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ABSTRACT

The reconstruction of archaeological objects i®gay/\challenging problem and solving this problem is
important. Occasionally, archaeological workersfaufwhen trying to match object fragments
together, especially when there is a presencegoifséant gaps in the fragments, or even in thesaafs
similarity, where fragments are mixed with fragneenf other objects. The main theme of this study is
a proposed method for the reconstruction of potfesyn archaeological fragmented pots and vases,
depending on the use of a polynomial function. iy aase, there is an important fact that should be
mentioned: The assembly of any object will rely the edges of the fragment firstly, then the color
and texture. Therefore, this study has adopted dtiges of the fragments as a condition when
reconstructing the objects, by exploiting the edgkethe fragments as an important feature, mainlg d

to the fact that edges of the fragments are linemers and curves. A Canny filter was used toftifen
the edges of the fragments. In addition, for theppee of obtaining the vector of coefficient foetbet

of edges, a polynomial function algorithm was aeg@li Lastly, the experiments shows that the
algorithm is effective, especially when applying ttorrelation coefficient formula in the classifiicen
phase by using the data set which consists of 86gsiand each one has edges at a rate of 3-5 @n. Th
experimental results achieved a high success haernheans the proposed system may produce high
performance to recognize and match the edges mgusipolynomial function to extract features and
to classify them by using a correlation coefficient

Keywords. Assembly Shards, Pottery, Fragment Matching, Rotyial Function, Edges

1. INTRODUCTION 2012). Another important issue is finding solutidhat

challenge the accurate restoration of the archgawb

One of the major unresolved and difficult problems fragments to their original form because of thdghh
that occur through the field of computer visiontes value to scholars and their heritage, that reptestme
reassemble broken or torn objects, such as arajiealo  past civilizations and cultures and helps archagsis
objects, documents, paleontology  and art make inferences about past civilizations (Funkhoesal,
conservation, especially when exploring 2011). As mentioned earlier, the artifacts areroftaund

archaeological objects that are frequently in theec in a fractured state and the process of manually

of being broken. Therefore, it is of great interdit reconstructing them is time consuming and may yalees

the objects are assembled before they are lost oof tedious work (Sonet al, 2013). Therefore, their
damaged (Castafie@d al, 2011; Oxholm and Nishin, reconstruction is a challenging task, especiallyhéy
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exceed thousands of fragments and the assemblggsroc better accuracy in the case of assembling the feagsn
seems to be similar to assembling a jigsaw puzzleand relying on their characteristics of color aesitire.
(Castariedat al, 2011; Funkhousest al., 2011). On the other hand, others relied on texture featorgy
Recently, while the world has been witnessing afor classification of ancient-ceramic fragmentschsias
development, especially in the performance of caeysu  Ying and Gang (2010); their method can’t be applied
as the use of image processing and pattern reamgnit when fragments do not have a texture.
techniques have emerged, many of the authors found Toler-Franklin et al. (2010) disagreed with the
algorithms to assist them in solving many problems. authors who relied on the traditional features fie t
Thus, this study aims to find a solution for asskmgb  classification of archaeological fragments and they
archaeological fragments depending on the edgdiseof were relying on multiple-features that were exteact
fragment to achieve high accuracy with the lemsetiTo ~ from fresco fragments based on color, shape and
highlight the technique used in this study, the rmai normal maps. Another work by (Kimia and Aras,
feature to achieve accurate matching between agbair 2010), includes a framework, or a practical systévat
fragments is to use the edge curve, because egehi®d can be used by archaeologists in reassembling 2
a curve that contains angles and curvatures. Torexeit dimensional archeological vessel fragments and that
will be applied to the polynomial function to calate could be applied to 3dimensional fragments. Zhainal.
the function for each edge and by comparing the(2011) focused on the contour of the fragment i@ th
coefficients of functions for both edges, the dfasation matching process and their proposed method refies o
will be done based on the values of the coeffisiarid curve matching algorithm that is based on the
their signs. This study is structured as followsheT multiscale space. On the other hand, a variety of
present background of study is drawn in sectiol2.  algorithms have been proposed to reconstruct the
overview of the polynomial function is presented in fragments of wall panels excavating of the Greéknid
section 3. Section 4 describes the system overviewThera (Santorini), which were painted in 1600 B.C.
Section 5 gives the details of experiments andltesu Skembriset al (2012) proposed a methodology for the

