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Abstract:

Introduction/purpose: The temperature of a vertex of a graph of the order n
is defined as d/(n-d), where d is the vertex degree. The temperature variant
of the Sombor index is investigated and several of its properties established.

Methods: Combinatorial graph theory is applied.

Results: Extremal values and bounds for the temperature Sombor index are
obtained.

Conclusion: The paper contributes to the theory of Sombor-index-like graph
invariants.

Keywords: temperature (of vertex), temperature vertex-degree-based
graph invariant, Sombor index, temperature Sombor index.

Introduction

In this paper, we examine a class of vertex-degree-based (VDB)
graph invariants. Let G be a simple graph with n vertices and m edges. Let
V(G) and E(G) be its vertex and edge sets, respectively. Then |V (G) |= n

and | E(G) |= M . The edge of the graph G, connecting the vertices u and

v, will be denoted by uv. The degree d, of the vertex u is the number of its
first neighbors.
The graph in which any two vertices are adjacent is said to be

complete and is denoted by K, . It has m=n(n-1)/2 edges. Its complement,

denoted by Kn , is the edgeless graph, with m=0.
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For additional details of graph theory, see (Harary, 1969; Bondy &
Murty, 1976).
In the recent mathematical and chemical literature, a large number of
graph invariants of the form
TI=TI(G)= > f(d,.d,) 1)
uveE(G)
are studied, where f is a pertinently chosen function with the property
f(x,y)=f(y,x); for details, see (Gutman, 2023) and the references cited
therein. The quantities defined via Eq. (1) are usually referred to as vertex-
degree-based (VDB) graph invariants. Of these, one of the oldest is the
first Zagreb index (Gutman & Trinajsti¢, 1972; Gutman & Das, 2004):
M,=M,(G)= Y (d,+d,)
uveE(G)
whereas one of the most recent ones is the Sombor index (Gutman, 2021,
Liu et al, 2022):

SO=S0G)= > d?+d?.
uveE(G)

According to Fajtlowicz (Fajtlowicz, 1988), the temperature of the
vertex u of a graph with n vertices is defined as

d
t, =—
" n-d, (2)

where one should recall that in the case of n-vertex graphs, 0<d, <n-1.
Directly from this definition, it follows that

2m
—< > t,<2m,
n WG
The equality on the left-hand side holds if G = K_, whereas the right-
hand side equality holds if either G= K, or G=K_ .

In Eq. (1), by replacing the vertex degrees with vertex temperatures,
one obtains the respective temperature VDB graph invatiants, namely:
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M-TE)- ¥ 1),

uveE(G)

Such are the temperature first Zagreb index

™, =TM,(G)= > (t,+t,) 3)

uveE(G)

and the temperature Sombor index

TSO=TSO(G)= > 4t’+t7.

u
uveE(G)

Several other temperature VDB graph invariants were studied in the
literature (Narayankar et al, 2018; Kahsay et al, 2018; Kulli, 2019a; Kulli,
2019b; Kulli, 2021).

The temperature Sombor index was first considered by Kulli (Kulli,
2022). In this paper, we establish a few more of its properties.

Preparation: temperature first Zagreb index

Bearing in mind that for all vertices of any n-vertex graph, d, <n-1,
directly from Eg. (2), we obtain:
d
__n _
tu - d _Z(_uj .
(=R
n
Substituting this into Eq. (3) yields

1 NI w I k1
=TM = Y0 Y —(df+df )= =5 > 4| @
n weE(G) k=L N =\ N7 w&ve)
where we used the identity (Gutman, 2015)
> [gw+gWl= >, d,g@)

uveE(G) ueVv(G)
which holds for any quantity g determined by the vertex u. Note that TM;
had to be be divided by n® because the maximum possible value of

> df s n(n-1)* = n**2,

ueVv (G)
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In connection with formula (4), one should note that for k=1 and k=2,

the term Z duk+1 is equal to the well-known and much studied VDB
ueV (G)
invariants — the first Zagreb index M; and the so-called forgotten index F
(Furtula & Gutman, 2015), respectively. The same term for k=3 and k=4
coincides with the VBD invariants Y and S, recently introduced in (Alameri
et al, 2020) and (Nagarajan et al, 2021), respectively.
1

1
Therefore, TM1 zHMH_FF' which is an approximation that

would satisfy all practical applications of the temperature first Zagreb
index. A somewhat better, yet more perplexed approximation would be

1 1 1 1
TMlzﬁMl-i_FF-i_FY +FS

On the temperature Sombor index

It is evident from Eg. (2) that the temperature of a vertex is a
monotonously increasing function of the respective vertex degree.
Therefore, by deleting an adge € € E(G) from the graph G, some of its

vertex temperatures must decrease, and no vertex temperature will
increase. This implies,

TSO(G —¢e) < TSO(G) . (5)
From relation (5), we immediately conclude the following:

(1) The complete graph and its complement have the maximum and
minimum temperature Sombor indices, i.e.,

- 1
0=TSO(K,) <TSO(G) <TSO(K, ) = ﬁn(n ~1)?.
(2) The connected graph with the minimum value of TSO must be a
tree.
(3) Based on a general result for VDB graph invariants (Cruz & Rada,
2019), the trees with the maximum and minimum temperature
Sombor indices are the star and the path, respectively.

In what follows, we use the well-known inequality
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%(a+b)s\/a2+b2 <a+b

valid for 8,0 >0 with the left-hand side equality if a=b, and the right-hand
side inequality in the irrelevant case a=b=0. Applying it to TSO, we get

% 3 (1, +t)<TSOG)< ¥ (t, +t,)

uveE(G) uveE(G)

1
NA

With the left-hand side equality if and only if the graph G is regular,
i.e., if all its vertices have mutually equal degrees.

TM,(G) <TSO(G) <TM,(G)

Bearing in mind Eq. (4), we get

Tkil 3 Z d k+1J<—TSO(G) Z(nms; Z d k+1] (6)

ueV (G) uev(G)

From (6), we immediately obtain the following lower bounds for TSO.

TSO(G) > [(1 M, (G)+ F(G)) @)

or, better, but more complicated,
TSO(G) = J‘( M, (G)+ F(G)+ Y(G)+—S(G)j

The equality in (7) and (8) holds if G=K_ .

In order to get an upper bound for TSO, we modify the right-hand side
of (6) as

TSO(G) <%|\/|1(<3)+n—12 F(G)+in—1k(n _qyke
k=3

511

Gutman, I., Note on the temperature Sombor index, pp.507-515



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 3

from which it follows

TSO(G) < 1 M,(G) + = F(G)+ (n—-1)? (1—1——” —21)
n n n n
References

Alameri, A., Al-Naggar, N., Al-Rumaima, M. & Alsharafi, M. 2020. Y-index of
some graph operations. International Journal of Applied. Engineering Research,

15(2), pp.173-179 [online]. Available at:
https://www.ripublication.com/ijaer20/ijaervi5n2_11.pdf [Accessed: 19 April
2023].

