
promoted the research of shape comparison accordingly.

Inĝired by those prior works, we would like to step forward beyond digital archive, to
quarry the messages leĜ by our ancestor sculptors. Speciėcally, we focus on the
comparison of classical sculptures by three dimensional modelling and analysis method.

ǉ.ǌ PĽńĹŀĽłĹ Ńĺ SķŊŀńŉŊŇĹ AłĵŀŏňĽň ŌĽŉļ SļĵńĹ CŃŁńĵŇĽňŃł

Basically ĝeaking, the pipeline of our sculpture analysis with shape comparison
includes two parts. One is the relatively low level geometric analysis part: ǋDModels
Pair-wise Alignment & Spacial Distance visualization; the other one is the high level
Reasoning &Hypothesis based on the shape comparison results. ĉese two parts
sometimes iteratively work in our pipeline.

ǉ.ǌ.ǉ PĵĽŇ-ŌĽňĹ ĵŀĽĻłŁĹłŉ& ĸĽĺĺĹŇĹłķĹ ŋĽňŊĵŀĽŐĵŉĽŃł

ĉis part is based on the precondition ǋDmodels are already available. In alignment,
twomodels are set in one coordinates and overlaid together as much as possible under a
certain criterion. In our case, a rigid alignment method with nearest neighbour rule is

Ǐ



utilized to align two similar sculpture. Furthermore, a Region of Interest Guided Alignment
is introduced so that it becomes possible to emphasize the key part. Distances of point
pairs between twomodels are calculated as indicator of shape difference andmoreover,
those are colour-coded to present the intuitive difference distribution. In addition,
statistical evaluation of those point to point distance is introduced to achieve numerical
similarity assessment.

ǉ.ǌ.Ǌ RĹĵňŃłĽłĻ&ļŏńŃŉļĹňĽň

Based on the numerical comparison result, processing such as calculating statistic
index can be implemented. Combined with historical material in archaeology, further
reasoning is deduced, hypothesis is proposed and new ėnding is discovered.

ǉ.Ǎ CŃłŉŇĽĶŊŉĽŃłň

We explore a complete framework for numerically comparing ǋD sculptures. Given
two copies of a same original, we ėrst rigidly align them together with the consideration
of local emphasis, and then visualize the shape differences between correĝonding
points.

Compared with previous methods where only ǊD silhoueĨes manually obtained are
used, our analysis contains richer information and is more accurate as well. With the
visualized dissimilarities between statues given by our method, it is much easier for
archaeologists to compare similar sculptures for further analysis.

Furthermore, experimental results using real three dimensional scanning data of
several statues shows the effeČiveness of our method. Inferences based on our
comparison results appear to be consistent with historical materials, which assures us
that our method is reliable as a base of sculpture analysis.

ǐ



ǉ.ǎ TļĹňĽň OŋĹŇŋĽĹŌ

Chapter Ǌ explains the whole framework of shape comparison. ĉis framework
consists of ǋ parts: preprocessing andmodel construČion, ROI-guided alignment and
numerical expression of sculpture difference. It demonstrates how the preference of
emphasizing area approaches and the user friendly result expression.

Chapter ǋ shows the application of sculpture comparison in hypothesis veriėcation
based on precise comparison analysis. For instance, as for the reproduČion process,
many archaeologists believe that instead of overall copy, ancient craĜsmen copy
sculptures part by part, since target statues are usually relatively large. Another example
is the aĨribution inference. For an anonymous work, if certain similarities can be found
between it and a statue whose aĨribution is known, we believe that it is reasonable to
infer that their sculptors or at least their workshops are the same.

In Chapter ǌ we take one step forward to proposed inferences and claim our assertions
based on comparison result. ĉe contents are composed of discussion of Polykleitos’s
models, the copy reliability ranking problem of several “Doryphoros”, the “canon” of
ancient sculptures and the trial of “ideal” standard copy construČion.

Chapter Ǎ concludes the whole thesis. We review the main contribution and
summarize applications as well as limitations. Possible extensions and future work are
also discussed in this chapter.

Ǒ



2
ĉeShapeComparison Framework

In this chapter, we will introduce the framework for digital classical sculpture
comparison and explain how it works. ĉis framework consists of mainly three steps:
model construČion, alignment of twomodels and difference evaluation.

Ǌ.ǉ PŇĹńŇŃķĹňňĽłĻ ĵłĸŁŃĸĹŀ ķŃłňŉŇŊķŉĽŃł

Ǌ.ǉ.ǉ PŇĹńŇŃķĹňňĽłĻ

Generally ĝeaking, in order to obtain a complete ǋD digital copy, scans from different
viewpoints are necessary. Since these pieces of raw data cannot be direČly used for our
further analysis, a preprocessing, including data cleaning, hole ėlling, registration and
merging, has to be carried out ėrst. Detailed description about this preprocessing can be

ǉǈ



found in [ǋǉ, ǋǊ].

Ǌ.ǉ.Ǌ MĹŇĻĽłĻ ĵłĸMŃĸĹŀ CŃłňŉŇŊķŉĽŃł

Notice that for the merging processing, the method proposed in [ǋǊ] is utilized.
BrieĚyĝeaking, modelling objeČ shapes frommultiple range images requires three
processes: correČion of measurement errors, registration of data shapes, and integrating
them as a uniėed shape representation. ĉe utilized merging method solves these tasks
simultaneously. Discrete samples of the signed distance ėeld (SDF) of the objeČ surface
are used as the shape representation. If the data shapes are registered correČly, the SDFs
should match in the common coordinate system. ĉe data shapes are ėrst integrated by
averaging the data SDFs assuming that they are roughly preregistered. ĉen, each data
shape is registered to the integrated shape by estimating the optimal transformation.
Integration and registration are alternately iterated until the input shapes are properly
registered to the integrated shape. Weighting values are controlled to rejeČ outliers
derived frommeasurement errors and wrong correĝondences. ĉe proposedmethod
does not suffer from cumulative registration errors because all data shapes are registered
to the integrated shape. From the SDF shape representation, a polygon surface model is
direČly generated. ĉemethod was tested on synthetic and real range images.

ĉe limitation of the utilized merging method is that it needs to assume the data
shapes are roughly preregistered in advance, which can be given by correĝondence
establishedmanually or automatically by using existing techniques such as invariant
features, graphmatching, geometric hashing, or combinational optimization.

Fig. Ǌ.ǉ.ǉ shows two digitized Satyr statues aĜer preprocessing, which correĝond to
the same sculptures shown in Fig. ǉ.ǉ.ǉ.
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(a) (b)

Figure 2.1.1: Digital copies of the two Satyr sculptures shown in Fig. 1.1.1. (a): Satyr I;
(b) Satyr II.

Ǌ.Ǌ Ał ROI-ĻŊĽĸĹĸ AŀĽĻłŁĹłŉ

AĜer entire digital copies have been obtained, we align these ǋDmodels for further
comparison. Here the term “alignment” means that we would like to automatically adjust
the position and posture of one objeČ, including rotation, translation and scaling,
making it match to the other as much as possible. Notice that since target objeČs are
supposed to be very similar to each other, just rigid alignment methods would be
adequate.

Ǌ.Ǌ.ǉ CŀĵňňĽķĵŀ RĽĻĽĸ AŀĽĻłŁĹłŉ

ĉe Iterative closest point (ICP) algorithm, ėrst introduced in [ǋǋ], is the current
baselinemethod for rigid shape registration. It is used to align two objeČs byminimizing
the average distance between their point clouds.

