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Forensic photography, also referred to as crime scene photography, is an activity that
records the initial appearance of the crime scene and physical evidence in order to
provide a permanent record for the court. Nowadays, we cannot imagine a crime scene
investigation without photographic evidence. Crime or accident scene photographs can
often be reanalyzed in cold cases or when the images need to be enlarged to show critical
details. Fractals are rough or fragmented geometric shapes that can be subdivided into
parts, each of which is a reduced copy of the whole. Fractal dimension (FD) is an
important fractal geometry feature. There are many applications of fractals in various
forensic fields, including image processing, image analysis, texture segmentation, shape
classification, and identifying the image features such as roughness and smoothness of an
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image. Fractal analysis is applicable in forensic archeology and paleontology, as well. The
damaged image can be reviewed, analyzed, and reconstructed by fractal nature analysis.

Keywords: Forensic photography; forensic engineering; cultural heritage and historic
photographs analysis; crime scene investigation; digital analysis and biometrics analysis;
fractals.

1. Introduction

From the aspect of forensic science, it is very important to characterize properties
of the collected material, like shape, morphology, or microstructure, in order to
examine and further investigate the evidence. If there are some blurred or miss-
ing parts presented in forensic photography, they can be reconstructed by fractal
analysis. Thus, one of the numerous applications of fractal nature analysis™? is in
forensic science. Forensic photography (Fig. 1), also referred to as the crime scene
photography,® improved by fractal analysis, can be implemented in various fields,
like criminology, paleontology (Fig. 2), archeology, cultural and historical heritage
studies, biometrics, etc.

[ Crime scene investigation ] [ Forensik engineering ]

[ Cultural heritage PH?I:)EG'{RS:;HY alysis of historic phomguphs]
T AN
[ Digital anaysis ] [ Biomet;'icanaysis ] [ Latent fingerprinting ]

Fig. 1. (Color online) Applications of forensic photography.

Fig. 2. (Color online) Possible objects for fractal analysis application in forensics (a) Jericho®;
(b) Petra®; (c) Pompeii”; (d) trilobite fossil®; (e) mammoth teeth?; (f) plant fossils.'®
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Political and religious extremists, during numerous wars, destroyed a number
of precious, thousands of years old archeological monuments, demolished religious
objects, burned down numerous archives of priceless historical value.* The fractal
analysis plays a significant role in the reconstruction of damaged historical artifacts.

Different archeological objects, buildings, or even whole cities, destroyed by
natural catastrophes like Pompeii by Vesuvius eruption, or by terrorists like the
ancient city of Petra, can be successfully reconstructed applying fractal nature
analysis (Fig. 2). Natural clay is one of the first constructing materials used, thus,
the fractal clay samples characterization could be very helpful for reconstructing
even the oldest human civilization settlements, like the city of Jericho which was
all built of clay ceramic material.

In the early 20th century, it became clear that Euclidean geometry is not suf-
ficient to describe some seemingly common phenomena such as chaotic motion,
turbulence, crystal growth, and so on. There have appeared some partial solutions,
but in the 80s of the 20th century, these attempts were systematized by Man-
delbrot in his epochal book,"! which cast a new light on the order of things in
nature. The term fractal is a neologism derived from the Latin adjective fractus
meaning fragmented, irregular. Due to its complexity,'? a fractal object cannot be
successfully defined without involving infinity. In Ref. 11, many examples of fractal
phenomena in nature are given: they are all amorphous or hyper-complex structures
such as the clouds formation, swirling water, ocean currents motion, polarized light,
stars arrangement in galaxies, vegetation, relief irregular forms, the coastline con-
tours, lung tissue alveolar configuration, and many more. In addition to the mor-
phological sphere, fractals appear in the functional sphere, too. For example, noise
in telecommunications, free-market price fluctuations, the biomass variation of dif-
ferent plant and animal species, or the statistical performance of spoken language
all have a fractal structure.

Fractals are geometric objects having broken, fragmented, wrinkled, or amor-
phous forms or being highly irregular in some other way.'® Euclidean geometry fails
to describe such objects so that they are subjects of fractal geometry.