Bondy, J.A. & Murty, U.S.R. 1976. Graph Theory with Applications. New
York: Macmillan Press. ISBN: 0-444-19451-7.

Cruz, R. & Rada, J. 2019. The path and the star as extremal values of vertex-
degree-based topological indices among trees. MATCH Communications in
Mathematical and in Computer Chemistry, 82, pp.715-732 [online]. Available at:
https://match.pmf.kg.ac.rs/electronic_versions/Match82/n3/match82n3_715-
732.pdf [Accessed: 19 April 2023].

Fajtlowicz, S. 1988. On Conjectures of Graffitti. Annals of Discrete
Mathematics, 38, pp.113-118. Available at: https://doi.org/10.1016/S0167-
5060(08)70776-3.

Furtula, B. & Gutman, I. 2015. A forgotten topological index. Journal of
Mathematical Chemistry, 53, pp.1184-1190. Available at:
https://doi.org/10.1007/s10910-015-0480-z.

Gutman, I. 2015. Edge-decomposition of Topological Indices. Iranian Journal
of Mathematical Chemistry, 6(2), pp.103-108. Available at:
https://doi.org/10.22052/IIMC.2015.10107.

Gutman, I. 2021. Geometric Approach to Degree—Based Topological
Indices: Sombor Indices. MATCH Communications in Mathematical and in
Computer Chemistry, 86, pp.11-16 [online]. Available at:
https://match.pmf.kg.ac.rs/electronic_versions/Match86/n1/match86nl1_11-
16.pdf [Accessed: 19 April 2023].

Gutman, I. 2023. On the spectral radius of VDB graph matrices.
Vojnotehnicki glasnik/Military Technical Courier, 71(1), pp.1-8. Available at:
https://doi.org/10.5937/vojtehg71-41411.

Gutman, I. & Das, K.C. 2004. The first Zagreb index 30 years after. MATCH
Communications in Mathematical and in Computer Chemistry, 50, pp.83-92
[online]. Available at:
https://match.pmf.kg.ac.rs/electronic_versions/Match50/match50 83-92.pdf
[Accessed: 19 April 2023].

512




Gutman, |. & Trinajsti¢, N. 1972. Graph theory and molecular orbitals. Total
@-electron energy of alternant hydrocarbons. Chemical Physics Letters, 17(4),
pp.535-538. Available at: https://doi.org/10.1016/0009-2614(72)85099-1.

Harary, F. 1969. Graph Theory. Boca Raton: CRC Press. Available at:
https://doi.org/10.1201/9780429493768. ISBN: 9780429493768.

Kahsay, A.T., Narayankar, K. & Selvan, D. 2018. Atom bond connectivity
temperature index of certain nanostructures. Journal of Discrete Mathematics and
Its Applications, 8(2) pp.67-75. Available at:
https://doi.org/10.22061/JMNS.2018.3624.1032.

Kulli, V.R. 2019a. Some Multiplicative Temperature Indices of HCsC~ [p, q]
Nanotubes. International Journal of Fuzzy Mathematical Archive, 17(2), pp.91-98.
Available at: https://doi.org/10.22457/206ijfma.v17n2a4.

Kulli, V.R. 2019b. The (a,b)-Temperature Index of H-Naphtalenic Nanotubes.
Annals of Pure and Applied Mathematics, 20(2) pp.85-90. Available at:
https://doi.org/10.22457/apam.643v20n2a7.

Kulli, V.R. 2021. The (a,b)-KA temperature indices of tetrameric 1,3-
adamantane. International Journal of Recent Scientific Research, 12(2),
pp.40929-40933 [online]. Available at:
https://recentscientific.com/sites/default/files/17380-A-2021_0.pdf [Accessed: 19
April 2023].

Kulli, V.R. 2022. Temperature-Sombor and temperature-nirmala indices.
International Journal of Mathematics and Computer Research (IJIMCR), 10(9),
pp.2910-2915. Available at: https://doi.org/10.47191/ijmcr/v10i9.04.

Liu, H., Gutman, I., You, L. & Huang, Y. 2022. Sombor index: review of
extremal results and bounds. Journal of Mathematical Chemistry, 60, pp.771-798.
Available at: https://doi.org/10.1007/s10910-022-01333-y.

Nagarajan, S., Kayalvizhi, G. & Priyadharsini, G. 2021. S-Index of Different
Graph Operations. Asian Research Journal of Mathematics, 17(12), pp.43-52,
Available at: https://doi.org/10.9734/arjom/2021/v17i1230347.

Narayankar, K.P., Kahsay, A.T. & Selvan, D. 2018. Harmonic temperature
index of certain nanostructures. International Journal of Mathematics Trends and
Technology (IJMTT), 56(3), pp.159-164.

3ameTka 0 TemnepatypHom uHgekce ropoga Combop

UeaH lN'yTmaH

KparyeBauknii yHMBepCUTET, €CTECTBEHHO-MATEMaTUYECKUA PaKyNbTeT,
r. Kparyesau, Pecnybnnka Cepbus

PYBPUKA TPHTW: 27.29.19 KpaeBble 3agayun 1 3agadm Ha cobCcTBEHHbIe
3Ha4eHUst Ans 06bIKHOBEHHBLIX
anddepeHumanbHbIX ypaBHEHUI U CUCTEM
ypaBHEHUIN

BWO CTATbW: opurmHansHasa Hay4Has ctaTbs
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Pe3some:

Beederue/uenb: Temnepamypa eepwuHbl epagha rmnopsdka n
onpedensemcs kak d/(n-d), 8 komopom d npedcmasnssem cmeneHb
8epuwiuHsbl. iccnedosaH memnepamypHbIl eapuaHm uHdekca Combopa
u doka3zaHbl HEKOMOpbIe €20 ceolicmea.

Memodbr: B 0aHHOU cmambe npumeHsiemcsi KoMbuHamopHasi meopusi
epaghos.

Pesynbmamel: B pe3ynbmame uccriedogaHusi Obiiu  r0Sy4YeHb!
npedesnbHble 3Ha4YeHUs] memriepamypHoeo uHOekca Combopa u e2o
8epxHUE U HUXHUE ripederibl.

Bbigodbi:  [JaHHoe uccnedosaHusi 6Hocum eknad 8 meopuro
uHeapuaHmos epaghose combopckozo muna.

Knroyesble criosa: memnepamypa (8eplwuHbi), memnepamypHbIl
UHeapuaHm epacha, OCHOBaHHbIU Ha cmeneHu 6epuwuHbl, UHOEKC
Combopa, memnepamypHbil uHdekc Combopa.

Beneluka o TemnepaTypckoM COMBGOPCKOM MHAEKCY

UeaH N'yTmaH

YHusepautet y Kparyjesuy, MNpupogHo-matematuydku pakynTer,
Kparyjesau, Penybnuka Cp6buja

OBJIACT: maTtemaTtumka
KATETOPUJA (TUM) YJTAHKA: opyruHanHm Hay4Hu pag

Caxemak:

Yeod/yure: Temnepamypa 4yeopa y epapy peda n dehuHucaHa je Kao
d/(n-d), 2de je d cmeneH 4yeopa. VicmpaxueaHa je memnepamypcka
s8apujaHma combopckoe uHOekca u doKka3aHe Cy HEKEe HeHEe OCObUHE.