ǉǊ



ICP is oĜen used to reconstruČ ǊD or ǋD surfaces of the same objeČ from different
scans which sharing overlap parts. It can be applied to localize robots and achieve
optimal path planning, to co-register bonemodels, and so on. ĉe algorithm is
conceptually simple and is commonly used in real-time. It iteratively revises the
transformation (translation, rotation) needed to minimize the distance between the
points of two raw scans. BrieĚyĝeaking, the transformation estimating procedure is as
follows.

Inputs: Make initial estimation of the transformation between two clouds of points.
Set the threshold for stopping the iteration.

Output: reėned optimal transformation.
Regard the “nearest neighbour” point as correĝonding point, set up correĝondence.
Essential steps are:
ǉ) Estimate transformation parameters using a mean square cost funČion.
Ǌ) Transform the points using the estimated parameters.
ǋ) Iteration (re-associate the points and so on).
In the “classic” variant of the ICP algorithm for rigid alignment, given two point sets as

P and Q, an assignment is established between every point p ∈ P and its closest point in
Q, according to a given distance metric. In this meaning, ICP becomes a full
correĝondence method. An illustration of ICP is shown in Fig. Ǌ.Ǌ.ǉ.

Several variants of ICP have been proposed. In Zhang’s work in ǉǑǑǌ[ǋǍ], a modiėed
K-D tree algorithm is proposed for efficient closest point computation, and a statistical
method based on the distance distribution is used to deal with outliers, occlusion,
appearance and disappearance, which enables subset-subset matching.

What should be paid aĨention to is that the initial positions of the point sets
tremendously inĚuence the ėnal result of the ICP algorithm, because the ėrst
correĝondence is derived from this initial estimation. ĉus, a crucial step in ICP-based
methods is to perform a pre-alignment of the shapes so that the algorithm keeps off
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Ȗ.Ȗ. AN ROI-GUIDED ALIGNMENT ǉǌ

Figure 2.2.1: This figure shows a typical iteration process of ICP, which is originally pre-
sented in [34]. Initially, the closest points are found and connected by green lines. Then in
step 1, the scene set is update by Rot1 and Trans1, and the correspondences change. The
new closest points are connected by pink lines, not the previous green lines. From step 0
to step 3, the scene set keeps move closer to the model set. This process will repeat until
convergence, which means the two point sets are aligned well.



geĨing trapped in local minima. ĉis issue is addressed by different forms of
pre-alignment. ĉe classic solution is to automatically pre-align the shapes with Principal
Component Analysis (PCA)[ǊǊ]. Recently, another effeČive solution has been also
proposed which is pre-alignment based on the reĚeČion symmetry axes of the
shapes[ǋǎ].

Ǌ.Ǌ.Ǌ A ROI-ĻŊĽĸĹĸ AŀĽĻłŁĹłŉ

In this paper, a fast alignment using index images, an extended version of ICP,
presented in [ǋǏ], is included. It is a fast, simultaneous alignment method for multiple
range images.

Generally ĝeaking, the most time-consuming task in aligning range images is
searching correĝonding points. ĉe fastest searching method is the Inverse Calibration
method. However, this method requires pre-computed lookup tables and precise sensor
parameters. In [ǎ], a fast searching method is proposed using index images, As shown in
Fig. Ǌ.Ǌ.Ǌ. It works as look-up tables and are rapidly created without any sensor
parameters by using graphics hardware.

ĉis algorithm employs points and planes to evaluate relative distance. ĉe
correĝonding pairs are searched along the line of sight. Here, the line of sight is deėned
as the optical axis of a range sensor. Denote onemesh as the base mesh and its
correĝondingmesh as the target mesh. An extension of the line of sight, from a vertex of
the base mesh, crosses a triangle patch of the target mesh and creates the interseČing
point. In order to eliminate false correĝondences, if the distance between the vertex and
the correĝonding point is larger than a certain threshold value, the correĝondence is
removed. ĉis correĝondence search is computed for all pairs of meshmodels.

ĉough the threshold distance is given empirically as lgiven, it is compared with the
average distance of all correĝonding points r̂, and the smaller value is seleČed as lth,

ǉǍ



Figure 2.2.2: Searching for corresponding points along the line of sight. This figure is
originally presented in [6], and reproduced here with permission.

which is deėned as below:

lth =

{
lgiven if lgiven < r̂,
r̂ otherwise.

(Ǌ.ǉ)

Here r̂ is deėned as:

r̂ =
ƥ
N

N∑
i

∥yi − xi∥, (Ǌ.Ǌ)

where N is the number of vertices included in the base mesh.
We apply this algorithm on two under-comparing statues in order to get the optimist

transformation that best aligns these two objeČs. Fig. Ǌ.Ǌ.ǋ shows a demonstration of
this rigid alignment process.

Speciėcally, consider that in our sculpture comparison case, the situation of sculpture
damage or parts missing happens, it hardly satisėes one to one correĝondence. For

ǉǎ



Ȗ.Ȗ. AN ROI-GUIDED ALIGNMENT ǉǏ

Figure 2.2.3: A demonstration of rigid alignments. Satyr I in red and Satyr II in green.



example, in Fig. Ǌ.ǋ.Ǌ(b), nose, chin and some place in forehead are heavily damaged so
that it is hard for these parts correĝond to “correČ” points on face of statue shown in
Fig. Ǌ.ǋ.Ǌ(a). ĉerefore correĝondence search which includes all pairs of meshmodels
seems not so fair. In order to handle this problem, a Region of Interested (ROI) guided
alignment method is further explored.

In this ROI-guided alignment strategy, only well kept parts are counted when
alignment implemented. In this Satyr heads case, only data above eyes are utilised to
calculate the rigid transformation parameters. ĉus higher precision will be achieved.
Alignment result is shown as Fig. Ǌ.ǋ.Ǌ(e).

Ǌ.ǋ NŊŁĹŇĽķĵŀ EŎńŇĹňňĽŃł Ńĺ SļĵńĹ DĽĺĺĹŇĹłķĹň

Based on the alignment results, we adopt a correĝondences matching method based
on nearest neighbour point searching. Our matching strategy is simple: for each point
on one statue, we search the closest point on the other one, and assign it as the
correĝonding point. ĉen distances between these correĝonding point pairs can be
used to evaluate the shape difference. Further more, this kind of distance are visualized
by colour map; Statistical Indicators are introduced to achieve objeČive evaluation.

Ǌ.ǋ.ǉ DĽĺĺĹŇĹłķĹDĹĺĽłĽŉĽŃł

Given correĝonding point pairs v and vc obtaining from base and target objeČs
reĝeČively, as well as the normal veČor nv at v, the signed shape difference can be
deėned as:

d .
=

{
sgn(nv · (vc − v)) · ∥(vc − v)∥ if vc ̸= v,
Ƥ otherwise,

(Ǌ.ǋ)

where sgn(·) is the sign funČion. Fig. Ǌ.ǋ.ǉ illustrates this calculation.
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Figure 2.3.1: An illustration of calculating the distance between two shapes, which are
denoted with dotted and solid lines respectively. Originally presented in [38] and reproduced
here with permission.