The topological dimension (TD) describes the common, intuitive dimension of
Euclidean geometry objects, with TD = 1 for curves, 2 for surfaces, 3 for solids, etc.
The natural extension of the TD that recognizes fractals is the fractal (Hausdorft)
dimension (FD). Unlike the TD, FD is typically a noninteger for a fractal object.
For example, a calm liquid surface has TD = FD = 2, i.e. the superficial layer of
liquid molecules can be approximated as a mathematical plane. Any disturbance,
for example by heating, will make the surface geometry more complicated, with
2 < FD < 3. The upper limit, FD = 3 can occur through evaporation of all liquid
particles, transforming the planar layer into a three-dimensional (3D) space.

It may be noted that FD is not a unique descriptor. It is likely that fractal
structures or patterns can have the same FD but be dramatically different. There
are many other fractal descriptors.

2150493-3
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1.1. Fractals and self-similarity

Fractals are objects that possess strict geometric self-similarity, they are invariant
upon similarity transformation (homothety), like Cantor triadic set, Koch curve,
Sierpinski triangle, Menger sponge, etc. (Fig. 3).

Fig. 3. Classical fractals.

The self-similar object is composed of N copies of itself (with possible transla-
tions and rotations), each of which is scaled down by the ratio r in all F coordinates
from the whole. More formally, consider a set S of points

X:(xl,xg,...,xE) (1)

in Euclidean space of dimension F. Under a similarity transform with real scaling
ratio 0 < r < 1, the set S becomes S with points:

rx = (re1, rTa,. .., rTE). (2)

A bounded set S is self-similar when S is the union of N distinct (non-overlapping)
subsets each of which is congruent to rS. Congruent means identical under trans-
lations and rotations. The fractal or similarity dimension FD of bounded set S is
then given by

1= NrP, (3)

i.e.
_ logN

FD = —=—.
10g;

(4)

This relation leads to several important methods of estimating FD for a given
bounded set S.

2150493-4
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0 1

Fig. 4. (Color online) Koch curve.

The typical way to generate fractals is with recursion. Because fractals are
comprised of self-similar versions of themselves at smaller scales (which in turn
are, themselves, comprised of smaller versions of themselves, etc.), we can start
with our desired dimension and recurse down until the required depth (precision)
is achieved.

To generate a Koch curve, we start with a unit length line segment. Next,
divide this line segment into three equal segments. Then remove the middle section
and replace it with two sides of an equilateral triangle with sides that are the same
length as the removed segment. This procedure is repeated on each of four segments
arbitrarily many times (Fig. 4).

Obviously, N =4, r = 1/3 so, Koch curve FD is

D =1log4/log3 = 1.26. (5)

1.1.1. Fractional Brownian motion and statistical self-similarity

Unlike mentioned ideal (mathematical) fractals, real (physical) fractals are approx-
imately close to their ideal counterparts, they are called pre-fractals (or proto-
fractals) and typical examples include trees, forests, Earth relief, microparticles,
pores labyrinth in porous materials, etc. Real fractals are made up of parts that
resemble the whole in some other way. Sometimes, the resemblance may be only
approximate or statistical.

The set S is statistically self-similar if it is composed of N distinct subsets each of
which is scaled down by the ratio r from the original and is identical in all statistical
respects to 7S. A real-valued stochastic process (X (t): ¢ > 0) is self-similar if for
any r > 0, there exists s > 0 such that

X(rt) = sX(t), (6)

or equivalently if there exists a unique H > 0 (Hurst parameter) such that for any
r > 0 we have

X(rt) =rTX(t). (7)
A mean-zero Gaussian process (By(t): t > 0) is a fractional Brownian motion with

2150493-5
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Hurst parameter H if

E[Br(t)Bu(s)] = %(tQH + 521 — |t — M) E[BE (1)). (®)

For H = 1/2, we get standard Brownian motion:

E[Br(t)Bru(s)] = %(t +s— [t = s)E[By(1)]

= min(t, s) E[B%(1)]. (9)
Some properties of fractional Brownian motion By are as follows:

e Stationary increments: Process Y (t) = By (t +s) — Bp(s); t > 0 has the same
distribution as Bgy. Thus, the incremental behavior of By at any point in the
future is the same.