Memode: Npumer-eHa je KOMbUHamMopHa meopuja epaghosa.

Pesynmamu: OdpeleHe cy ekcmpeMHe epedHocmu 3a memrepamypcKu
combopcKU UHOEKC, U HaheHe O0H-e U 20pHe epaHuue.

Bakrbyyak: Pad OQonpuHocmu meopuju  2pagho8CKUX UHBapujaHMU
combopckoe muria.
KbyuyHe peyqu: memnepamypa (4eopa), epaghoscka UHeapujaHma
3asucHa 00 cmerieHa 4Yeoposa, coMbopcKU UHOEKC, memrepamypcKu
combopcKu UHOEKC.
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KOMMEHTAPUW/ PEOKONNEINN: AsTop pAaHHOi cTaTbu MBaH yTmaH siBnsieTcs
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Abstract:

Introduction/purpose: In this paper, a new approach to solving the portfolio
investment problem is formulated to handle simultaneous optimization of
both maximizing the rate of return and minimizing the variance of the rate
of return. Probability - based multi — objective optimization is combined
with uniform design for experiments with mixtures to conduct processing.

Methods: Preliminarily, probability - based multi — objective optimization is
employed to synthesize the bi-objective problem of simultaneous
optimization of both maximizing the rate of return and minimizing the
variance of the rate of return into a single objective one of the total
preferable probability of each alternative scenario. The total preferable
probability is the product of all partial preferable probabilities of each
performance utility; subsequently, the method of uniform design for
experiments with mixtures is used to create a set of effective sampling
points for the portfolio investment problem to provide discretization in data
processing and simplifying treatment, of which the proportion x;follows the
constraint condition of x;+ X+ X3. . . + Xs = 1 with the total number of
variables s for x;.

Results: The new approach is used to deal with the portfolio Investment
problem that is, in essence, simultaneous optimization of both maximizing
the rate of return and minimizing the variance of the rate of return, which
leads to reasonable consequences. The results are with the quality of
rationality from the respect of the probability theory for simultaneous
optimization of multiple objectives.
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Conclusion: This method naturally reflects the essence of the portfolio
investment problem and opens a new way of solving the relevant problem.

Key words: portfolio investment problem, multi-objective optimization,
preferable probability, discrete sampling, probability theory.

Introduction

Portfolio investment aims to diversify investment risks in an effective
way. Markowitz proposed a decision - making model of portfolio
investment in 1952 which is seen as the foundation of the modern
portfolio theory (Wang, 2022).

In Markowitz's treatment, the expected rate of return and the
variance of the rate of return are employed to evaluate risky securities,
with the latter used to reflect risk. The significant consequence of
Markowitz’'s investigation is that investors should invest their funds in
several securities instead in only one, so that investment risk could be
reduced and appropriate investment returns obtained.

However, Markowitz's algorithm could only deal either with
maximizing the expected rate of return and setting the variance of the
rate of return as a restraint condition or with minimizing the variance of
the rate of return and letting the expected rate of return be a constraint
condition once at a time. In other words, such an approach could not
handle simultaneous optimization of both maximizing the rate of return
and minimizing the variance of the rate of return rationally due to the lack
of appropriate methodology for dealing with multi-objective optimization
(Sarmas et al, 2020; Oberoi et al, 2020; Nisani & Shelef, 2021).

Recently, Zheng et al (2022a) proposed probability - based multi —
objective optimization in viewpoint of system theory, which created a
brand new concept of “preferable probability”; furthermore, assessments
for probability — based multi — objective optimization were put forward
from the respects of the probability theory and the set theory. As a
rationally novel approach concerning multiple objectives, it could be used
in many fields, including energy planning, programming problems,
operation research, financial affairs, management programs, material
selection, mechanical design, engineering design, etc.

In this article, probability - based multi — objective optimization is
combined with uniform design for experiments with mixtures to deal with
the portfolio problem, so as to deal with the problem of simultaneous
optimization of both maximizing the rate of return and minimizing the
variance of the rate of return rationally.
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Solution of the portfolio problem in the light of
probability - based multi - objective optimization
methodology and uniform design for experiments with
mixtures

In this section, probability - based multi - objective optimization and
uniform design for experiments with mixtures are organically combined,
which establishes a rational method for solving the portfolio investment
problem of simultaneous optimization of both maximizing the rate of
return and minimizing the variance of the rate of return, i.e, a bi-objective
problem. The probability - based multi - objective optimization method is
used to transfer a bi - objective optimization problem into a single -
objective optimization problem from the perspective of the probability
theory naturally; the discretization of uniform design for experiments with
mixtures provides an effective discrete sampling to simplify mathematical
processing.

The systematic implementation is demonstrated by sub — sections
A), B), and C).

A) Fundamental spirit of probabilistic multi - objective
optimization

In the spirit of probability - based multi - objective optimization, each
objective can be analogically represented as a single event in a system
(Zheng et al, 2022a) and the whole event of multi - objective
simultaneous optimization corresponds to the product of all single
objectives (events). All performance utility indexes of a candidate are
preliminarily classified into two types: i.e., beneficial type and
unbeneficial type, in accordance with the role and preference of a
candidate in the optimization, respectively. Specifically, the assessment
of the preferable probability P; of both beneficial indicators and
unbeneficial indicators can be carried out according to the evaluation
procedure in Fig. 1 (Zheng et al, 2022a).

The meanings of the quantities and the factors in Fig. 1 are as
follows:

Pj indicates the partial preferable probability of the j-th performance
utility indicator of the i-th alternative scenario, Xj; n expresses the total
number of the alternative scenario; m reflects the total number of the
performance (objective); X, represents the arithmetic value of the j-th

performance utility indicator; Xjmax and Xjmin show the maximum and
minimum values of the j-th performance utility indicator, respectively; ¢
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and S express the normalized factors of the j-th performance utility
indicator Xj in the beneficial status and in the unbeneficial status,
individually; the beneficial status or the unbeneficial status of the j-th
performance utility indicator X;j is determined according to its specific role
or preference in the instant problem; and P; represents the total (overall)
preferable probability of the i-th alternative scenario (Zheng et al, 2022a).

Here, as to the portfolio investment problem, a simultaneous
maximization of the rate of return and minimization of the variance of the
rate of return is a typical bi-objective problem which contains a beneficial
indicator and an unbeneficial indicator, respectively.

Probability -
based evaluation of
multi-objective

|

Beneficial utility Unbeneficial utility
of the objective of the objective
Partial preferable probability: Partial preferable probability:
13:], o J;'U_ 5 :r'__‘Yr;' i R
Fi=aX, i=12,.mj=L2,...m By =B X jom + X jis = X )_
a,=1/(nX,) B, =V [N(X p + X i) —1X ]

Simultaneous
optimization of
multiple objectives

Integration ,
k.

