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INFLUENCE OF MATERIAL SURFACE ROUGHNESS ON
BACKSCATTERING IN LASER SCANNING

Abstract

In this paper, the possibility of applying Kirchhoff 's scalar approximation model for determining
the backscattering coefficient from rough surfaces is investigated. Surfaces of dielectric and metallic
materials, which have low roughness are considered. Based on the roughness parameters and
electrical properties of these materials, the backscattering coefficient is modelled as a function of
the incident angle of electromagnetic radiation used in laser scanning. It was represented that the
type of scattering and the range of backscattering radiation angles, in the case of seemingly smooth
surfaces, vary significantly when the roughness parameters change.
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YTHUIAJ XPAITABOCTH ITIOBPIIIMHE MATEPUJAJIA HA
INIOBPATHO 3PAYEILE KO JIACEPCKOI' CKEHUPAIbA

Caxicemax

Y oBoM pany ncnutrBaHa je Moryhaoct nmpumene KupxogoBor Moaena ckaiapHe anpOKCHMAIINje
3a onpehmBame Koe(HWIMjeHTa MOBPAaTHOT pacejara O XpalaBUX MOBpIIMHA. Pa3marpaHe cy
MOBPIIMHE JHMEICKTPUUHUX M METAIHUX MaTepHjaja Koje mMajy Maly XxpamaBocT. Ha ocHOBY
napameTapa XpamaBOoCTU U EJICKTPUYHUX OCOOMHA THUX MaTepujaja, MOJACIHPaH je KOe(HIUjeHT
MOBPATHOT pacejama y 3aBHCHOCT OJ1 YIAJHOT yIila eJICKTPOMAarHETCKOT 3pauckha Koje ce KOPUCTH
KO/l JJACEPCKOT CKeHupama. [IokazaHo je 1a THI pacejama U OIICeT YIiIoBa MOBPATHOT pacejamba, Ko
MPUBUHO MIATKUX MTOBPIIMHA, BUIICCTPYKO BapHpajy MpH IMPOMEHH IMapaMeTapa XpamnaBocCTy.

Kwyune pujeuu: Kupxoghos moden ckanapne anpoxcumayuje, Ilapamempu xpanasocmu, Jlacepcko
ckenupare, Koeguyujenm nogpamnoe pacejarva.



1. INTRODUCTION

Many measurement methods in geodesy are based on measuring the characteristics of reflected
electromagnetic (EM) waves from an object or a surface. The intensity and direction of the reflected
radiation are influenced by the characteristics and direction of the incident radiation, the electrical
and magnetic properties of the material, and the geometric characteristics of the reflecting surface.
Knowledge of the physical principles on which the reflection of EM radiation from different types
of surfaces is based as well as its influence on the measurement signal, enables prediction of
measurement errors, and allows the use of these measurement systems to identify different types of
surfaces [1,2].

Terrestrial laser scanner (TLS) provides accurate, high-resolution data by measuring the distance
between scanned points and the scanner center using time-of-flight or phase-shift-based methods.
Distance measurement accuracy in TLS depends on the instrument mechanism, atmospheric
conditions, scanning geometry, and target surface properties [13].

In active laser systems, the reflection of waves from real surfaces which are generally rough is used.
If the surfaces under consideration are highly reflective, whose specular reflections are dominant,
significant errors (centimeter and even decimeter levels) may occur, because these reflections can
increase the backscattered laser signal power considerably and cause further disturbance in echo
detection and recognition by TLS photodetectors [13].

The application of lasers is based on the directivity and modulation of the laser beam, and on the
reception and processing of reflected laser radiation from the surface of the object. In applications
based on the reception and processing of reflected laser radiation, information is contained in the
change of amplitude, phase and frequency of the reflected signal. The phase change and return time
of the reflected signal is used to measure the distance from the object. The distribution of the
intensity of reflected radiation, as a function of incident and reflected angles, depends on the
properties of the tested material (roughness and electrical and magnetic properties), the properties
of electromagnetic radiation (wavelength and polarization). There are different models for
calculating and analyzing the intensity of reflected EM waves from the surface of the object and
these models depend on the parameters of material roughness and the properties of laser radiation.
There is no single model for calculating the reflection from rough surfaces and for all models there
are some boundary conditions of use because they are all based on some kind of approximation.
Intensity-based method for correcting distance measurement errors from the center of the scanner to
the object is presented in [13], where distance and intensity data are directly derived from the
characteristics of backscattered signals. Roughness of the surface is one of the main features for
modeling distance errors.