e Self-similarity: Process Z(t) = Bg/(at); t > 0 has the same distribution as o’ By.
It means the scale invariance of the process: in each time interval the behavior is
the same.

e Dependence of increments:

o For H € (0, 1/2), the BH has the property of counter persistence: if it was
increasing in the past, it is more likely to decrease in the future, and vice versa.

o For H € (1/2, 1), the By is persistent, it is more likely to keep trend than to
break it.

o For H = 1/2 (Brownian motion) has independent increments.

e Fractional Brownian motion is continuous process.
From (3), it follows that

E((Bu(t) = Bu(s))’] = |t — s]*" B[BE (1)]. (10)

So, variance of increment By (t) — By /(s) is proportional to |t — s|?.

It can be shown that FD of fractional Brownian motion trajectory is!!24:26

FD=2— H. (11)

1.1.2. 1D Fractal interpolation

Suppose that the line segment over which the fractal curve y = y(z) is to be
interpolated is [a, b] and let its length be § = b — a. The values y = y(z) are known
on endpoints a, b of the given line segment [a, b] and let the FD of curve y = y(x)
be FD=2-H.
Values y = y(z) could be considered as a random variable realizations whose
increments are normally distributed with mean 0 and variance proportional to |xs —
2H
x1|*7, x1, xa€ a, D).

y(x2) —y(z1) = N(O, |2z — a1 *0?). (12)

2150493-6
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& = o
a C b

Fig. 5. (Color online) Line segment midpoint interpolation.

First step is to interpolate y = y(z) at midpoint ¢ = (a+b)/2 of given line segment
[a, b] (Fig. 5).

It is natural to assume that the values at the ends a, b of line segment [a, b]
influence the value at ¢ and that this influence is proportional to their distance
from c. Since c¢ is the midpoint, influences are equal

ooy = LTV (13)

where D; is a Gaussian random variable with mean 0 and variance A?. This is the
so-called random midpoint displacement algorithm.'* Rewriting the above relation

gives
b) —y(a
(@) ~y(a) = LD p, (14)
Obviously,
d(a,c) = d(b.c) = 2,
2 (15)
d(a,b) = 9.
Taking variance, we get
2H
1
<g> o? = 162H02 + A2, (16)
5\ 2H
A2 = (1 —22H72) <2n> o2, (17)
Note that A2 7= .

1.1.3. 1D Fractal extrapolation

Obviously, in a similar way, like in the fractal interpolation, the fractal curve, y =
y(x), could be extrapolated. Let b be the midpoint of line segment [a, ¢| (the same
way it could be considered a midpoint of line segment |[c, b]).

It holds

y(b) = =———=+ Dx. (18)

Since

d(a,b) =d(b,c) =4,
(19)
d(a,c) = 20,

2150493-7
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& o 2
a b C

Fig. 6. (Color online) Line segment midpoint extrapolation.

with A = 2§, we get the same way as in the case of interpolation, the variance of
random variable Dy

2H
A2 — (1 _ 22H—2) (;‘) 02’ (20)
y(e) = 2y(b) —y(a) — D, (21)

where Z; = —Dq: N(0,A?)
A2 = (1 —22H=2)52H 52, (22)

Further, this procedure could be recursively continued on line segment [b, ¢|. By
combining interpolation and extrapolation fractal curve could be approximated on
the arbitrary line segment.

Extrapolation is quite similar to interpolation. The slight difference is in the
matter that interval from interpolation we propose as the interval for extrapolation.
In that way, we build the extrapolated structure for the right point (in the case
from Fig. 6) based always on the previous calculated point at the beginning of
the extrapolation interval. This fact is basically important or rebuilding missing
parts within forensic applications, as part of finger points, stamp (as a result from
criminal actions), archeological (defected parts under the volcanic ash after magma
processes like Vesuvius case on the city of Pompeii or similar), and paleontological
(defected samples from different part layers, which are affected of different climate
catastrophe).

1.1.4. Statistical self-similarity in n-dimensional space

The formalism of a self-similar fractional Brownian motion By (t) in 1D can be
easily extended to provide a self-similar fractional Brownian function, By (x), x =
(x1,29,...,2,) in n-dimensional Euclidean space.