Finally, a conclusion is given in section 6. reconstruction of 2-dimensional fragmented wall
paintings based on the maximum possible information
2. RELATED WORKS extracted from the shape (contour) characteristidhe
pieces, the chromatic and thematic content.
For the purpose of utilization of historical Another type of study on classification of fragment

monuments and protecting them from damage, whichwas proposed by (Makridis and Daras, 2012), they
they may be exposed to due to negligence or ateetopt focused on the features that are extracted based on
assemble them manually, it is necessary to findchromaticity and chrominance (color) and the lowele
automatic solutions by using computer techniques. S features, such as standard deviation and the bntra
much work has been done on the reassembling ofalso the medium level features such as the extraatf
fragments in both 2 and 3-dimensions. In orderighlight the edges of the fragment are carried out by using
the most important studies that have addressegrtbidem  kirsch edge map and extracting the texture depgnaiin
based on 2-dimensional techniques, several impgortanthe LBP method. The results they obtained aftetinigs
studies are taken into consideration. Leitao anolfiSt the model on the pottery database with a total f 6
(2005) provided many of the studies in the field of fragments achieved a success rate 70.97%, while the
assembling pottery fragments and the latest wa9@5b. results after testing the model on the ceramichdaa of
This study determined pottery fragments that werea total of 46 fragments, it achieved a success7&®z6%.
matched by measuring the average amount ofAlso, to reconstruct fresco fragments, Funkholeteal
information contained in the form of a break lineeo  (2011) investigated a machine learning method which
given length. Subsequently, most of the previouskwo computes the probability of the matching correcsnes
focused on finding pairwise matches between adjacencombining multiple effective features.

fragments using surface color and texture, without

reference to the use of the fragment edges andighis 3. POLYNOMIAL FUNCTION
found in (Smithet al, 2010), where they suggested
methods for ceramic fragments that were highlyuesd A polynomial function is a function such as a

and classified them based on the color and texturequadratic, a cubic, among others, involving onlynno
characteristics. Generally, their algorithm redlltiz negative integer powers of (x). The general form is
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f()=a, X'+ g X +...+ 3%+ ax 3 1) 4.2. Edge Detection
Incidentally, it should be mentioned that the pogtte
where, K) is a variable ant,, a,_, .- , &%, a,% are fragments include pots, vases, bowls, water jugs] w

given constants which are real numbers called thePaintings and so on, where the edges of the fragmen

coefficients of the polynomial. Alson) is the degree of ~Vary from one object to another. Sometimes they are
the formula and must be a positive integer, i.g# 8 thick, such as frescoes and other times they am®wa

(Sturmfels, 2002). and sharp, such as vases and vessels. Therefise, th
study attempts the reconstruction all kinds of gmytt
4. SYSTEM OVERVIEW edges. The task of the feature extraction process i

obtaining the most relevant information from thegoral
The proposed technique consists of several sets oflata and representing a lower dimensional space tha

procedures; each one performs a specific job thatoe helps to identify the subset of features by praagranly
summarized into two stages. The first stage incude the mostimportant and filtering or excluding athers.
image acquisition by the camera and the next proeed Thus, this study relies on the edges extracted fiam
is preprocessing, which is done to improve theimage, which is an important feature in the nexigeh
robustness of the features that will be extractBuis To obtain the edges of the fragments accurately, th
requires some manipulation before the applicatibany ~ Canny filter algorithm is applied, following a meth
classification technique. To reduce the computafion used in (Ding and Goshtasby, 2001), which has aelie
effort during puzzling, particularly important witarge excellent results in the extraction of edges. FRstance,
amounts of data, the edges filtering proceduraisied the results of using this algorithm are showfriig. 3.
out. The second stage includes applying the polyalom In this manner, all of the edge points are storedn
function to get the coefficients with their sigisnally, array which is assigned the specific coordinatesaufh
the classification process is conducted within eachpoint related to the edge fragments only, so dghigined
group based on the values of the coefficients fiedft  as a set of points and each one has coordinatgks (
signs. The proposed system consists of the follgwin

steps, as depicted Fig. 1. c={P(x, y).0(x. )=}

4.1. Data Acquisition and Processing
] ) whereji=1...n,j=1... m
In order to apply the proposed algorithm, the ins&age  op the basis of these couples of pixels,Rf), the
of the fragment must be obtained by capturing tv&m ;e s plotted according the values of x on thexis

camera Nikon with a resolution of 2_4 MP.. It. wiI_I be and the corresponding values for the x-values enyth
captured each edge of the fragment with the imageis axis, as shown ifig. 4.

6000x4000 pixels. Additionally, careful consideration of

reflections and shadows is taken, which are geeeay ~ 4.3. Apply the Polynomial Function
the camera flash. This study aims to reconstruct
fragments of 3 pots consisting of 56 pieces of qugtt
fragments that were obtained in cagés, 2.