Total preferable probability:

2R =1

B=PB-B,-B,~[]B

Figure 1 — Evaluation procedure of the PMOO method
Puc. 1 - lpouedypa oueHKku memoda MHO20KpuUmepuanbHoU onmumusayuu,
OCHOBaHHOU Ha 8eposimHocmu
Cnuka 1 — lNocmynak esanyayuje memoda suweKkpumepujymcke onmumusayuje
3acHosaHe Ha eepogamHohu
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B) Discrete sampling in the spirit of uniform design for
experiments with mixtures

In this bi - objective portfolio investment problem, the total preferable
probability is the decisive objective function which needs to be
maximized in a high-dimensional space, so the complex data treatment
might be involved; thus uniform design for experiments with mixtures
(UDEM) can be employed to simplify data processing rationally.

Uniform design for experiments with mixtures (UDEM), based on the
good lattice point (GLP), was proposed by Fang et al (2018). The method
of UDEM can be used to create a set of effective sampling points for
experimental design with the restraint of X, + x> + X3. . . + Xs =1 for the
proportion x; with the total number of s (Fang et al, 2018); therefore, it
can be used as an efficient sampling method for the portfolio investment
problem here to conduct the simplification of data processing with
discretization.

In addition, Fang especially developed uniform design tables and
their usage tables for proper application (Fang et al, 2018).

According to Fang et al (2018), the concrete steps of uniform design
for experiments with mixtures (UDEM) are generally as follows:

I. Selection of the uniform design table

Given the number of mixtures s and the number of sampling points n,
select the corresponding table U*,(n") or U,(n") and the usage table from
the uniform design table provided by Fang et al (2018), and the number
of columns of the usage table is selected as s-1 at this time. Give a mark
of the original elements in the uniform design table U*,(n") or Un(n') with

{qi}-
[I. Constructing a new element Cxi

For each i, construct its new element ci according to the following
formula,
Cki = (20k —1)/(2n). 1)
[ll. Constructing uniform sampling points for the mixtures, Xi
1 T s-1 L
X, =(—Cs-i _ Cis—] X. =11 C.s-i
o =@-ce D] Lo i=1, .., 81 [T k=1, ..,n. (2)

Thus, {x«} gives the corresponding uniform design table UMu(n®) of
the mixture under the conditions of s and n.
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C) Portfolio investment problem

According to Markowitz's study, the return rate function f1 and the
risk function f2 could be introduced, and their expressions are,
respectively,

fi=ER)= zxiﬂi , 3)

i-1
f, = [(X10'1)2+ (X202)2+ (X303)2+...+ (Xnan)2+ }/1,2(X101)(X202) + }/1,3(X101)(X303)
+ 71.4(X101)(Xa0m) *... A pj(Xi) (o)t ... +515(Xs105.1) (Xs05)]°. (4)

In EqQ. (3), 4 is the rate of return of the i-th security and s is the total
number of the securities. In Eq. (4), x; is the correlation coefficient
between the i-th security and the j-th security; o is the risk of the i-th
security.

According to the objective evaluation in probability - based multi -
objective optimization methodology (Zheng et al, 2022a), fi exhibits the
bigger the better, which therefore belongs to the beneficial objective, and
f, manifests the smaller the better, which thus belongs to the unbeneficial
objective, respectively.

Therefore, the answer to the portfolio problem is the optimization of
a bi-objective problem. Furthermore, probability - based multi - objective
optimization methodology can be used to assess it reasonably. Of course,
all the evaluations in probability - based multi - objective optimization
methodology can be applied rationally.

Applications

In this section, an example illustrates the use of the above steps for
solving the portfolio investment problem.

Take a combination of four securities, i.e., securities A, B, C, and D
as a typical example. The specific optimization process is explained in
detail.

Let the expected rate of return of Security A be 1 = 11.29%, and let
its standard deviation of return be o1 = 24.53%; let the expected rate of
return of Security B be x» = 18.10%, and let its standard deviation of
return be o> = 19.94%; let the expected rate of return of Security C be w3
= 8.29%, and let its standard deviation of return be oz = 11.80%; and let
the expected rate of return of Security D be m = 11.52%, with its
standard deviation of return of oz = 12.75%. Furthermore, it is assumed
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that the following correlation coefficients between two of the above
securities are 12, =0, y13=0.68, 114=0, %23=0, 4 =0, 334 = 0.

Now we need to make a decision of simultaneous optimization of
both the maximization of the rate of return and minimization of the
variance of the rate of return on this portfolio investment.

Solution

In this section, the problem of "portfolio" is analyzed based on
probability - based multi - objective optimization methodology. This is a
typical bi-objective optimization problem.

Let x1, X2, X3 and X4 be the investment percentages of four securities,
A, B, C and D, respectively. There is actually a constraint condition for
this problem, i.e., x1 + X2 + X3 + X4 = 1; therefore, it has actually three
independent variables, namely X1, X2 and Xa.

Since the sampling points of this bi-objective optimization problem
are positioned in the 4 — dimensional space, it is necessary to include at
least 23 sampling points with the characteristics of the "good lattice point"
in the effective region for the discretization of data processing (Yu et al,
2022; Zheng et al, 2022a; Zheng et al, 2022b).

According to Fang et al (2018), this is a "uniform design for
experiments with mixtures" problem due to the constraint condition of the
four variables. Let us take the uniform table U*,3(237) as the initial table
to construct a uniform test design table UM23(23%) with mixtures, as
shown in Table 1.

The uniform test table UM»3(23%) with the mixtures of Table 1 is
based on the uniform design table U*,3(23’). Because here the number of
variables s equals to 4, and n equals to 23, from the above rules, xu = 1
= ca™, X = (1 — ce™), X = cu'® i’ (1-Cia), Xia = Cia®Cia"? Cha
(Fang et al, 2018).

Furthermore, we can get the values of the rate of return function f;
and the risk function f,, the distribution of their partial preferable
probability and their total preferable probability, as well as the ranking at
the sampling points (alternative scenario), which are shown in Table 2.

Fig. 2 shows the variation of the return rate with respect to risk at the
discrete sampling points. The results reflect that the 2nd discrete
sampling point gives the maximum total preferable probability closely
followed by the 6th sampling point; therefore, they could be taken as the
optimal solution to this portfolio problem.
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Regarding the 2nd sampling point, the corresponding investment
ratio is x1” = 0.0222, x2” = 0.3494, x3” = 0.2596, x4” = 0.3688, which

leads to the rate of return of 12.98% and the risk of 9.09%.

As for the 6th sampling point, its investment ratio is at x;' = 0.0871,
X2' = 0.4665, x3' = 0.1068, x4' = 0.3397, and its obtained rate of return is
14.23% with the risk of 10.73%.