This paper describes the scattering (reflection) of radiation from rough surfaces and applies
Kirchhoff's model of scalar approximation to several surfaces of different materials and different
roughness parameters. Kirchhoff 's model presents a rough surface as randomly oriented small
mirrors that touch the surface [3]. For these mirrors, depending on their orientation in space and the
type of material, Fresnel reflection coefficients are obtained for parallel and perpendicular polarized
incident electromagnetic waves [3-5]. The paper explains the criteria for determining whether a
surface is rough and the parameters that more closely describe the surface roughness as well as the
range of parameter values for which Kirchhoff's scalar approximation model is applied. In laser
scanning, in addition to the material properties of the surface to be scanned, the intensity of the
backscattered radiation depends on the incidence angle. For surfaces that are slightly rough and
seemingly smooth, such as dielectrics (glass and plastic) and metals (copper and iron), the angular
distribution of backscattered radiation has been determined as a function of the incident angle.

2. THEORY

2.1. REFLECTION OF ELECTROMAGNETIC WAVES FROM FLAT SURFACES

EM waves represent the transmission of oscillations of electric and magnetic fields through space.
For laser scanning applications, plane EM waves are generally considered. The electric and magnetic
fields are normal to each other and normal to the direction of propagation of these waves.
Electromagnetic waves for many applications can be represented by its electric field vector E. When
a plane EM wave incidents on a flat boundary surface between two homogeneous media (1 and 2),
whose refractive indices are ni and ny it is partially refracted and partially reflected (Figure 1). The
direction of the incident EM wave and the normal to the surface make the incident angle #1. The
part of the ray wave is reflected back to the media 1 at the same angle &1, and the part is refracted



and passes to the medium 2. The direction of the refractive wave makes the angle ¢ ,with the normal
to the boundary surface. The incident, reflected and refractive rays and the normal to the boundary
surface lie in the same plane called the incident or incident plane. The incident EM wave is usually

represented as the sum of two linearly polarized waves, the first whose electric field vector ﬁ is
parallel to the incident plane and the second whose electric field vector E,, is normal to the incident
plane, so the incident wave vector is represented as E:Q+Eperp . In order to represent the intensity

of the reflected wave vector E', the reflection coefficient r is determined, which represents the ratio
of the intensity of the electric field vector of the reflected and incident waves. Due to the
representation of the incident wave over the mutually normal two polarized waves, this coefficient

is determined for each polarization separately. The reflected wave can be represented as E'y,, and

m, so two reflection coefficients rpar and rperp are determined. Reflection coefficients can be
determined using the laws of refraction and reflection of waves and boundary conditions that connect
their electric and magnetic field vectors at the boundary surface, as well as knowledge of dielectric
constants of materials 1 and €, and their magnetic permeabilities 1 and p2. They are called Fresnel

coefficients.

Figure 1. Reflection and refraction of EM waves from a flat boundary surface

Fresnel reflection coefficients, in the general case, for media that have pronounced electrical and
magnetic properties can be determined from the expressions [3]:

_ Zpc0s01-Z3C0s07
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In these expressions Z,= \/g and Z,= \/E—Z represent the characteristic impedances of the media.
1 2

However, in practice majority of the materials do not have pronounced magnetic properties and their
magnetic permeability x=1. In addition, it is assumed that the medium 1 from which the incident

wave comes is air, whose characteristic impedance is Z;= /—, and the medium 2, in the general case,
€0

is the absorbing medium of the relative dielectric constant ¢ ro. In this case, the Fresnel reflection
coefficients are represented by the expressions:
cosf1- /srz—sinzel (3)
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If the medium 2 is absorptive, a complex number is used to represent its relative dielectric constants
¢ r2. The most common way of presentation complex relative dielectric constants is:

8r2=8|2-i8;, (5)



where i°=-1, g, is the real part of the relative dielectric constant, and &, is the imaginary part of the
relative dielectric constant. The refractive index of the same energy-absorbing material is
represented by a complex number as follows:

nzzmz'ikz, (6)
where m; and k; are the real and imaginary part of the refractive index. Complex index of refraction

and complex relative dielectric constant and their real and imaginary parts are connected based on
the expression:

n=ven.  (7)

In case the material does not absorb energy from EM wave its the relative dielectric constant ¢, and
index of refraction n, are real numbers. As the medium 1 has a refractive index ny = 1, the reflection
coefficients in this case can be derived from:

cos01- n%—sinzel (8)
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2.2. REFLECTION OF ELECTROMAGNETIC WAVES FROM ROUGH SURFACES

Roughness is a measure of statistical variation in the distribution of topographic surface relief. [8]
For rough materials, the surface level changes, and can be represented by a two-dimensional function
z(x, y), in the general case.