The fragments are mixed and irregular, with differe
sizes ranging between 7-30 cm in width and 9-35rcm
length. In order to eliminate irrelevant informatiand
to enhance the robustness of features to be eatfact
the images require some manipulation before the
application of any classification technique. Thes-pr
processing is performed in order to reduce noisthén
input images, where the original image may contain C:{P("’yi)/z}
noisy objects due to the camera flash, or for other
reasons such as the variability of the lighting. whereji=1..n/2,j=1..m2

In order to highlight the finding of the polynomial
equations, there are several strategies that bdipd the
coefficients of polynomial equations for each ohjdde
one strategy that through experience was frequetiid
matching of fragments, the high amount of error nvhe
the curve was a vicious circle was noticed, heitogas
decided to split pixels of the curve into two equal
lengths. Then each set will be:

Therefore, this issue is solved by the use of Ganss It was found that the curved points dispersed and
Filter, because it is widely used for noise reductnd were divergent with each other and this generates
that is expressed in (Imajo, 2012). residuals when obtaining the polynomial equation.
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Preprocessing

Classification and matching
by the correlation coefficient

______________________________________________

Fig. 1. Diagram of proposed system

-

ge_ . eww e

. A

Fig. 3. Edges extraction using the canny algorithm

Therefore by applyi_ng another strategy using the Later, it was desired to find a polynomial equation
standard score Equation 2 as shown below imprdved t such that a given number of original points lietbe

points properties and reduced the distractions tocyrve and this reduces the residuals in a model by

approximate the points of the curve: fitting a higher degree polynomial. Therefore, itllw
X - be focusing on nonlinear morphing transformatiops u
2= (2) to the 6th order degree of nonlinearity that ardl we

approximated and it gives the best results to g
where, x; represents the original point value,and o the original curve. This concept is further illegted
represent the means and standard deviations reggect  in Fig. 5.
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Fig. 5. Polynomial of different degrees

After generating a matrix ok( y) points for each edge Equation 1. The coefficients in the approximating
of the fragments, the polynomial function of degregas polynomial of the 6th degree are showiTable 1.
evaluated according to those points. As a resuisctor of
estimated coefficients of length-1 was  Algorithm procedure for obtain coefficients
returned containing the polynomial coefficients in
descending powers for each nonlinear regressiothef  Stepl: Input edge-fragment
responsey according to the;, using the model specified in  Step2: Calculate the length

,///4 Science Publications 2343 JCS



Nada A. Rasheed and Md Jan Nordin / Journal of Coeni@dience 10 (11): 2339.2348, 2014

Step3: Foi = 1 tok
Forj =1 tok

Calculate the value fog, y; to each point for the edge of
the fragment
end for

Step4: PlotX, )
Step5: Calculate the Polynomial functions in alinie
(%, ¥)

Step5: Obtain the coefficients eddesg. 6.
4.4, Classification using Correlation Coefficient

This section describes a fragment matching based on

the edges of the curve feature. After computingpbithe
coefficients to all the available edges, the fragisieare
then clustered by using a correlation coefficieatduse it
produces better classification performance.

correlation coefficients the appointment of theuratand
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formula represents the correlation coefficient lestwtwo
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Fig. 7. The results of correlation coefficient

Table 1. The coefficients of functiog

Coefficient Vi Vo Va Va

ag 0.23 -0.04 -0.097 -0.08
as 0.28 -0.36 0.24 -0.32
a -0.36 -0.62 1.06 0.05
as -0.83 2.02 -1.71 1.51
a, 0.66 1.60 -1.91 -1.02
=N 1.29 -1.48 2.67 -1.13
ag -0.74 -0.44 0.39 1.11

Table 2. Obtained results by the correlation coefficient

r Y2 Y3 Y4

\1 -0.3689 0.4005 -0.9423
Yo -0.9602 0.3451
Vs -0.3430

where,r,, is the correlation between the input featuxes
and y and n is the number of coefficients in each
polynomial equation.

The aim of this study is to obtain a strong relagiap
between a pairwise of fragments depending on
coefficient features and identify whether it is pige or
negative in order to obtain accurate classificatisinthe
final stage, the correlation coefficient algorithia
applied to obtain the relationship between two dts
coefficients and the mean is calculatgd .......r

the results are shown Trable 2 andFig. 7.