Ǌ.ǋ.Ǌ DĽĺĺĹŇĹłķĹ VĽňŊĵŀĽŐĵŉĽŃłŌĽŉļ ķŃŀŃŇ-ŁĵńńĽłĻ

In order to make comparison result more intuitive and easier to understand, we
visualize these signed shape differences similar as [ǋǐ]. Points are stained according to
their correĝonding signed shape differences. ĉus the distribution of difference (or in
another word, dissimilarity) is achieved at the same time when each pair of
correĝondent points are coloured according to distance.

An example is illustrated in Fig. Ǌ.ǋ.Ǌ(f). It is possible to set the threshold of
visualization arbitrarily. In our case, dark blue and dark red are assigned to represent
minimum andmaximum reĝeČively. Zero, marked as green, means two correĝondent
points overlap completely, in another saying, two objeČs are exaČly same on this ĝot.
Areas where distance beyond threshold will be shown as black. ĉus generally ĝeaking,
the larger coloured area (eĝecially the green-like area) is, the beĨer two point cloud
match and the more similar two objeČs are.

ǉǑ



Ǌ.ǋ.ǋ NŊŁĹŇĽķĵŀ ĹŋĵŀŊĵŉĽŃł

Besides of the intuitive colour-coding visualization, we still need to quantitatively
evaluate the similarities/dissimilarities. Numerical evaluation beneėts in multi-pairs
comparison and will raise the conėdence of assertions under shape comparison.

A naive statistics, Average Distance or AD, is used as the measurement of dissimilarities
between statues in our work. AĜer the ROI-Guided alignment naturally the optimistic
correĝondence between two point-clouds is seĨed up and whose average absolute
distance reviews the overall extent of dislike between two statues.

Presume there exist point p belongs to set {P} representing statueǉ, and its
correĝondent point q belongs to set {Q} representing statueǊ, and total number of pairs
are N, Average Distance are deėned as equation. Ǌ.ǌ:

AD =
ƥ
N

N∑
i

∥pi − qi∥ (Ǌ.ǌ)

Finally, we would like to summarize this chapter with a ėgure to illustrate the pipeline
of proposed sculpture comparisonmethod. Fig. Ǌ.ǋ.Ǌ gives an instance.

ǉ. ĉree dimensional models are construČed via pre-processing;
Ǌ. ROI-Guided alignment is applied to achieve optimistic matching between two

models; AD is obtained at the same time for further quantitative analysis;
ǋ. Colour-coding ėgure is generated to visualize difference distribution.

Ǌǈ



Ȗ.ȗ. NUMERICAL EXPRESSION OF SHAPE DIFFERENCES Ǌǉ

(a) (b)

(c) (d)

(e) (f)

Figure 2.3.2: An example of pipeline of classical sculpture comparison. As shown in (a)
and (b) respectively, the head part of two marble statues, Satyr I and Satyr III, are utilized
as target objects. (c) and (d) are the corresponding digital copies. (e) shows the rigid align-
ment result and (f) visualizes the shape difference. Based on the result shown in (f), we find
that the undamaged facial part of Satyr III coincides the corresponding part on Satyr I quite
well.



ĉe snow reprints it, as it were, in clear while type alto-
relievo. ĉe ornamented grounds of villas which will one day
be built here may still preserve some trace of this.

Henry Davidĉoreau

3
Hypothesis Veriėcation

“Fĵķŉ” and truth sometimes hide in historical relics themselves rather than words in
documentations. ĉus it becomes necessary geĨing sound evidences to support a
hypothesis to be sound. ĉere are several hypotheses about classical sculptures waiting
for veriėcation, on which similarity affeČs, so that our proposed techniques may
contribute. For instance, as for the reproduČion process, many archaeologists believe
that instead of overall copy, ancient craĜsmen copy sculptures part by part, since target
statues are usually relatively large. Another example is the aĨribution inference. For an
anonymous work, if certain similarities can be found between it and a statue whose
aĨribution is known, we believe that it is reasonable to infer that their sculptors or at least
their workshops are the same [ǉǋ]. In this chapter we try to verify some archaeological

ǊǊ



hypothesis by sculpture comparison. Based on precision analysis we hope to review
information consistent with historical material.

ǋ.ǉ PŇĹķĽňĽŃł AłĵŀŏňĽň & PļĵňĹĸ RĹńŇŃĸŊķŉĽŃł

ǋ.ǉ.ǉ BĵķĿĻŇŃŊłĸ ĵłĸ PŇŃĶŀĹŁDĹňķŇĽńŉĽŃł

Archaeologists conėrmed that in the ǉst century BC, at the end of the Roman
Republican period, the produČion process of sculptural copies was standardized and
became increasingly accurate and efficient using a sort of pointing-technique[ǉ, ǋǑ].
Due to its mechanical processes this type of copy is called “mechanical copy” but its
precision was never visually shown. We would like to visualize precision of the Roman
mechanical copy.

For the process of reproduČion, many archaeologists believe that instead of overall
copy, ancient craĜsmen copy sculptures part by part, since target statues are usually
relatively large. But by what kind of evidence can we validate this saying besides just a
few words in documentary records? Precision analysis inĝires us.

We probably believe that if sculpture parts were ėrstmade separately and then
assembled together, then there must be some clues showing that the whole sculpture is
less a coherent entity. ĉe clues maybe obvious precision distinČion or the distortion
brought by small miss match on conneČion joints. Precision visualization will help us
with the former issue and ROI-guided alignment will help us with the laĨer one.

ǋ.ǉ.Ǌ EŎńĹŇĽŁĹłŉ

For veriėcation test, we used digital copies of plaster casts from theMuseum for Casts of
Classical Sculpture inMunich, Germany. ĉeir correĝonding originals are marble
replicas of masterpieces created in Classical period. All digital copies were acquired by
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Konica Minolta “Vivid Ǒi” ǋD laser scanner, with a very highmeasurement accuracy of
±ƩƤμm.

In this experiment, we would like to discuss the reproduČion process by study the
Resting Satyr statue. It was created by an ancient Greek sculptor Praxiteles, has been
found a large number of replicas since the Greek period¹. Fig. ǉ.ǉ.ǉ(a), ǉ.ǉ.ǉ(b) and
Ǌ.ǋ.Ǌ(b) show three of these copies from the Glyptothek Museum, labelled as No.ǊǊǐ, ǊǊǑ
and ǊǊǑA reĝeČively. We relabel them as Satyr I, II and III for convenience.

First, let us start with the precision analysis of the statue copies.
Fig. Ǌ.ǋ.Ǌ demonstrates the shape difference between the heads of Satyr I and Satyr III.

Points are stained according to their correĝonding signed distancesã red and blue
correĝond to regions of convex and concave differences reĝeČively, and greenmeans
the shape difference is almost zero, meaning a near-perfeČmatch in that region.

Comparing Fig. Ǌ.ǋ.Ǌ(f) and Fig. ǋ.ǉ.ǌ, we observed that the head part got paid much
more aĨention to than the body part during the ancient reproduČion process, since the
errors of head part lookmuch smaller than that of the body part.

Besides, as shown in Fig. ǋ.ǉ.ǉ, compared with the overall matching, shape differences
become smaller if only the front part is used for alignment. ĉese phenomenons support
the hypothesis that front part are givenmore aĨention during the reproduČion and the
copy process was very likely to be carried out part by part.

In order to check whether ancient craĜsmen copied statues part by part, we prepared
results where only a certain part, e.g., chest, belly or legs, are leĜ for comparison, as well
as the result with overall alignment. Fig. ǋ.ǉ.Ǌ shows the comparison.