For simplicity of presentation and development of basic models, rough surfaces are observed along
one direction x, and its height is represented as z(x). The mean height (z) for all values of x in the
observed range is determined. A large number of parameters can be used to describe surface
roughness, but two parameters are most commonly used on which the basic models of EM wave
scattering from rough surfaces are based. The first parameter is the mean square variation of the
height 4h which is the simplest measure of surface roughness (Figure 2). [3] And it is determined

based on:
Ah={¥(z(x)-(2))?, (10)

Figure 2. Surface level presentation by function z(x) and parameter 4h

However, this parameter only tells about the deviation of the surface height from the mean value,
but it does not tell about the spatial periodicity of these changes, so it is necessary to determine the
characteristic period of repetition of height oscillations along the x-axis. This is most often
represented by an autocorrelation function defined as [10]:
_ 2 (x+)-(2)(2(0)(2))

PO (11
and it is a measure of the similarity of height at two distant points along the x axis at a distance & .
By definition, the limit values of this quantity are p(0)=1, and most often p(20)=0.
The most commonly used models for this autocorrelation function are:



e Gaussian distribution

N

S

pO=e (12)

e or negatively exponential distribution

pO=T.  (13)

In both cases, the quantity L is a measure of the width of the irregularity on the surface and is called
the correlation length.

In addition to the basic parameters that most often describe the surface roughness, there are other
parameters that in combination with the previously mentioned parameters even better describe the
given surface. Some of these parameters are Skewness (Sk), Peak to valley height (PVh) and Root
mean square slope (RMS slope). Skewness is a measure which describes a degree of asymmetry
from the normal distribution of surface heights. This parameter is using very often in a combination
with the standard deviation or other indices that assume the normal distribution of surface heights.
The index can be calculated by:

_ ot i@’

Ko w  (14)
E 5N @0)-2)?)

A Peak to valley height is a statistical measure which takes the two most extreme heights its
maximum hmax and its minimum hmin Of a surface. This index is used in surface metrology where
surface roughness is considered as irregularities coming from a manufacturing process. This index
can be calculated by the next formula:

PVh = hpax - Nmin-~ (15)

Root mean square slope represents the root mean square for the local slope dz/dx a long the sampling
length,

_1 dz(x) 2
RMSslope =~ zy((%)xzxi ). (16)

This parameter is in relation with 4h and L and in case of Gaussian distribution, the relation is
RMS slope = \/EA—Lh.

For ideally rough surfaces, it is often assumed that the height distribution is represented by the
Gaussian distribution, because it is the result of a random process. It is also assumed that the
correlation function most often has a Gaussian distribution, although sometimes the exponential
correlation function corresponds better to the measured surface data [9].

2.3. SURFACE SCATTERING MODELING

Scattering (reflection) of radiation from different types of surfaces (smooth and rough) is one of the
basic physical processes used to characterize the surface of the material. Based on the characteristics
of the surface, the angle at which the scatter radiation is greatest can be determined. Therefore, the
consideration of the reflection properties of real surfaces is of great importance. Simple surface
scattering models describe two boundary surface types, an ideally smooth surface (mirror) and an
ideally rough surface. If the surface that scatters radiation is smooth enough, it will act as a mirror,
and such scattering is called specular reflection and will behave according to the law of reflection,
ie. all incident radiation will be reflected at the same angle as the incident radiation. The second
basic behavior occurs when the surface is ideally rough and is called Lambertian scattering. In this
type of scattering, radiation that incidents at some angle and is uniform per unit area, is reflected in
all directions, ie. the radiation is scattered at all angles isotropically as presented in Figure 3.
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Figure 3. Schematic representation of two boundary cases of surface scattering a) Specular
reflection; b) Lambert scattering (Based on Fig.1 in [12])

Therefore, scattering from rough surfaces cannot be represented only by Fresnel coefficients, but it
is necessary to introduce other coefficients related to scattering.