Table 1 — Uniform test table UM23(23%) with the mixtures based on the uniform design
table U*23(237)
Ta6nuua 1 — Tabnuua yHuguyuposaHHo20 mecma UMz3(23%) ¢ eapuaHmamu,
OCHOBaHHbIMU Ha mabnuue yHughuyuposaHHol mModesnu U*z3(237)
Tabena 1 —Tabena yHughopm+Hoz mecma UM23(23) ca eapujayujama 3acHo8aHUM Ha
mabesnu yHugopmHoz dusajHa U*23(237)
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Table 2 — Evaluation results of the rate of return f1, the risk f2, the preferable probability
and the ranking at the sampling points

Tabnuua 2 — Pe3ynbmamsl oueHKU cmaeku 0oxodHocmu fi, pucka fa,
npednoymumernbHOU 8epOSIMHOCMU U PaHXUPO8AHUS 0 MoYKaM ebI6oPKU

Tabena 2 — Pesynmamu npoueHe cmorne npuHoca fi, pusuka f2, noxesrbHe eeposamHohe
U paHaupare o maykama y30pKosara

Partial Overall
Values of f, preferable preferable
No and f; probability | probability | R2"K
f1 f2 P Pt Pix103
1 [0.1183|0.0979|0.0417| 0.0510 | 2.1241 9
2 10.1298|0.0909|0.0457| 0.0533 | 2.4346 1
3 10.1414]0.1268|0.0498| 0.0416 | 2.0703 11
4 [0.0961|0.0992|0.0337| 0.0506 | 1.7125 17
5 10.1254]0.1099|0.0442| 0.0471 | 2.0800 10
6 10.1423|0.1073|0.0501| 0.0479 | 2.4017 2
7 10.1062]0.1321|0.0374| 0.0397 | 1.4907 18
8 10.1096|0.0917|0.0386| 0.0530 | 2.0452 12
9 10.1180]0.1552|0.0415|0.03234| 1.3434 20

10 |0.1554|0.1334]0.0547] 0.0395 | 2.1591 6
11 |0.1132]0.1841]0.0399| 0.0229 | 0.9142 23
12 10.1210|0.0968|0.0426| 0.0514 | 2.1880 5
13 |0.1414|0.1179]0.0498 | 0.0445 | 2.2152 4
14 10.0945|0.1306|0.0333 | 0.0404 | 1.3433 21
15 10.1255|0.0970]0.0442| 0.0513 | 2.2663 3
16 |0.1298|0.1107]0.0457| 0.0468 | 2.1404 7
17 10.1648|0.1601|0.0580| 0.0308 | 1.7848 16
18 |0.1062|0.1330|0.0374| 0.0396 | 1.4806 19
19 10.1150|0.1064|0.0405| 0.0482 | 1.9519 14
20 |0.1345|0.1356|0.0474| 0.0387 | 1.8348 15
21 |0.1084]0.0921|0.0382| 0.0529 | 2.0187 13
22 10.1142]0.1637|0.0402| 0.0296 | 1.1893 22
23 10.1287]0.1104|0.0453| 0.0469 | 2.1267 8
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Figure 2 — Variation of the return rate with respect to the risk at the discrete sampling
points

Puc. 2 — BapuaHmbl cmasku 00X0OHOCMU M0 CPABHEHUI C PUCKOM 8 OUCKPEMHbIX
mouykax eblbopKuU
Cnuka 2 — Bapujayuja cmone npuHoca y 00HOCY Ha pu3uK y madykama OUCKpemHo2
y30pKosatba

Conclusion

In this paper, the probability-based multi-objective optimization
method is combined with uniform design for experiments with mixtures to
study the portfolio investment problem, which aims to give a rational
approach to handling the problem of simultaneous optimization of both
maximizing the rate of return and minimizing the variance of the rate of
return; the analysis shows that probability - based multi - objective
optimization methodology could provide the optimal solution with the
characteristics of simultaneous optimization of both maximizing the rate
of return and minimizing the variance of the rate of return; uniform design
for experiments with mixtures could be used to properly conduct
discretization for data processing and simplification.
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MHBECTULMOHHBIN NopTdenb, OCHOBaHHLIN HA BEPOATHOCTHOM
MHorouenesor oNTUMM3auumn n YHUUUMPOBaHHOW MoAeNu ¢
BapuauMOHHbIMM 3KCNEpUMEHTaMu

MaoweHrz Yxana, Jxu Nio®

CeBepo-3anagHbii MONUTEXHUYECKNA YHUBEPCUTET,

r. Cnanb, HapogHas Pecny6nuka Kntawn

@ thakynbTeT XMMUYECKON NHXEeHepun, KoppecnoaeHT
5 hakynbTET €CTECTBEHHbBIX HayK

PYBPUKA TPHTW: 27.47.00 MaTemaTnyeckas knbepHeTumka,
27.47.19 ViccnegoBaHue onepauui
BWO CTATbW: opurmHanbHas Hay4Has ctaTbs

Pesrome:

Beederue/uyenb: B OGaHHOU cmambe npedcmasrnieH HO8bIl nodxod K
peweHuro 3aday UHBECMUUUOHHO20 nopmaberis nymem 0OHO8PEMEHHOU
onmumu3ayuu Makcumusauyuu cmaeku 0oxodHocmu U MUHUMU3auuu
Oucniepcuu cmaesku OQoxo0Hocmu. Obpabomka 6bInonHsemesi nymem
coyemaHusi 8epOSIMHOCMHOU  MHO20KpUmepuasbHoU onmumusayuu ¢
yHUGULUPOBaHHOU MOOESbI0 8apualyLOHHbIX IKCIIEPUMEHIMOS.

Memodkl: BeposimHocmHasi MHO20KpumepuasbHasi onmumu3auyusi 8
OCHOBHOM UCIOBL3Yemcs rnpu coyemaHuu 08yxKpumepuarnbHoU 3adaqu
00HOBPEMEHHOU onmuMu3auyuu Makcumusauyuu cmasku 0oxod0Hocmu u
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MUHUMU3ayuu ducriepcuu cmasku 00X0OHOCMU 8 OOHOKpUmepuasbHoU
3adade obwell npedrnoymumeribHOU B8epPOosIMHOCMU 10 KaOoMy

anbmepHamugHoOMy cueHapuro. Obuwasi npedrnoymumersibHasi
8eposIMHOCMb sernsiemcsi rpoussedeHUeM acex 4acmHbIX
seposimHocmeli npednoymumeribHol rnoneaHocmu

npousgodumensHoCcCMu, Mo3amomMy mMemod yHuguyuposaHHoU modenu
8apualyUOHHbIX  3KCMIEPUMEHMOo8  Ucronb3yemcsi npu  co30aHuu
MHOXecmea 3hheKmueHbIX mo4yeKk 8bIbopKU Onsi peweHus 3adadu
UHBECMULUOHHO20 nopmabesnii ¢ uenbo OoCmuXXeHUss Guckpemusayuu
npu obpabomke OaHHbIX U YrpOWeHUs npouedypbl, 8 Komopol
MPONopUUs Xi MOOYUHSIEMCST YCII08UKD O2PaHUYEHUSI Xi + X2 + X3. . . + Xs =
1 ¢ 06WUM HUCTIOM repeMeHHbIX S O11s Xi.