5. EXPERIMENTSAND RESULTS

This section is devoted to presenting the testteefar
selecting the best matching between a pairwiseotiéry
fragments according the relationship of their doffts.
By comparing the results of the different correlati
coefficient values across tfi@ble 2 and the graph shown

////4 Science Publications
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in Fig. 7, it was found that there was a negative
relationship between the two variablgs,, ,ry,,, and this

corresponds to -0.9423 and -0.9602 respectivelychwh
means height matching between the four equatiang,f
and {/,, ys), as shown in the Equations 5-8 below:

y; =0.23¢ + 0.285 - 0.364

5 5 )
-0.83G + 0.66¢ + 1.2%;— 0.7
y, =-0.04¢ - 0.365 - 0.633 )
+2.02¢ + 1.60¢ - 1.48;— 0.4
y3=-0.97 + 0.240 + 1.064 @)
1703 - 1.9%2 + 2.6%+ 0.3
y, =-0.08¢ - 0.328+ 0.054 ®)

the 155G - 1.028 - 1.18,+ 1.1

From this result, it can be deduced that the mhgsh
been achieved between a couple of the fragmér@sr(ner
part of the fragment,lthe outer part of the fragmen},2
(the inner part of the fragment, Zhe outer part of the
fragment } and the success rate of this experiment was
100%,Fig. 8. In a broader scope, a number of experiments
have been conducted by the proposed method irfantef
recognize and match effectively and achieve thédsg
ranking for the assembly of the fragments.

As shown in theTable 3 and 4 sometimes notice a
strong correlation between two edges of the fragsnand
at the same time one of edges associated witlttibe edge
of another fragment, but a lesser degree.
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_

Fig. 8. (a), (b), (c) Represents reconstruction pair wagrhented

~

(©)

Table 3. Coefficient of functiony for the sample of data set

Coefficient y Y ¥ Ya Ys Yo Y7 Ve y y

as -0.056 -0.46 0.516 -0.015 0.031 -0.021 0.3428 @192. . 1.1911 -0.1825
as -0.287 -0.309 -0.088 -0.111  -0.089 -0.207 -1.2991 2901 .. . -0.3065 1.271

a, 0.255 2.276 0.71 -0.183 0.05 -0.597 0.3973 -1.1749 .. -0.0598 0.6614

as 1.366 1.208 0.508 0.046 -0.094 -0.19 2.2608 -1.1583 .. 1.0531 0.8317

a, -0.453 -3.236 -0.384 -0.12 0.215 0.001 -0.1217 943 .. . 0.1549 -0.7502
a; -1.859 -0.251 -1.755 1.578 0.049 -0.379 -2.3732 3448 .. .. 1.1773 1.4832
=N 0.047 0.919 -0.303 0.334 0.002 -0.236 -0.6465 7T .. . -0.2079 0.2455
Table 4. The results of the correlation coefficient

r Y2 Y3 Ya Y5 Y6 y7 Y8 Yo Y10 Y11 y y

y; 0431 0.86 -0.72 -0.43 0.09 0.92 -0.61 -0.81 0.6640.67 -0.102  -0.208
Yo 0.389 -0.01 -0.64 -0.7 0.28 -0.96 -0.64 -0.31 78.3 .. -0.051 0.529

Y3 -0.87 -0.26 0.04 0.81 -0.53 -0.72 0.439 -0.52 . .. -0.17 -0.323
Va 0.032 -0.3 -0.63 0.155 0.551 -0.55 0.7 0.4660.509

Vs 0.19 -0.19 0.717 0.485 0.082 -0.11 -0.0410.676

Y6 0.17 0.547 0.125 0.569 -0.67 0.208 -0.614
\, -0.44 -0.72 0.772 -0.72 0.184 -0.348
2 0.79 0.125 -0.16 0.044 -0.408
Yo -0.37 0.401 0.28 0.096
Y10 -0.96 0.104 -0.506
Vi 0.068  0.632

y 0.042
Because of the similarity of the edges, so prefarenill The remaining percentage 5.8%, shows that thersyste

be for the highest degree. For example of this thse became confused with some recognition. When comgpari
relationship betweeny{, y;) equal to (0.92) and the this study with previous studies, we found that &h easy
relationship betweenyq{, ys) equal (0.86). Occasionally way to reconstruct and matching the fragments. e
some of the edges have not relationship with othersdepends on the edges of the fragments, where Ihasica
therefore in this situation another feature willeu® when assembling any broken object will be relyimgtioe
reconstruct the fragments. This experience haseelli  edges feature and give it priority in the assembly.

a success rate in recognizing fragments correcith w When we compare the results that obtained by
accurate matches a percentage amounts 94.2%. applying the Polynomial function with the results
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