The basic coefficient of scattered surface radiation is BRDF (Bidirectional Reflection Distribution
Function) and it is a function of the directions of the incident and scattered radiation, so it can also
be written as a function R of (b, ¢o, &1, ¢1). It represents the ratio of the irradiance L, of scattered
radiation in the direction described by angles (&, ¢) to the unit spatial angle dQ; and the flux F of
incident radiation from the direction represented by angles (6, #) to the surface dA (Figure 4). This
presentation is useful because it emphasizes reciprocity in relation to the directions of incident and
scattered radiation, ie.

R (00.0:01,0,) =R (610,006, ) - (17)

(30,' (-bi})

Figure 4. Based on Fig. 3.9. [3] Quantities defining scattered radiation from a rough surface dA
(azimuth angles ¢ and ¢ are not completely represented due to image clarity)

Most laser systems detect only the radiation scattered backward, ie. which returns along the same
path as the incident radiation. When 0 = 61 and ¢° = $1, such backscattered radiation is most often
represented by the dimensionless backscattering coefficient, ¢° represented by the following
expression:

c%=4nRcos?0,. (18)

There is no surfaces that are absolutely rough or smooth, but it depends on the wavelength of the
incident electromagnetic radiation. Therefore, criteria are introduced based on which it can be
approximately determined whether the surface can be considered rough or smooth, and one of the
basic ones is the Rayleigh criterion. Figure 2 schematically shows the behavior of radiation that falls
on a rough surface at an angle & and is reflected from it at the same angle. Observing two parallel
rays falling on that surface, it is introduced that one is reflected from the reference plane whose
height is equal to the middle level of the surface (z), and the other from the parallel plane which is
at the height 4h above this reference plane. After scattering, the difference between the traversed
paths of these two rays is 24hcosé, and their phase difference is:

Ab= 4"Ah~°°590 (19)

where A is the wavelength of the radiation. As 4h denotes the mean square variation of the rough
surface height, so A¢ represents the mean square variation of the scattered beam phase. The surface



can be considered smooth enough for scattering to be specular if A¢ is less than some predefined
value of order 1 rad. [3] The usual value is n/2 and it is characteristic of the Rayleigh criterion.
Therefore, for scattering to be specular according to Rayleigh's criterion, Az must satisfy the
condition:

8
Ah<=
8costy

(20)

From this formula, we can see whether the surface is rough depends on the wavelength of the
radiation and the angle of incidence. Based on Equation 17, it is shown that the surface is smooth
enough for radiation falling normally on the surface if Ah is less than A/8.

2.3.1.Kirchhoff's model of scalar approximation

In this paper, Kirchhoff's model is used to model scattering from rough surfaces. In this model, the
randomly rough surface is represented by randomly oriented small mirrors that touch the surface
[3]. In this way, scattered radiation is represented by reflected radiation from these small mirrors, so
this model is also called tangent plane approximation [5,11].
The three basic assumptions for these model are [5]:

e Tangent plane hypothesis: at each point of the surface, the roughness is assumed to have the

same optical behavior as its tangent plane. Fresnel laws can thus be locally applied:;
o Fresnel reflection coefficients is independent on the position on the rough surface and on the
local angle of incidence;

e Calculations are performed in the far-field.
There are two types of Kirchhoff's model and first one, the stationary phase model is based on the
application of the laws of geometric optics and applies to rougher surfaces [3-5,11]. Second, the
scalar approximation model is based on the laws of physical optics and is applied to slightly rough
surfaces [6]. These surfaces are approximately smooth and there correlation length L is considered
to be greater than the wavelength of the radiation, and the mean square value of the surface height
Ah is small enough that the slopes of the mirrors are small.
The general equations describing scattering from rough surfaces according to Kirchhoff's model are
presented in detail in [5] and [14]. Based on them, different types of scattering coefficient could be
derived for various directions of incident and reflected radiation.
The backscattering coefficient for the scalar approximation model for the parallel polarization of the
incident radiation is determined according to the expression [6]:

2n
cgp (9):I<2L2cosze|rp (e) |2 exp(-4k2AhZCOSZQ) x Z::l %exp(-ﬂszsinze)/n) . (21)

nl

In this expression, it is assumed that the correlation length L is determined by the Gaussian
autocorrelation function, ry(6) represents the Fresnel coefficient for parallel polarized radiation and
the quantity k =2 z / 2 represents the wave number of incident radiation.