Pesynbmamebi: B peweHuu 3ada4y UHEECMUUUOHHO20 ropmeers
ucrionb3yemcsi HogbIl Modxod, Komopaili o cymu rnpedcmasrnsiem cobou
O0HOBPEMEHHYK ONMUMU3auUI0 MakcuMu3auyuu cmasku 0oxodHocmu u
MuHUMU3ayuu ducriepcuu cmaeku 0oxo0Hocmu, 4Ymo npusodum K
pasymMHbIM  pesynbmamam. Pe3ynbmambi obnadarom  Kayecmeom
payuoHanbHOCMU C MOYKU 3PeHUs meopuu eeposimHocmel Ons
00HOBPEMEHHOU OrMUMU3aUUU HECKObKUX uerel.

Bbigodbl: Hacmosiwuti memod ecmecmeeHHbIM 0bpasoM ompaxaem
cymb npobrieMbl UHBECMULUOHHO20 nopmaerns u daem Ho8bil criocob
pelweHusi saxkHelwel 3ada4u.

Knroyesble  crosa:  3alaya  UHBECMUUUOHHO20  ropmebens,
MHO20KpumepuarsbHasi onmumu3sayus, npednoymumernbHas
8eposIMHOCMb, OUCKpemHasi 8bibopka, meopusi eeposimHocmed.

MHBeCTMLMOHM NOpTAONMO 3acHOBaH Ha NPo6abunucTUYKoj
BULLEKPUTEPUjYMCKOj ONTUMU3ALNN U YHUDPOPMHOM AM3ajHY 3a
eKkcnepuMmeHTe ca Bapujauuvjama

Maowere Llenr?, hau Jy°

YHusepanutet CeBeposanag, CujaH, HapogHa Penybnuka Kuna
2 GakynTeT XeMUJCKOT HXEH-EPCTBA, ayToOp 3a NPenucky

6 dakynTeT NPUPOAHMX HayKa

OBJIACT: maTematumka, padyHapcke Hayke
KATETOPWUJA (TUM) YJTAHKA: opyruHanHm Hay4Hu pag

Caxemak:

Yeod/yurb: ®opmynucaH je Hoeu npucmyrn pewasary npobrema
UHeecmuyuoHoe ropmepornuja noMohy ucmospemMeHo2 ormumu3osar-a
Makcumusauuje cmorne rpuHoca U MUHUMU3ayuje eapujaHce cmorie
npuHoca. Npouecupar-e ce u3800u KOMBUHaUUjOM 8ULUEKPUMEPUjyMCKe
onmumu3ayuje 3acHosaHe Ha eeposamHohu ca yHUGOPMHUM Au3ajHOM
3a eKcriepuMeHme ca sapujayujama.
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Memode: Buwekpumepujymcka onmumu3auyuja 3acHosaHa  Ha
seposamHohu rnpesacxoOHO ce kopucmu Oa ce O08OKPUMEPUjYMCKU
fpobrnemM ucmospemMeHoz2 OnmuMu308arba Makcumusayuje cmore
fpuHoca U MUHUMU3auuje eapujaHce cmorie fpuHoca cuHmemuwe y
JjedHokpumepujymcku rpobrem yKyriHe noxesrbHe eeposamHohe ceakoe
anmepHamueHoe CcueHapuja. YKynHa rnoxesrbHa eeposamHoha je
npous3sod ceux napuyujanHux MoxerbHUX eeposamHoha KopucHocmu
ceake nepgpopmaHce. [akne, memod yHugopmHo2 OusajHa 3a
eKcriepuMeHme ca eapujayujama Kopucmu ce 3a Kpeuparbe CKyna
ehbekmueHUX mavaka y30pKosara 3a [MpobrnemM UHBECMUULUOHO2
rnopmebornuja kako 6u ce nocmuerna Ouckpemu3auuja y rnpouyecuparby
rnoGamaka u rnojeOHOcmMaesuo rocmynak y Kojem rporopuuja Xi credu
yCro8 ogpaHuyera X + X2 + Xz. . . + Xs = 1 ca ykynHum 6pojem
eapujabnu s 3a Xi.

Pesynmamu: Hoeu npucmyn kopucmu ce 3a pewasare npobrema
UHBeCMuUUUOHO2 ropmaponuja Koju, y CywmuHu, rpedcmaserba
UCMOBPEMEHO ONMUMU308aH-€ MaKkcumusayuje cmone rnpuHoca U
MUHUMU3aUUje eapujaHce cmorie rnpuHoca, Wwmo eo0u 00 pa3yMrbusuXx
nocneduya. Pesynmamu umajy Keanumem  payuoHaiHocmu  ca
cmaHosuwma meopuje seposamHohe 3a ucmospeMeHy onmumusauyujy
sULIECMPYKUX YUIbesa.

Sakrbyyak: Oeaj mMemod npupodHO odc/ukasa cywmuHy rpobrema
UHeeCMUUUoHo2 rnopmepornuja U [Mpyxa HO8 HaYuH 3a HE2080
pewasar-e.

KrbyyHe peyu: npobnem UHBeCMUUUOHo2 nopmabornuja,
guweKkpumepujymcka onmumu3ayuja, rnoxesbHa eeposamHoha,
ducKkpemHo y3opKkosar-e, meopuja seposamHohe.
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Abstract:

Introduction/purpose: The goal of the research in this paper is to present
and evaluate the method of modeling operations by aggregating forces by
simulating the battle process with Lanchester's equations. This method is
the software basis of a certain number of programs used in NATO, in war
simulations, and in the planning and analysis of operations. Its value is in
understanding the consequences of decisions made with outcomes and
results of combat actions.

Methods: The case study of the well-known Operation Desert Storm
gathered the necessary data on operational parameters and the way forces
are used in battles. The obtained data were transformed into operational
variables of the combat model using the force aggregation method, whose
simulation was carried out using the method of differential Lanchester's
equations (quadratic law).

Results: By simulating the modeled operation, the parameters of the
outcome of the conflict were obtained with numerical indicators of success,
consumption of resources, etc. The results were analyzed and a certain
correlation with the parameters of the real operation was determined, which
enables the validation of the model.

Conclusion: The partial validity of the model describing the conflict on a
practical historical example from a case study was confirmed. There are
objective limitations in the application of modeling of military operations and
optimization of the use of forces. The value of this method is the possibility
of a reliable strategic assessment of the adversary's military power at the
strategic level.

Key words: air/ground combat operations, attrition, aggregated forces
model.
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Introduction

The method of modeling and simulation is a scientific tool for
visualizing operation plans and predicting the course and the outcome of
combat operations. However, in most cases, planners do not know the
mathematical background of the program responsible for obtaining results.
This can result in subconsciously rejecting the obtained results as
unreliable or in giving them too much importance even though there is no
basis for either of these.