We observe that separately aligned result achieves more accurate matching than the
overall registered one. A highly reasonable explanation for this phenomenon is that

¹According to the study in [ǌǈ], ǉǉǍ copies have been found in theMediterranean area, including ǉǍ fromRome, four
fromNorth Africa, eight fromGreece, two from Spain and one fromGaul, making this sculpture one of the most popular
statues in this area.

Ǌǌ



ȗ.ȕ. PRECISION ANALYSIS & PHASED REPRODUCTION ǊǍ

(a) (b)

(c) (d)

Figure 3.1.1: Visualization of dissimilarities between Satyr I and Satyr II. Two different
strategies are used during the comparison: (a) and (c) show the shape differences based on
overall alignment, while (b) and (d) are better matching results where the front part are of
higher priority during alignment. This supports the assumption that the front part of statues
got more attention during the copy process in Roman period.



ȗ.ȕ. PRECISION ANALYSIS & PHASED REPRODUCTION Ǌǎ

Figure 3.1.2: Shape dissimilarities based on locally and overall alignment. the three rel-
atively smaller blocks are matching results based only on the part of chest, belly and legs
respectively, while the largest block shows the result using overall registration.



originally important components of a statue were copied reĝeČively and then
assembled into one, rather than copied the entire statue at one time. ĉis is not the case,
apparently, many statue copies also show the same phenomenon. Below shows one
more instance.

ĉe comparison results shown in Fig. ǋ.ǉ.ǌ are that of twomarble copies of
“Doryphoros” in Fig. ǋ.ǉ.ǋ. ĉey were originally created by the famous sculptor:
Polykleitos.

Interestingly we conėrm that at least in the case of “Doryphoros”, not only the head
and the feet but also the hands were copied precisely by taking many points. ĉis is
fruitful and taken for granted because the lengths of hand-parts (width of ėnger, palm,
length from the ėnger tip to the elbow etc. ) were used as units of measurement in
antiquity.

ǋ.ǉ.ǋ AňňĹŇŉĽŃł

In ancient Roman times, the reproduČion of classical sculpture had quite high
probability to be carried out part by part, rather than as a whole in the same time. ĉis
process might be caused by the limitation of the sculpture’s size.

Our comparisons revealed that some good Roman copies are incredibly precise, with
differences of only a fewmillimetres between some pairs; heads, feet, and hands were
usually copiedmore precisely than the other parts.In addition, coherent with common
sense, the frontal parts of sculptures seems have higher precision than back.

ǊǏ



ȗ.ȕ. PRECISION ANALYSIS & PHASED REPRODUCTION Ǌǐ

(a) (b)

Figure 3.1.3: Two statues of “Doryphoros”: (a) Doryphoros6011, copy of Polykleitos’s
Doryphoros in Naples; (b) Doryphoros Minneapolis, copy of Polykleitos’s Doryphoros in
plaster cast, Munich. For convenience in following discussion, we rename (a) as Dory6011
and (b) as DoryM.



ȗ.ȕ. PRECISION ANALYSIS & PHASED REPRODUCTION ǊǑ

(a) (b)

Figure 3.1.4: Visualization of dissimilarities, comparing two copies: DoryȚȔȕȕ and Do-
ryM.Shape dissimilarities based on locally and overall alignment. The left four relatively
smaller blocks are matching results based only on the part of head, torso, legs and feet re-
spectively, while the largest block shows the result using overall registration. Referring to
the colour bar right side, clearly we may notice that separate alignment achieved larger over-
laps than overall one, which give a hard evidence of phased production theory.



ȗ.ȕ. PRECISION ANALYSIS & PHASED REPRODUCTION ǋǈ

Figure 3.1.5: The comparison result of right hands of two copies of “Doryphoros” under
the precision threshold of 2 millimetres. Large green-like areas reveal incredibly precise of
hand copy, when they are treated as separate aligned parts. This shows that hands were
usually copied very precisely as well as hands were separately created.



ǋ.Ǌ “WļŃMĵĸĹ TļĽň SķŊŀńŉŊŇĹ?”

ǋ.Ǌ.ǉ BĵķĿĻŇŃŊłĸ ĵłĸ PŇŃĶŀĹŁDĹňķŇĽńŉĽŃł

According to Pliny the Elder, ėve bronze statues of Amazons were built in Ǎth-century
BC in a long lasting competition between the artists Polykleitos, Phidias, Kresilas,
Kydon and Phradmon, and the ėrst rank was assigned to Polykleitos, the second to
Phidias, the third to Kresilas.

ĉere are three statuary types (MaĪei-type, Sciarra-type and Sosicles-type) representing
a wounded Amazon known to us. ĉese types, each well represented by numerous
Roman copies and heads, are identiėed with Polykleitos, Phidias and Kresilas. As for
MaĨei type Amazon, the archaeologists aĨribute it to Pheidias, but as for the other two
types the discussion is still continuing.

In our study, we would like to that give a approach to that controversy by ėnding the
aĨribution of the statue of “Wounded Amazon” shown in Fig. ǋ.Ǌ.ǉa. It is a Romanmarble
copy from a Sciarra-type bronze original. ĉe sculptor’s name of the original, Kresilas or
Polykleitos, if is able to be determined with some sound evidence, then the aĨribution
problem of both Sciarra-type and Sosicles-type will be solved.

Fortunately, it is not totally clueless to deduce a work’s aĨribution. For an anonymous
work, if certain similarities can be found between it and a statue whose aĨribution is
known, we believe that it is reasonable to infer that their sculptors or at least their
workshops are the same[ǉǋ]. Let us assume that the copy well represented the original.
ĉus we can derive the relation between originals from comparing two copies.

Here we decided to employ the samemethod as [ǉǋ] for this study. Comparing this
“Amazon Sciarra” with works of Polykleitos or works of Kresilas, we hope to ėnd highly
similar parts so that to prove that somemodels are reused to construČ different
charaČers. If the aĨribution of the correĝondent charaČer (statue) is happened to be
known, wemay claim that “Amazon Sciarra” shares same sculptor with that
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ȗ.Ȗ. “WHO MADE THIS SCULPTURE?” ǋǊ

(a) (b)

Figure 3.2.1: Two statues for attribution inference: (a) Amazon Sciarra in Copenhagen;
(b) Diadumenos in Athens. (a) is also called “Kresilas’ Amazon”, because some archaeolo-
gists believe it is after Kresilas.



correĝondent statue. In addition, as Polykleitos’s his works are also criticized because
they were “from onemodel” (paene ad unum exemplum), said Pliny, it gives us a direČ
hint to start comparing.

ǋ.Ǌ.Ǌ EŎńĹŇĽŁĹłŉ

First we compare this Amazon with a representative work of Polykleitos.
We ėnd that the Diadoumenos in Athens statue by Polykleitos, shown in Fig. ǋ.Ǌ.ǉb,

seems have same feet pose with “Amazon Sciarra”, eĝecially extremely similar leĜ foot.
(Right foot are not counted in this study because of its restoration.)

ĉe comparison results of the two leĜ feet of Diadoumenos and Amazon Sciarra are
shown in Fig. ǋ.Ǌ.Ǌ. Let us check how precise the similarity reaches.

Notice that color area represents distance within Ǌmillimetre. A relatively large area of
the foot is dyed green, meaning the shape dissimilarities are very close to zero. ĉis
support theĝeculation that this Amazon statue is more likely created by Polykleitos, not
Kresilas.