Kirchhoff's model of scalar approximation is valid for the following relations of parameters Ah, L
and k [3]:

Ah<0.18L (22)
KL>6 (23)
KL®>17.3 Ah. (24)

In the Kirchhoff's model, care should be taken to choose appropriate size of the "mirrors"”, because
they must be larger than a few wavelengths, in order to avoid the effect of radiation diffraction. Also,
the angles of intrusion and scattering should not be too large, in order to prevent the shading of one
part of the surface by another. This model also does not consider multiple scattering.

3. RESULTS AND DISCUSION

Within the MATLAB software package, programs for determining the Fresnel reflection
coefficients and the backscattering coefficient of different materials have been created. These
programs enable the calculation for different radiation wavelengths, as well as for different
parameters of material surface roughness.

The most often radiation wavelengths 2 used in laser scanning are 532 nm and 1064 nm [4], and
calculations were performed for these two wavelengths. The considered range of incidence angles
is from 0° to 70°. For two types of dielectric materials (glass and plastic) and metals (copper and



iron), the parameters Ah and L were varied to meet the conditions of expressions (22), (23) and (24).
Based on them the dependence of the backscattering coefficient on the incident angle was
determined.

For the calculation the backscattering coefficient based on Kirchhoff's scalar approximation model,
the part of expression (21) representing the infinite sum S is especially considered. Therefore, the
value of the n-th term of the sum for n = [0,10] was first calculated according to expression (25),
and this is presented in Figure 7 as the dependence S(n). The calculation was performed for different
incidence angles from 0° to 70° and it was noticed that the value of the members S(n) behaves in a
similar way for all angles from the given range.

S(n)= (MI:)Z" exp(a0éLsin0)my . (25)

n

S=Fm %v::\:p[—4(;:-':,-'S|:|““?},-":|].

Figure 5. Sum chart for members 1 to 10

Based on the obtained results shown in the Figure 5, it is obvious that the influence of the members
with n > 5 on the summation is negligible. So the sum in expression (21) is calculated based on the
first 5 members. For all materials that are modeled, the adopted values for Ah and L are shown in
Table 1.

Table 1.4dopted values of roughness parameters Ah and L for wavelength 532 nm
Ah [pm] | L[um]

0.02 0.8
0.04 1.6
0.12 4.8

The obtained results are shown only for the wavelength 532 nm, since the results of the wavelength
1064 nm do not differ significantly from them.

3.1. GLASS

The refractive index for glass is a real number and is 1.5261 for a wavelength 532 nm. Fresnel
reflection coefficients were determined based on expressions (8) and (9) and presented as graph in
Figure 6a). The values of the backscattering coefficient were calculated for two ways of varying the
roughness parameters:
e at a constant value of L (1.6um) for different values of Ah (0.02um, 0.04um and 0.12um)
which is shown in Figure 6b),
e ataconstant value of Ah (0.04um), and for different values of L (0.8um, 1.6um and 4.8um),
which is shown in Figure 6c).
On smooth surfaces the radiation is reflected backwards in a narrow range of angles, while on rough
surfaces the backscattered radiation is distributed over large range of angles. As the value of Ah
increases, the surface becomes rougher, while as the value of L increases, the surface becomes
smoother, which can be seen in the pictures below.
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Figure 6. Angular dependence of: a) Fresnel reflection coefficients for glass material, b)
Backscattering coefficient at L constant, c¢) Backscattering coefficient at Ah constant

Based on graphs 6b), it can be seen that at a constant value of L, at higher Ah the surface scattering
by type is closer to Lambert scattering, and at lower Ah it is closer to "mirror" scattering.

3.2. PLASTIC

The refractive index for plastics (plexiglass) is 1.4937 for a wavelength 532 nm. The results are
presented in Figures 7a), 7b) and 7c).