Then, By satisfies the general scaling relation

E[(Bu(u) = Bu(v))?] ~ [u - v[*! (23)
and has an FD
FD=n+1-H. (24)

2150493-8
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M, 5 M,

Fig. 7. (Color online) Interpolation area.

1.1.5. 2D Fractal interpolation

Suppose that area over which the fractal surface z = z(z,y) is to be interpolated
lies in the square M; MsM4M, with sides of length § (Fig. 7) surrounding area D.
The values z = z(z,y) are known on vertices My, Ma, M3, and M, of the given
square and let FD of surface z be FD =3 — H.

Surface z = z(z,y) could be considered as random variable whose in-
crements are normally distributed with mean 0 and variance proportional to

[(z2 — 21,92 — Z/l)||2Ha (w1, y1), (22, y2)eD.
2(22,y2) — 2(x1, 1) : N(O, [|(22 — 21,92 — y1)|[*0?). (25)

First step is to interpolate z = z(x,y) at midpoint M, of given square (Fig. 8).

Generally, as interpolated value, it can be used as a weighted average of values
at the given number of the closest points,'® that is, variation of classical midpoint
displacement.'* Weight could represent individual influence on value to be interpo-
lated so, it could be assumed that weight is inversely proportional to a distance.

In the case of the square midpoint, distances My M., MyM,., M3M., MyM,. are
equal, so weights are equal

2(M,) = - +Dy, (26)

where D; is random Gaussian variable with mean 0 and variance A2. Rewriting

M, 5 M,

Fig. 8. (Color online) Square midpoint interpolation.

2150493-9
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the above relation gives
AMe) — 2(Ms) | 2(Me) — 2(Ma)

2 2
_ M)~ (M) | 2(0h) ~ (M)
4 4
Obviously
)
d(M., M3) = d(M., My) = —=,
( 3) = d( 4) 7

d(Ml,M4) - d(Mg,Mg) == \[25

Taking variance, we get

1 4 2 2 1 2H 2 2

and corresponding variance is

2H
A2 — 1 _ 122H i o2
! 2 8 V2
62H
= S o1 — 227,

Note that A? =4,

(27)

(28)

(29)

(30)

(31)

Next, extrapolate/interpolate values of z = z(x, y) are at square sides midpoints

In the case of midpoint M5, we have
)
d(My2, M) = ok

0
d(My, M.) = d(Ms, M,.) = —,
(M, Mc) = d(Ma, M.) 7
so, weighted average of values at My, Ms, M, is
w1z(My) + waz(Ms) + wez(M,)

z M12 = +D2
( ) w1 + wo + W, ’
M, Mz M,
M
24
M5 5
c
My
M 3 M

4

Fig. 9. (Color online) Second step, square sides midpoints interpolation.
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where Dy is Gaussian random variable with mean 0 and variance A3, and weights

Wy = 1wy = <§)p (35)

P
2
We = ({) (36)
for some power p > 0.

According to this, from relation (10), we obtain
p
(3)7=(00) + (3)7 =(0a) + (¥2) " 2(0.)
iz
B+ @)+ (F)

_ V2'(M0) + V2 (M) + 2(Me)
2v2" +1
Rewriting the above relation gives
V2 (2(My) — 2(Me)) + V2" (2(Mo) — 2(M.))
2v2" +1

wy, Wws, w. could be

z(Miz) = + D2(p)

+ Dz(p). (37)

Z(M]_Q) — Z(MC) = + D2(p) (38)

Taking variance, we get

(g>2H o= 2(2\/;’:1)2 (\2)2}[ o + A3(p), (39)

Al(p) 2N e 1 2t 2t (40)
= 550 - .
2P 22H (Qﬁp + 1)2

Note that

2H

A2(0) o2(1—2H-1) T2, (41)

92H
This procedure could be recursively continued on each of four squares
M1M13MCM12, M12MCM24M2, M13M3M34M(:7 MCM34M4M24 (Flg 10)7 with sides
of length §/2.