War and armed conflicts are not a part of the past and will never be.
The problem of war is not its occurrence, but wrong decisions made on the
assessment of the outcome of the conflict only on the basis of armchair
experience and the knowledge of battles from epic history. This often leads
to disasters. Examples for this claim are, in addition to Desert Storm which
ended disastrously for Iraq, the recent Coalition campaigns in Libya, Iraq
and Afghanistan. Finally, the Russian special operation in Ukraine is the
last example, but certainly a representative one.

The aim of the research in this paper is to validate the method of
modeling the battle process with Lanchester's equations by aggregating
heterogeneous forces into homogeneous ones, with the aim of applying it
as a scientific tool in the process of planning and analyzing operational-
strategic operations. The value of modeling and simulation lies in the
simplicity of viewing the consequences of the decisions made in
correlation with the essential operational parameters of the results of
implementation and the final outcome. This deepens theoretical
knowledge about strategy and operational art, which contributes to the
verification of the planning process and the predictability of conflict
outcomes. The results are noticeable in the preparation and execution of
combat operations, their efficiency and effectiveness, assessment of
operational capabilities, advantages of new technologies, tactics and
purposeful decision making.

The second part of the paper gives the theoretical foundations of the
methods used, Lanchester's square law of combat and studies of the
equivalence of forces by aggregating heterogeneous forces into
homogeneous ones. A brief historical review is given with practical
examples of application in solving real combat and practical problems, as
well as shortcomings and their evolution into approximate models for
software application in computers.

In the third part, experimental modeling was carried out - Operation
Desert Storm. The model considered abstracted parameters on the
influence of operational factors, combat capabilities, heterogeneity and
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number of forces, needed for validation, prediction of outcome and course
of action, converting them into equivalent values.

The fourth part contains the result analysis and the discussion of their
correlation with the actual facts of war, as well as the principles of the
guadratic laws of the battle, derived from Lanchester equations. After
verification, the validation of the applied methods was made, based on the
obtained results and historical facts.

Theoretical background

Lanchester - Osipov's mathematical model, widely known as
Lanchester's equations or the law of combat, represents one of the first
attempts to scientifically describe armed combat. Lanchester (1916) uses
his equations to describe two historical types of combat, which
characterizes the process of depletion of forces, influenced by two
guantities: the strength of forces and the fighting capability, expressed by
the Lanchester attrition-rate coefficient. The first combat type is linear and
represents ancient and medieval battles, characterized by the use of cold
weapons on foot or on horseback and sometimes by the use of archers,
catapults and similar ancient weapons. The analytical expression for this
process is (Washburn et al, 2022) where (a) and (B) represent the attrition
rates and (X) and (Y) are the numbers of forces engaged in combat:

ax L
dt B dt
for X>0 A Y>0

—a, ey

The second type of combat is described by Lanchester's square law
which characterizes modern combat and warfare with the massive use of
firearms, emphasizing the decisive influence of concentration of forces.
The general idea (Kress, 2020) in the Lanchester model is to define the
variables of the numerical state of the armed forces and the coefficients of
the rate of inflicting losses on the adversary, and then solve the resulting
equations as a function of time. If there is no change in time for the attrition
rates (a) and (B), then the differential equations can be expressed as a
system of ordinary differential equations (Washburn, 2000):

dXx dy

— =—B%Y A —=—axX 2
dt b= dt axi @)

for X>0 A4 Y>0

Even in the case where both sides have the same attrition rate or one
is slightly better, the advantage in force numbers has a decisive influence
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(MacKay, 2006). This implies: the winner is the side with better force
concentration at the right moment and the right place or maybe has a
bigger unit’'s army divisions or air squadrons (Lanchester, 1916).

A special form of Lanchester's linear law is area combat. It consists
of operations characterized by the law of probability without precision
shooting, such as artillery bombardment or air support of an area, which is
evenly occupied by opposing armed forces. The side that opens fire inflicts
losses on the other side at a certain rate, proportionally to the number of
forces located on a certain area, in relation to the total area of the combat
layout (Washburn et al, 2022).

Another special form is the logarithmic law of combat, which refers to
taking into account other reasons for depleting forces, such as illness,
natural disasters, desertion, etc. (Washburn et al, 2022). It is interesting
that this particular model proved to be more accurate than the others.

Lanchester's differential equations are the basis for the application of
the slightly more complex Deitchman 's (1962) law of mixed combat, which
enables the simulation of the combat dynamics of qualitatively different
opponents such as the warfare of two adversaries in guerrilla and
conventional combat. This problem could be solved by a combination of
guadratic and linear laws (Darcom Pamphlet, 1979). A new aspect of the
problem of this kind of conflict was given by Kress (2020) by including
collateral victims among civilians. Many published works on historical
battles partially validated the model which was successfully used to solve
certain practical problems. The examples include: lwo Jima (Engel, 1954),
Ardennes campaign (Fricker, 1997) and Kursk (Lucas & Turkes, 2004),
artillery and air support; strategy optimization in relation to weapon range,
enemy attrition rate and operational costs (Isaacs, 1965); solving air
operations problems in terms of combat resources due to the distribution
of combat sorties in air support operations, offensive and defensive anti-
aircraft operations (Berkovitz and Dresher, 1959), SEAD operations
(Barkdoll et al, 2002) and the high level of engagement of the air battle
model and expenditure design process (Allen, 1993).

The flaw in the basic model methodology was noticed quite early on.
Osipov (Helmbold & Rehm, 1995) immediately pointed out the problem of
a constant rate of expenditure of forces, which does not take into account
the influence of various parameters such as: maneuver, tactical decisions,
logistics, shooting process, operational situation factors (weather,
geography, etc.). For these reasons, and in order to improve the initial
method, combat modeling by partial differential equations was developed
(Protopopescu et al, 1990). Using these methods, even the contribution of
intelligence support can be determined (Coulson, 2019). An interesting
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war model created by Seung-Won Baik (2013) is based on a multi-weapon
expansion. Helmbold (1965) noted that the relative rate of attrition of
opposing forces depends on the ratio of force sizes. It is also important to
mention Bonder (1970), who considered the combat range as a function
of time with a constant rate of change of distance.

The fact is that Lanchester's equations and their refinements have
been applied with some success in the analysis of historical battles, solving
logistical and other operational problems. However, despite the
improvements, the basic problem of combat modeling of the
heterogeneous structure of forces in battle, in the conditions of changing
operational factors, remained. In accordance with the fact that warfare
represents a conflict of different types of armed forces, modeling of real
warfare implies a heterogeneous combat structure of forces. Given these
facts, it is understandable why the application of the basic Lanchester
model is not suitable for modeling real war combat.

Another reason is that there is a fundamental difference between
modeling the combat of smaller forces versus large, complex forces. The
first case is a detailed simulation of each combat entity in the simulation,
which is often defined as a high-resolution model approach and can be
expressed by several differential equations which describe the combat
process. The second case requires many more equations, with more
detail. High resolution models involve complex computer programs. Their
development and maintenance are complex and expensive. They are
usually stochastic, which seems desirable, but actually requires replication
to get answers about simulated combat. When trying to model larger forces
(divisions, armies, etc.), the number of armed entities makes it impossible
to maintain individual resolution.