Reflection graph - PLASTIC Kirchhoffs model for diffrent Ah - PLASTIC Kirchhoffs model for diffrent L - PLASTIC
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Figure 7. Angular dependence of: a) Fresnel reflection coefficients for plastic material, b)
Backscattering coefficient at L constant, ¢) Backscattering coefficient at Ah constant

Since glass and plastic materials have similar reflection characteristics, ie. they have approximately
the same values for the refractive index, the graphs of reflection and graphs of the dependence of
the backscattering coefficient on the incidence angle are similar.

3.3. COPPER

The refractive index for copper is represented by the complex number 1.1159-2.5956i for a
wavelength 532 nm. The calculation of Fresnel coefficients and the backscattering coefficient was
done in the same way for the previous materials. The results are shown in Figure 8a), 8b) and 8c).

Reflection graph - COPPER Kirchhoffs model for diffrent Ah - COPPER Kirchhoffs model for diffrent L - COPPER
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Figure 8. Angular dependence of: a) Fresnel reflection coefficients for copper material, b)
Backscattering coefficient at L constant, ¢) Backscattering coefficient at Ah constant

3.4. IRON

The refractive index for iron is represented by the complex number 2.8954-3.9977i for a wavelength
532 nm. The calculation of Fresnel coefficients and the backscattering coefficient was done in the
same way as for the previous materials. The results are shown in Figure 9a), 9b) and 9c).



Reflection graph - IRON Kirchhoffs model for diffrent L - IRON
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Figure 9. Angular dependence of: a) Fresnel reflection coefficients for iron, b) Backscattering
coefficient at L constant, ¢) Backscattering coefficient at Ah constant

Copper and iron have similar reflection characteristics, as is the case with glass and plastic, and the
graphs of reflection coefficients and graphs presenting backscattering coefficient are almost the
same.
e For all tested materials and given values of roughness parameters, it was noticed that when
L is constant and approximately L>3 4, the scattering surface behaves as a mirror at small
Ah= 412 and as Lambert surface at Ah>2 4. In the second case, at constant Ak~ 4, the
scattering surface behaves as a mirror at L>10 4 and as Lambert surface for L<1.5 4.

e The maximum angle at which backscattering radiation can be detected for dielectrics from
5-30°, and for metals from 5-40°.

e Fresnel coefficients for metals have higher values than for dielectrics.

e The value of the backscattering coefficient is significantly higher for metallic materials
compared to dielectric ones.

e It can be seen from the graphs that although these surfaces can be considered approximately
smooth for the given parameters, the type of scattering and the range of angles at which
backscattering occurs vary significantly when the roughness parameters are changing.

4. CONCLUSIONS

The main contribution in this paper was the research of the possibility of applying Kirchhoff 's scalar
approximation model for determination of backscattering radiation from different types of real
materials.

The expression for determining the backscattering radiation coefficient in the Kirchhoff 's model of
scalar approximation contains an infinite sum of terms that affect the final value and it has been
shown that it is sufficient to use the first 5 terms of that sum.

Surface roughness affects the quality of scanning and the same material has a different coefficient
of backscattering radiation and the range of backscattering radiation angles depending on the degree
of surface roughness It has been shown that even for materials that are slightly rough and seemingly
smooth, the range of angles at which they can be scanned strongly depends on the roughness
parameters and they can behave more as a mirror or more as a Lambertian surface.

Using this model, backscattering radiation from dielectric and metal surfaces of different roughness
parameters was compared. Based on the presented results, it can be noticed that backscattering
coefficients in metals have higher values compared to dielectrics. When comparing materials with
the same correlation length L but with different values of Ah, the intensity and angular distribution
of backscattering radiation from metallic surfaces vary more significantly with the change of Ah. In
a case of the materials with the same rms height Ah the glass surface show the smallest variation in
a backscattering coefficients with correlation length comparing with other investigated materials.
Kirchhoff's model of scalar approximation can be used together with the measurement of
backscattering radiations at different incidence angles. Based on the obtained modeling curves and
measurement results the surface roughness parameters for a certain material can be estimated. This
means that the roughness parameters can be estimated from measuring the intensity of the
backscattered radiation from the surface at different angles, and using a theoretical scattering model
for that type of surface.

The presented parameters of surface roughness can be used when creating a scanning plan. Based
on the presented graph types, the range of incident radiation angles for which the backscattering
coefficient is optimal can be predicted.

This work was financially supported by the Ministry of Education, Science and Technological
Development of the Republic of Serbia (Grant No. 451-03-68/2020-14/200026).
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