Forensic science is still quite a new research area still permanently developing.
From this point of view, the process of introducing important novelty with fractal
nature analysis and methods is very important. From these points of view, we try to
explain all of these steps in advanced procedure completely consequently to avoid
any misunderstanding and to provide clear direction for readers and researchers in
forensic sciences, archeology, paleontology, and criminology as well. In that sense,
all mathematical steps are developed step by step and resulting in one from previous
and maybe for someone who is in material science research looks as mathematics to
much complex, but it is necessary because we for the first time contribute fractal
nature analysis in forensics as quite a new solution which opens many frontiers.
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34

5 M,

Fig. 10. (Color online) Recursive procedure continuation.

2. Experimental Part
2.1. Ceramic clay consolidation and characterization

The natural clay from the western deposit in Serbia was used for the fractal analysis
experiment. The ceramic clay deposits, situated in Mio—Pliocene sediments of the
western part of the Tamnava Tertiary Basin (Western Serbia), was discovered in
the middle of the last century. Most parts of these deposits are located in the areas
of the villages Donje and Gornje Crniljevo with active open pits of gray—white clays
Bele Vode and Zbegovi. The production of gray—white ceramic clay is about 100,000
tons per annum, and the total reserves are estimated at over 50 million tons.'®

Raw ceramic clay composites had high SiOs contents, moderate AloO3 contents,
and low contents of other oxides. The FeoO3 contents varied; in the gray—white and
dark composite clays, they were below 2 wt.%. EPMA of sample 3 (lamellar clay)
was performed on red and white—yellow lamellae.

The grain size values were generally unique, and according to the distribution,
the ceramic clays from the active deposits belong to poor sandy-powder clays.

The X-ray powder and crystallographic analysis'” of the natural sample of clay
(can constitute any material as long as it is within the particle size range of < 2 pm)
are presented in Fig. 11. According to the X-ray diffraction pattern (Fig. 11), the
mineralogical composition was as follows: kaolinite, illite/hydromica, mica, quartz,
and feldspar.'®

UM-illite/mica
K-kaolinite
Q-quartz
F-feldspars

Q K
K Q
1 m "j U& Q Q Q -
UMK| FK (FI/M Q% K
DN ) Wl A el LR \/ o
(a) (b) .
Fig. 11. (Color online) (a) The X-ray powder diffraction pattern of natural clay from deposit
Tamnava; (b) the crystal structure of natural clay from deposit Tamnava.
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2.2. Preparation for the fractal analysis

We prepared several samples at different magnifications within the diapason from
500 to 10,000 times. We selected just one sample for the analysis and prepared one
scanning microscope image of mineral kaolinite at the magnification of 6000 times
for the fractal analysis (Fig. 12).

Fig. 12. SEM image of kaolinite prepared for fractal analysis.

In this research, we used four SEM images of the same part of the sample at
four different magnifications for the fractal analysis (Fig. 13).

Tk HF.EQ Ilkem 180131

Fig. 13. SEM images of the same part of the sample at four different magnifications.
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3. Results and Discussion

In this research paper, the natural clay examination results are presented. This
natural ceramic material is chosen because the majority of archeological artifacts
are related to clay items or object fragments. It should be emphasized that clay
had been used as a construction material for safeguarding walls, settlements, and
cottages since ancient times. Various analytical methods are used for clay artifacts
archeological research,'® and we introduce fractal characterization as an additional
technique. Let us consider that the fractal analysis was applied on prepared SEM
images of clay samples.

By applying fractal characterization?® and fractal reconstruction, we can deter-

t21 microstructure, morphology, and shape?? of ceramic clay sam-

mine and predic
ples, important for further forensic analysis. The FD is the essential characteristic
of every fractal object, as it defines its morphological and microstructural proper-
ties. One of the most exploited methods for estimating the FD is the box-counting
(BC) method, where N, plotted on the y-axis as log(NN), presents the number of
boxes covering the fractal pattern and h, plotted on the z-axis as log(h), presents
the magnification. Based on the obtained graph, we can calculate FD represented
by the slope of the line, which is calculated by applying the least-squares method.

To estimate FD, the central linear part of the line is to be considered. A higher

Original Image Binary Image with boundary

JOKV X1v.000 ivm 1001390

Extracted Edge with boundary

Fig. 14. (Color online) Fractalization of the sample.
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Fig. 15. (Color online) Reconstructing pathway of the contour’s missing part by fractal analysis.

slope designates increasing object complexity with the decreasing box size, while a
lower slope designates that the details do not appear as fast as magnification grows
i.e. the object is of a more linear shape.