ǋ.Ǌ.ǋ AňňĹŇŉĽŃł

Regarding the century-long discussion about the famous three Amazon statues, each
created by Polykleitos, Pheidias or Kresilas but has never securely aĨributed, we found
that the foot forms of the Sciarra type Amazon closely match those of the Diadoumenos
by Polykleitos. ĉese results indicate that it is the Sciarra Amazon highly possibly was
created by Polykleitos.

ǋǋ



ȗ.Ȗ. “WHO MADE THIS SCULPTURE?” ǋǌ

(a) (b)

(c) (d)

Figure 3.2.2: Comparison of the two left feet from two different statues— “Amazon Scia-
rra” and “Diadoumenos in Athens”. (a) and (b) show the two target shape; (c): result after
rigid alignment; (d): visualization of the shape difference.



Stone does not decay, and so the tools of long ago have re-
mainedwhen even the bones of themenwhomade themhave
disappeared without trace.

Robin Place

4
Discussion: Inference Based on

Comparison

CŃŀŃŊŇ code visualization of two statues enables us to distinguish the millimetre
differences. ĉis helps to verify a hypothesis which could be aĨributed to a similarity
problem. Numbers seem can not help to telling us more stories if we take good use of the
precise comparison results. In this chapter, we would like to take a step forward and
discover the unknowns hidden in those like-unlike relationships.

ǋǍ



(a) (b) (c) (d)

Figure 4.1.1: Four statues of Polykleitos: (a) Doryphoros6011 in Naples; (b) Doryphoros
Minnerpolis, in Munich; (c) Diadumenos in Athens;(d) Amazon Sciarra in Copenhagen. For
convenience in following discussion, we rename (a) as Dory6011, (b) as DoryM, (c) as DiaA,
(d) as Amazon.

ǌ.ǉ PŃŀŏĿŀĹĽŉŃň’ MŃĸĹŀň

Polykleitos was an ancient Greek sculptor in bronze of the ėĜh century BCE. He is
considered one of the most important sculptors of classical antiquity. Polykleitos was
famed for his statues of athletes and Pausanias names six such statues dedicated in
Olympia, but his works were also criticized because they were “from onemodel” (paene
ad unum exemplum), said Pliny. Usually these words are interpreted as referring to his
monotonous style, but in this seČion, we hope to research deeply about the reason of the
remark “from onemodel” and whether he literally did use onemodel for different statues
and further infer the rules of model usage in sculpture works of Polykleitos.

ĉe targets for this research are four statue copies of Polykleitos’s. Fig. ǌ.ǉ.ǉ.

ǋǎ



DoryphorosȚȔȕȕ, Museo Archeologico Nazionale di Napoli, inv. ǎǈǉǉ, is a well-preserved
Roman period copy of the Doryphoros of Polykleitos in the Naples National
Archaeological Museum. Doryphoros Minnerpolis is a copy of Roman period copy of the
statue inmarble, conserved inMuseum of Casts Classic sculpturesMunich. Doryphoros
arouse people’s aĨention because this work were treated by Polykleitos as a
demonstration of his wriĨen treatise, entitled the “Kanon” (or Canon), exemplifying
what he considered to be the perfeČly harmonious and balanced proportions of the
human body in the sculpted form. Diadumenos in Athens and Amazon Sciarra, as we
talked in last chapter, are also representative works of Polykleitos.

ǌ.ǉ.ǉ NĹŌDĽňķŃŋĹŇĽĹň

As introduced above, a three-dimensional laser scanner with an accuracy of ±Ǎǈμm
was used to scan statues and, aĜer superimposing two of the resulting digital forms, the
distance between the two could be visualized in a colour code which enables us to
distinguish millimetre differences. AĜer pair-wise comparison among those four statues
we obtained results shown as follows.

DŃŇŏM ŋň. DĽĵA

Taking account of the missing of toes of DoryM’s right foot, only leĜ foot is taken into
consideration. Visualization threshold of distance is seĨed as Ǌ millimetres. In Fig. ǌ.ǉ.Ǌ,
large area of black, nomaĨer entire foot alignment or only toes alignment, tells the faČ
that DoryM andDiaA do not match neither in foot nor toes part. ĉis result affirm us
that Polykleitos used two different foot models when he created DoryM andDiaA.

ǋǏ



(a) (b)

Figure 4.1.2: The comparison between DoryM and DiaA in feet and toes: (a) left feet; (b)
toes only; all results shown within 2-millimetre threshold.

DŃŇŏǎǈǉǉ ŋň. DĽĵA

Faces, feet, toes and legs are compared separately.Visualization threshold of distance is
seĨed as Ǌ millimetres. From Fig. ǌ.ǉ.ǋ we can say that: ǉ) faces match well except right
cheek, which in some extant prove the criticism of monotonous style; Ǌ) large area of
black in foot and toes shows that DoryM andDiaA do not match neither in foot nor toes
part. ĉis result affirm us that foot model of Doryǎǈǉǉ and that of DiaA were also
different.

DŃŇŏM ŋň. AŁĵŐŃł

Same reason as mentioned above, as toes of DoryM’s right foot are missing, only leĜ
foot is taken into consideration. Visualization threshold of distance is seĨed as Ǌ
millimetres. In Fig. ǌ.ǉ.ǌ, large area of black of foot comparison result, tells the faČ that
DoryM andDiaA do not match in leĜ foot. ĉis result affirm us that Polykleitos made
different foot models for DoryM and Amazon.
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Ș.ȕ. POLYKLEITOS’ MODELS ǋǑ

(a)

(b)

(c) (d)

Figure 4.1.3: Visualization of dissimilarities between DoryȚȔȕȕ and DiadumenosA. Faces,
feet, toes and legs are compared separately. All results shown within 2-millimetre threshold.



Ș.ȕ. POLYKLEITOS’ MODELS ǌǈ

Figure 4.1.4: DoryM vs. Amazon. Left foot comparison results shown 2-millimetre thresh-
old. Large area of black indicates they do not match well.



Figure 4.1.5: Dory6011 vs. Amazon. Feet comparison results shown 2-millimetre thresh-
old. Insteps seem match well but toes do not.

DŃŇŏǎǈǉǉ ŋň. AŁĵŐŃł

Similarly, the feet comparison result are shown in Fig. ǌ.ǉ.Ǎ. Visualization threshold of
distance is seĨed as Ǌ millimetres. Green-like area is still not large enough to claim that
the two feet match well. Conversely, we tend to believe the foot models for Doryǎǈǉǉ
and Amazon are different as well.

CŃłķŀŊňĽŃł

From the discussion above, we notice that foot forms of Doryphoros do not match
those of Sciarra type Amazon nor Diadoumenos in Athens, whereas foot forms of the
two laĨer ones match well.

ǌǉ



ǌ.ǉ.Ǌ TŇĵķĹň Ľł ļĽňŉŃŇĽķĵŀ ŁĵŉĹŇĽĵŀ

Doryphoros of Polykleitos, the Canon, was the most renowned ancient treatise on art.
ĉe aim of the Canon, was not simply to explain a statue but also to demonstrate what
“beauty” is. ĉe secret lay in the mastery of symmetria, the perfeČ harmony of all parts
of the statue to one another and to the whole[ǌǉ].

Polykleitos’s idea of symmetria and the pursuit of the to beauty and to perfeČ was
probably inĚuenced by exposure to the ideas of Pythagoras of Samos (aČive in the late
sixth century B.C.) and of his followers. Pythagoreans saw reality as having a paĨern of
oppositions.[ǌǊ] Aristotle presents the following list of these binaries: Aristotle,
Metaphysics, I.Ǎ.ǑǐǎaǊǊ: “Members of this school say there are ten principles, which
they arrange into two columns of cognates, thus: limited and unlimited; odd and even;
one and plurality; right and leĜ; male and female; rest andmovement; straight and
curved; light and darkness; good and bad; square and oblong.”

Modern scholars have seen in Polycleitos’s work a similar balance of opposites. ĉree
of these pairs are easily deteČed in the Doryphoros: right/leĜ, rest/movement, and
straight/curved and seems rest of those pairs appeared in Doryphoros’s works at some
extant.

Interestingly enough, archaeologists date the Doryphoros C. ǌǍǈ-ǌǌǈ BC and the
Diadoumenos and the Amazon C. ǌǋǈ BC, namely, about ǉǈ-Ǌǈ years later than
Doryphoros. ĉeDiadoumenos represents a youth younger than the Doryphoros. Pliny
described the former “soĜ-looking youth” and the laĨer “adult-looking youth”. Maybe
Polykleitos created the foot model of soĜ-looking youth/female type (eg. for
Diadoumenos and Amazon) separately from the adult male type (eg. for Doryphoros).

ǌ.ǉ.ǋ IłĺĹŇĹłķĹ

According to the discussion in Chapter ǋ, we see that the foot forms of the Sciarra type
Amazon closely match those of the Diadoumenos aĜer Polykleitos. Conversely, they do
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(a) DoryPQ (b) Dory6412 (c) Dory6011 (d) DorypM

Figure 4.2.1: Four head statues of “Doryphoros”. (a) and (b) are “herms”, only the head
is represented on a pillar; (c) and (d) are head parts of whole body statues. The former
were exhibited on the eye level, but the latter, being on the top of a statue, were about 2m
high.

not match those of his canonical Doryphoros. ĉese results indicate that: ǉ) he kept
models in his workshop to reuse for other statues, and Ǌ) he distinguished the foot form
of the “manly” Doryphoros (Pliny NH ǋǌ.ǍǍ: viriliter puerum) from that of the “tender”
Diadoumenos (molliter iuvenem) and cast the female feet from the laĨer. If he adopted
the Diadoumenos’ model to his Amazon, maybe he did the same to his boy athlete
statues and his Doryphoros’ model to his adult athletes.

ǌ.Ǌ CŃńŏ RĹŀĽĵĶĽŀĽŉŏ RĵłĿĽłĻ

Unfortunately neither the original Doryphoros of Polykleitos nor the treatise have yet
been found; it is widely considered that they have not survived from antiquity. However,
several Roman copies luckily survive to convey the essential form of Polykleitos’ work,
though they were of varying quality and completeness.

Facing with difficulty of the uncertain of original form and the variety of copies,
therefore, it becomes important and necessary to distinguish the reliability of the
existing copies, taking into account of Ěawlessness, ėneness and completeness.
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Moreover, dealing with amounts of copies, a ranking mechanism with certain number,
such as a“points system” will be helpful for evaluation in a great deal.

We start with four Doryphoros copies (shown in Fig. ǌ.Ǌ.ǉ) in different quality,
different material and even different forms as a trial.

DoryPQ, shown in Fig.ǌ.Ǌ.ǉa, shorted for Doryphoros (Herm), with the signature of
Apollonios, Museo Archeologico Nazionale di Napoli, inv. ǌǐǐǍ, made of bronze, Ǎǌcm
height, considered bymany scholars to be an almost Ěawless replica of the original
Doryphoros head.

DoryȚȘȕȖ, shown in Fig.ǌ.Ǌ.ǉb, shorted for Doryphoros (Herm) inMuseo
Archeologico Nazionale di Napoli, inv, ǎǌǉǊ, made of marble with ǋǎcm height, are a
sample of Doryphoros head with justOK copy quality.

DoryȚȔȕȕ, shown in Fig.ǌ.Ǌ.ǉc, shorted for Doryphoros (Statue) inMuseo
Archeologico Nazionale di Napoli, inv. ǎǈǉǉ. It is perhaps the best known copy which
was excavated in Pompeii.

DorypM, shown in Fig.ǌ.Ǌ.ǉd, is a plaster copy of DoryphorosMinneapolis (Statue), in
Museum for Casts of Classical Sculpture inMunich. Largely complete with the
exception of the lower leĜ arm and ėngers of the right hand, DoryphorosMinneapolis
(height ǉ.Ǒǎ m) has been variously dated to the period ǉǊǈ-Ǎǈ BCE, as well as to the
mid-Augustan period.

Because of the difficulty of original loss, we assume the one with smallest distance to
others has the highest reliability. ĉis assumption is derived from a common sense that
one copy which likes all the others should hold the average shape among the copies
group. In the other words, the most “average” one should escape Ěaws brought by copy
process and should be the nearest to the original in shape. ĉerefore, we implement the
mechanism that ėrst pair-wisely compare the heads, colour-coding the distances of the
two surfaces (like our comparisons till now) and rank their reliability as a copy with a
number. AD, Averge Distance, introduced in Chapter Ǌ, used as the measurement of
dissimilarities between statues, is borrowed here direČly to express the points of
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reliability. Of course higher ADmeans lower reliability points.

ǌ.Ǌ.ǉ NĹŌDĽňķŃŋĹŇĽĹň

Starting with DoryPQ, the ėne bronze herm, we compare it with other copies, because
it is assumed to be the most reliable copy. Two different strategies are used during the
comparison: ėrst as whole heads and then only the frontal parts. Comparison result
shows in Fig. ǌ.Ǌ.Ǌ. AD analysis shows in Table ǌ.Ǌ.ǉ.

Table 4.2.1: AD of DoryPQ vs. Others (Unit: mm)

DoryPQ vs. Head Face
DoryǎǌǉǊ ǉ.ǍǋǑ ǈ.ǑǌǏ
Doryǎǈǉǉ ǉ.ǍǐǊ ǉ.ǊǉǏ
DoryM ǉ.ǋǏǉ ǉ.ǊǊǈ

Similarly, we compare the other herm, DoryǎǌǉǊ, to the other Doryphoros heads and
frontal faces. ĉe difference visualization shows in Fig.ǌ.Ǌ.ǋ and AD analysis shows in
Table ǌ.Ǌ.Ǌ.

Table 4.2.2: AD of Dory6412 vs. Others (Unit: mm)

DoryȚȘȕȖ vs. Head Face
DoryPQ ǉ.ǍǋǑ ǈ.ǑǌǏ
Doryǎǈǉǉ ǉ.ǌǐǌ ǉ.ǉǍǏ
DoryM ǉ.ǉǍǉ ǈ.ǑǏǍ

Pair-wise comparison among four Doryphoros and AD analysis are shown below.
Table ǌ.Ǌ.ǋ concludes the AD based on front faces alignment while Table ǌ.Ǌ.ǌ shows
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Ș.Ȗ. COPY RELIABILITY ĆNKING ǌǎ

(a) DoryPQ vs. Dory6011

(b) DoryPQ vs. Dory6412

(c) DoryPQ vs. DoryM

(d) DoryPQ vs. Dory6011

(e) DoryPQ vs. Dory6412

(f) DoryPQ vs. DoryM

Figure 4.2.2: DoryPQ vs. others. Two different strategies are used during the compari-
son: (a)-(c) show the shape differences based on whole head alignment, while (d)-(f) are
matching results where only the front parts are taken into account.