Thus, by implementing the BC method, we can obtain FD, which precisely
determines the ceramic clay sample’s shape and microstructure.?! Therefore, we
applied the BC method on the original SEM image, and in a few steps shown in
Fig. 14, we obtained FDs for the given sample. The estimated FD, which is used
for shape characterization, is FD = 1.1081.

Based on previous research and results, by applying fractal nature analysis, we
successfully developed a method for microstructure morphology shapes reconstruc-
tion. In all of these fractals, self-similarity and biomimetic approaches from the real
nature are reached and completed the whole concept in applied fractalization. The
main idea, that we can reconstruct some morphology shapes by fractal analysis,
opens the frontiers for predicting and designing microstructure shapes or morphol-
ogy, what is leading toward predicting and projecting morphological shapes or just
parts of them. So, the variety of sample sources are from archeology, paleontology,
and also in different areas of criminology. Regarding all of these mentioned, we open
the doors for extended forensic samples and problems solutions and applications.

In forensic science, there is often evidence (presented on the forensic pho-
tographs) which are damaged or has missing parts, thus, their reconstruction to
the original state is necessary. To reconstruct the original shape and microstructure
fractal analysis can be applied®®?* (Fig. 15). In the sense of better clarification of

2150493-15



V. V. Mitié et al.

the reconstruction methodology, we expressed the statement that once when we can
collect the points of the reconstructed object, we can also predict the points, the
morphology of the structures within we can recognize the complete shape of some
part at the image of the sample and on that way to cover missed data.

All these results and original novelties in fractal applications open the door for
future extended research with some specific characteristics directed separately to
different areas of archeology, paleontology, and specific forensic in criminology.

4. Outlook

In our future research, we plan to continue developing the “fractal forensic” on differ-
ent examples within an extension of cases, shapes, morphological shapes, and sam-
ples. In that direction, we plan to apply examples to illustrate how to perform the
complicated mathematical equations to real cases in addition to the existing ones.

5. Conclusion

The main idea of this paper is related to a very important issue that comes up
from different sources like archeology, paleontology, or also criminology. The major
problem to be overcome is how to reconstruct the morphological shapes that miss
some parts, and our goal is to provide the solution.

Numerous archeological artifacts are destroyed over a long time period or due
to some catastrophes, like earthquakes or volcanic eruptions. For example, that
could be ceramic pottery from Vinca, Egyptian sculptures, Roman weapons, Greek
columns, or medieval fortress debris, and our idea is to reconstruct these historical
samples to get better insight into the ancient civilizations’ epoch. The analysis
of clay tablets with imprinted writings and their reconstruction represents a very
important segment in ancient written documents defining.

Introducing the fractal approach is significant for paleontological science, as well.
Fossil remains like bones or teeth imprints of various animals could be reconstructed
applying fractal analysis. It could be a valuable source providing information about
some huge animals, like mammoths which disappeared during the ice age. Floral
fossils can also be characterized by this method.

When it comes to common criminal and terrorism, as well, forensic evidence
fractal analysis?® is of great importance. The main developing idea is that we can
use some forensic tracks from criminal cases where we have just partial fingerprints,
which we can reconstruct to obtain the missing parts. This is one significant original
approach for acquiring the complete primary trace from the partial one.

Based on the forensic clues improved by fractal analysis, we come to very in-
teresting and important conclusions. This research paper aimed to introduce the
ceramic clay samples fractal characterization to the forensic field, and regarding
that, we successfully reconstructed the missing part of the contour applying fractal
analysis. Considering the vast forensic field, our future research will be directed
toward implementing fractal reconstruction on various significant forensic subjects.
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Now, we can stress that this method could be applied to different samples materials
because all conclusive samples could be based on different materials extended on

different materials. The application of fractal analysis in forensic science opens new

frontiers for more accurate and more precise examination of archeological, pale-
ontological, and criminological material sources leading to their deeper and better
understanding, which have an important impact on our present.
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