Ș.Ȗ. COPY RELIABILITY ĆNKING ǌǏ

(a) Dory6412 vs. Dory6011

(b) Dory6412 vs. DoryM

(c) Dory6412 vs. DoryPQ

(d) Dory6412 vs. Dory6011

(e) Dory6412 vs. DoryM

(f) Dory6412 vs. DoryPQ

Figure 4.2.3: Dory6412 vs. others. Two different strategies are used during the compar-
ison: (a)-(c) show the shape differences based on whole head alignment, (d)-(f) are are
matching results where only the front parts are taken into account.



that of whole head. We choose the sum of AD of a certain sculpture to others as the
overall assessment for its distance to the others. ĉat means the lower “Sum of AD” a
sculpture get, the higher reliability as copy it has.

Table 4.2.3: AD of Frontal Faces (Unit: mm)

Face DoryPQ DoryǎǌǉǊ Doryǎǈǉǉ DoryM
DoryPQ ǈ ǈ.ǑǌǏ ǉ.ǊǉǏ ǉ.ǊǊǈ
DoryǎǌǉǊ ǈ.ǑǌǏ ǈ ǉ.ǉǍǏ ǈ.ǑǏǍ
Doryǎǈǉǉ ǉ.ǊǉǏ ǉ.ǉǍǏ ǈ ǈ.ǑǍǍ
DoryM ǉ.ǊǊǈ ǈ.ǑǏǍ ǈ.ǑǍǍ ǈ
Sum of AD ǋ.ǋǐǌ ǋ.ǈǏǑ ǋ.ǋǊǑ ǋ.ǉǍ

Table 4.2.4: AD of Whole Heads (Unit: mm)

Head DoryPQ DoryǎǌǉǊ Doryǎǈǉǉ DoryM
DoryPQ ǈ ǉ.ǍǋǑ ǉ.ǍǐǊ ǉ.ǋǏǉ
DoryǎǌǉǊ ǉ.ǍǋǑ ǈ ǉ.ǌǐǌ ǉ.ǉǍǉ
Doryǎǈǉǉ ǉ.ǍǐǊ ǉ.ǌǐǌ ǈ ǉ.Ǌǎǉ
DoryM ǉ.ǋǏǉ ǉ.ǉǍǉ ǉ.Ǌǎǉ ǈ
Sum of AD ǌ.ǌǑǊ ǌ.ǉǏǌ ǌ.ǋǊǏ ǋ.Ǐǐǋ

ǌ.Ǌ.Ǌ OĶňĹŇŋĵŉĽŃł

ǉ)ĉe bronze hermDoryPQmatches best with the marble hermDoryǎǌǉǊ. Table
ǌ.Ǌ.ǉ.

It suggests that the hermmay have been executedmore precisely than the head part of
a whole statue. It is reasonable, because people saw the herm headmore closely than the
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head of a whole statue; the former were exhibited on the eye level, but the laĨer, being on
the top of a statue, were about Ǌ metres high.

Ǌ)ĉe comparison results tell us that bronze head DoryPQ is not the most reliable
copy.

ĉe bronze head DoryPQ should have suffered slight distortion under the ashes of
Mt. Vesuvius. (It was found inHerculaneum, destroyed in AD ǏǑ by the explosion ofMt.
Vesuvius, like Pompei.) Although the bronze head DoryPQ is a excellent copy regarding
the representation of hair locks and other details, the marble head (DoryǎǌǉǊ) is more
reliable as for the scull’s form.

ǋ) Reliability rank changes when taking different parts(whole head/just front face)
into consideration.

Table ǌ.Ǌ.ǋ shows hermDoryǎǌǉǊ has the “best” face while Table ǌ.Ǌ.ǌ shows statue
DoryM has the “best” head. However perhaps herm should have higher priority than
statue. Herm heads were located in lower position than the heads of whole statues and,
as a result, seen closely; besides, the viewers aĨention should have concentrated on the
face, because there was only the heads.

ǌ.Ǌ.ǋ DĽňķŊňňĽŃł

ǉ)ĉe comparisons based onDoryǎǌǉǊ/DoryM showmore close similarity with
other heads, by taking different points, we’d beĨer use that head as the base of the
comparisons and calculations of reliability.

Ǌ)It would be much beĨer if we create an “ideal model” combining the scull’s form
(the forehead, the nose line, and the eye positions) of DoryǎǌǉǊ/DoryM and the details
of DoryPQ.
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(a) DoryPQ (b) Dory6412

(c) Deforming (d) New model

Figure 4.3.1: New model creation. (a):DoryPQ, a bronze herm with fine details but
shapely unlike the original; (b): Dory6412, a marble herm proved to has the best face in
shape; (c): the alignment via affine ICP to deform DoryPQ to fit Dory6412; (d) the created
new model which preserves the details of DoryPQ and has the spacial shape of Dory6412.

ǌ.ǋ SŉĵłĸĵŇĸCŃłňŉŇŊķŉĽŃł

From the discussion above, we notice that hermDoryǎǌǉǊ has the “best” face while
statue DoryM has the “best” head. Either of them preserved the original shape yet failed
to keep ėne details as the bronze hermDoryPQ. An idea comes naturally that to create
an “ideal model” combining the scull’s form (the forehead, the nose line, and the eye
positions) of DoryǎǌǉǊ/DoryM and the details of DoryPQ.ĉis model will be regarded
as the standard that with others will compare and get their reliability points.
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Table 4.3.1: AD Analysis of New Models (Unit: mm)

Newmodel ǉ Newmodel Ǌ

AD Face Head Face Head

Doryǎǈǉǉ ǉ.ǈǌǉ ǉ.ǌǑǈ ǉ.ǈǊǊ ǉ.ǋǏǌ
DoryǎǌǉǊ ǈ.ǎǌǏ ǈ.ǏǏǉ ǈ.Ǐǌǐ ǈ.Ǒǈǐ
DoryM ǈ.ǐǉǍ ǈ.ǑǍǌ ǈ.ǎǏǍ ǈ.ǐǌǍ
Sum of AD Ǌ.Ǎǈǋ ǋ.ǊǉǍ Ǌ.ǌǌǍ ǋ.ǉǊǏ

ǌ.ǋ.ǉ NĹŌMŃĸĹŀň

In order to create an newmodel combining two copies, our basic mechanism is to
deform the ėnemodel to ėt the course but shapely correČ one.

Taking DoryǎǌǉǊ andDoryPQ as an example, we try to create the newmodel which
has the scull’s form of DoryǎǌǉǊ while keeping the ėne feature of DoryPQ. In this
process, we apply an affine variant of ICP,[ǊǊ] to make DoryPQ (bronze) transformed
to DoryǎǌǉǊ (marble). We regard this deformed statue as our newmodel aČing as the
base in comparison.

Fig. ǌ.ǋ.ǉ illustrates a process of howmodel DoryPQ deform tomodel DoryǎǌǉǊ, in
another word, how newmodel is created. ĉe newmodel combines DoryPQ and
DoryM is made in the same way.

ǌ.ǋ.Ǌ NĹŌMŃĸĹŀ TĹňŉ

Similar with what have done so far, we compare the “newmodels” with other copies,
to inĝeČwhether those models are experimentally relatively ideal. Two different
strategies are used during the comparison: ėrst as whole heads and then only the frontal
parts. Comparison result based on two newmodels show in Fig.ǌ.ǋ.Ǌ and Fig.ǌ.ǋ.ǋ
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Table 4.3.2: Scaling of Dorys (proportion to Dory6412)

DoryǎǌǉǊ DoryPQ Doryǎǈǉǉ DoryM
ǉ ǈ.ǑǏǑǉ ǉ.ǈǋǍǉ ǉ.ǈǈǍǍ

reĝeČively. ĉe deformation of DoryPQ to newmodels also shows in these ėgures. AD
analysis of them are summarized in Table ǌ.ǋ.ǉ.

It is obvious that the best replica goes to DoryǎǌǉǊ by giving face part the higher
priority while changes to DoryMwhen taking whole head into account. ĉis problem
make it necessary to build newmodel basing on both of them. AĜer reliability
inĝeČion, both of the two newmodels, (DoryPQ +DoryǎǌǉǊ) and (DoryPQ +
DoryM), are adequate as the “standard” for the form comparisons and then we can use
the AD value as the indicator of the reliability of each head.

We have discussed the possibility of creating newmodels combining two heads and
examined their qualities. ĉey are based on this preliminary: each head sculpture should
be used as exaČly what they are; in they other words, transformation in any sense should
be excluded. However, this restriČ seems over striČ in this copy reliability assessment, at
least size of head should not affeČs the evaluation of quality of a copy. ĉis situation
inĝires us that perhaps applying scale normalization of all targets before comparison
will make sense more adequately.

For size normalizing, we apply an variant ICP, the classical ICP plus scaling,
introduced in [ǌǋ]. ĉe best scale is estimated along with the other faČors of translation
and rotation.

In our head copy ranking, we set DoryǎǌǉǊ as the normalizing standard and ėnd the
scaling as shown in Table ǌ.ǋ.Ǌ.

Obviously DoryM andDoryǎǌǉǊ are similar in size and are average among those ǌ
heads, which gives an explanation of their top positions in head ranking without size
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Ș.ȗ. STANDARD CONSTRUCTION Ǎǋ

(a) New1 vs. Dory6011

(b) New1 vs. Dory6412

(c) New1 vs. DoryM

(d) New1 vs. DoryPQ

(e) New1 vs. Dory6011

(f) New1 vs. Dory6412

(g) New1 vs. DoryM

(h) New1 vs. DoryPQ

Figure 4.3.2: New model 1 vs. others. New model combines DoryPQ and Dory6412. (a)-
(d) show the shape differences based on whole head alignment, while (e)-(h) are matching
results where only the front parts are taken into account.



Ș.ȗ. STANDARD CONSTRUCTION Ǎǌ

(a) New2 vs. Dory6011

(b) New2 vs. Dory6412

(c) New2 vs. DoryM

(d) New2 vs. DoryPQ

(e) New2 vs. Dory6011

(f) New2 vs. Dory6412

(g) New2 vs. DoryM

(h) New2 vs. DoryPQ

Figure 4.3.3: New model 2 vs. others. New model combines herm DoryPQ and head of
statue DoryM. (a)-(d) show the shape differences based on whole head alignment, while
(e)-(h) are matching results where only the front parts are taken into account.



normalizing.
AĜer normalizing all heads into same scale, we redo this pair-wise comparison.

Results are shown in Table ǌ.ǋ.ǋ and table ǌ.ǋ.ǌ:

Table 4.3.3: AD of Only Faces, with scaling (Unit: mm)

Face DoryPQ DoryǎǌǉǊ Doryǎǈǉǉ DoryM
DoryPQ ǈ ǈ.ǎǏǊ ǈ.ǑǍǏ ǈ.ǎǐǉ
DoryǎǌǉǊ ǈ.ǎǏǊ ǈ ǉ.ǈǉǏ ǈ.ǐǑǈ
Doryǎǈǉǉ ǈ.ǑǍǏ ǉ.ǈǉǏ ǈ ǉ.ǈǍǐ
DoryM ǈ.ǎǐǉ ǈ.ǐǑǈ ǉ.ǈǍǐ ǈ
Sum of AD Ǌ.ǋǉǈ Ǌ.ǍǏǑ ǋ.ǈǋǊ Ǌ.ǎǊǑ

Comparison result shows that aĜer scale normalization, the enlarged DoryPQ seems
the best under the assumption of taking DoyǎǌǉǊ’s size as standard, by counting both
whole head and just frontal face. Probably enlarged DoryPQ can serve as a standard
model when comparing copies if the original size are able to be approximated.

Table 4.3.4: AD of Whole Heads, with scaling (Unit: mm)

Head DoryPQ DoryǎǌǉǊ Doryǎǈǉǉ DoryM
DoryPQ ǈ ǈ.Ǐǐǋ ǉ.ǉǋǋ ǈ.ǐǌǉ
DoryǎǌǉǊ ǈ.Ǐǐǋ ǈ ǉ.ǊǍǉ ǉ.ǈǉǌ
Doryǎǈǉǉ ǉ.ǉǋǋ ǉ.ǊǍǉ ǈ ǉ.ǋǊǋ
DoryM ǈ.ǐǌǉ ǉ.ǈǉǌ ǉ.ǋǊǋ ǈ
Sum of AD Ǌ.ǏǍǏ ǋ.ǈǌǐ ǋ.ǏǈǏ ǋ.ǉǏǐ
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5
Conclusion

In this seČion, we ėrst summarize the contribution of this thesis and then discuss the
temporary limitation as well as the possible future work.

Ǎ.ǉ SŊŁŁĵŇŏ

Modern digital archiving technique provides a novel and reliable assistance tomodern
archaeology researches. As one of those representative problems, quantitative analysis
based on ǋD shape analysis help archaeologist to easily ėnd subtle but vital information
hidden behind shapes. ĉe application of ǋD shape analysis is just unfolding in the
interdisciplinary with culture research.

In this thesis, we proposed an intuitive ǋD shape comparison procedure and apply it
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on the real Roman times sculpture data. We showed the framework of shape analysis of
ǋD sculpture models by deteČing the local shape differences as an indicator to explore
mysteries in Roman copies of classical sculptures. ĉis framework consists of mainly
three steps: model construČion, alignment and difference visualization. AĜer having
three dimensional models, a Region of Interest Guided Alignment is introduced so that it
becomes possible to emphasize the key part. Distances of point pairs between two
models are calculated as indicator of shape difference andmoreover, those are
colour-coded to present the intuitive difference distribution. In addition, statistical
evaluation of those point to point distance is introduced to achieve numerical similarity
assessment.

ĉe proposedmethod successfully veriėes archaeological assumptions and provides a
new perĝeČive to heritage proteČion and research.

Ǎ.Ǌ TĹŁńŃŇĵŇŏ LĽŁĽŉĵŉĽŃł ĵłĸ FŊŉŊŇĹWŃŇĿ

ĉe ǋD shape comparison framework proposed in this thesis successfully quantizes
the comparison of classical sculptures and helps archaeological research with sound
evidences. However there still exist several limitations in current method. For instance:

ǉ. Manual interference still maĨers in the current comparison. In ROI-guided
alignment, interest parts are seleČedmanually and are affeČing the ėnial results, though
slightly. ĉerefore, an automatic segmentation, eĝecially based on funČional region will
be very exciting.

Ǌ. In this thesis, only rigid alignment is utilised for theĝeciėc condition that only
similar sculpture are studied. For more general application, it should be a good idea to
introduce non-rigid correĝondence/alignment, for some dissimilar comparison
instances, so that the effeČ brought by different poses are excluded.

ǍǏ
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