As Taylor (1980a) said “for small-scale operations it may be possible
to reasonably represent force interactions and attendant attrition rates with
a few differential equations, but for large-scale operations of conventional
armed forces the same approach might well involve hundreds (and
possibly even thousands) of differential equations tied together through
battlefield operations®. On the basis of these arguments considering
methodology complexity for practical solving of this problem, Taylor
(1980a) emphasized there were only few developed useful analytical
models. Furthermore, he asserts three main approaches in simulating the
combat model based on attrition:

- Monte-Carlo simulation,

- Aggregated Force-Fire Power Score approach, and

- Detailed Lanchester’s type model.
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For modeling large scale combat operations such as strategic
combined operations or campaigns, more suitable are Aggregated Force
and Detailed Lanchester’s type model. Monte-Carlo simulation is more
suitable for small scale combat models (bellow the battalion force level).
Disregarding the difference of stochastic and deterministic nature between
these methods, a lot of authors consider both models quite similar in sense
of results but the deterministic model is more practical for use (Taylor,
1980a).

In general, many experts believe that deterministic models, applicable
on computers, give on average similar results to stochastic models, while
being more practical. An illustrative description of the problem, by Taylor
(1980a), is the consideration of the combat of heterogeneous forces with
different types of combat systems with capabilities expressed by the
attrition.

In this model of combat, there are a few assumptions which must be
considered:

- attrition effects on forces are additive for every specific combat
element, without mutual support and synergy effects,

- attrition efficiency of any combat system is proportional to the
number of elementary units of that type, and

- each part of forces will attrite all available elements of the opponent
according to its own combat capability.

Fire distribution can be considered as special factors (#;;) and (¢;;),
for both opponents, referring to a part of the forces of one side destroying
a part of the forces of the other side, where:

X;>0,%>0 A 0<d¢y ;<1
According to this and (eq.2), the final model is:

n m
dx; dy;
TSNty A =) gyt )
j=1 i=1

This is a combat model where two opponents have heterogenic
structures (Taylor, 1980a). The problem seems very simple to solve but
that is illusion, because the real solution is very complex, even impossible
to resolve. It becomes obvious when someone tries to resolve the combat
model of two opponent forces with three and more combat elements
(Hsiao & Guu, 2004).

The approximate methods are based on developed procedures for
solving the model numerically. Significant contributions to the development
of Aggregated Combat Models methodology are the works of: Alan

534



Washburn, Bill Caldwell, Jim Hartman, Sam Parry and Mark Youngren
(Washburn et al, 2022). The numerical approach enables complex
problems solving where analytical methods cannot help. They allow
solving complex problems for which the solutions satisfy a certain degree
of accuracy, which means that there is a certain error with some degree
but which is within the limits of tolerance in relation to the analytical
solution. Aggregated-force modeling was the basis of various simulation
programs of war games, which are still used around the world today, which
is why it will be tested as a model base in this work.

Aggregated-force modeling

The basic idea of this model is to aggregate all individual combat
elements in the unit into one scalar measure that represents the combat
power of the unit. This method combines various weapon systems and
forces into one homogeneous force, using two characteristic quantities:
the Firepower Index - (FPI) and the Firepower Score - (FPS).

The term firepower score indicates the combat power for each type of
a particular weapon system. The firepower index indicates the summarized
result, that is, the combat capability of the total, aggregate forces of a unit
(Taylor, 1980b). In order to obtain the FPI, a linear model is used to
transform all special values of the coefficients of the rate of inflicting losses
on the other side, as an aggregate FPS, for the total, combined forces. Also,
it is important to emphasize that the conceptual-categorical apparatus is
uneven and that different authors use different terms with the same
meaning. Since aggregate forces consist of completely different weapon
systems, in order to achieve standardization for comparing different
systems, the fundamental principle for determining the value is directly
proportional to the value of the enemy system it destroys.

Calculating the FPS is relatively complex (Holter,1973), which also
complicates the methodological unevenness of this method (Taylor,
1980b). The problem in studies of equivalent forces, as this
methodological approach is also called, is to determine the weight or value
of all types of weapons of each side in the conflict. Therefore, if we assume
that the total value of different, combined weapons systems is a linear
function of all those different systems, then it can be expressed by the
following Aggregation of Forces (Taylor, 1980b):

n n
X _ . » y y .
s; =k, Zb] * S5 A s; = ky
j:l i=1

for: aij >0 A bjl >0

a;; *si (4)
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Where (s{) or (s}’) represent the value of one (X;) or (¥;) weapon
system of the same type on one side which is directly proportional to the
total value of the opposing forces destroyed by those weapons per unit of
time. This means that aside from constants of proportionality (k,) and
(ky), the Kkill rate matrix ( b;;) denotes the attrition rate at which one (Y})
system Kkills or destroys (X;) systems in a certain combat situation and vice
versa.

In relation to the initial analytical form of the battle of heterogeneous
forces (eq.3), we consider the total value of the opposing forces (X) and
(Y), as the value or the FPI of (V) and (V;). Then the FPI represents the
combat potential or the value of a military unit, where the score or the sum
of that is a weapon system and indicates the number of combat elements

in the unit:
m
Ve = Z SP * x; A

i=1

=
I
1=
<,
*
2

)

=1

-

The values of the constant of proportionality (k) and (k,) from (eq.4)
are more convenient to be expressed as (Taylor, 1980b):

Re 4 () ©

In that case, the intensity of combat losses of aggregate forces (X)
and (¥) and the values (c,) and (c,) can be interpreted as the Lanchester
coefficient of attrition rate of loss of composite forces in the process where
aggregate forces are consumed with time. The meaning of these constants
is a direct consequence of the premise that there are positive values
(cx) and (cy) which can determine the relationships between the values of

different weapons or the FPS (s{) and (sjy).

Finally, according to Taylor (1980b), it follows that the ratio expresses
the equality of the average infliction of losses in time of (X) or (Y) sides as
(%) or as (Z—f) and the product of the negative constant (-cy) or (-c4) and

the average "weight" of the other and represents a unique value for all
types of weapons. This can be written, in terms of Lanchester’s square
law, as:

dV, dv,

Pl —cy * V), A Pl —c, Wy 7
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This also means that if it is possible to determine the values (c,) and
(cy) and the FPS vectors [s*] and [s”] of the total aggregated forces FPI
in the time (V) and (13), by transformation of a heterogeneous conflict
model into a homogeneous one, the mathematical model can be
expressed as the classic Lanchester’'s quadratic law of combat (Darcom
Pamphlet, 1979):

’c
V() = Vlcosh [c, xc, xt— 1)) C—y-sinh Cy*Cy*t (8)
X

According to Taylor (1980b), this calculation is repeated for all parts
of the forces if they are geographically separated and the losses actually
represent a daily (temporal) decrease in combat power caused by combat
operations. Individual losses, of special parts of power, are obtained
through the process of disaggregation (Taylor, 1980b).

Algorithm for obtaining the FPS and the FPI:

The starting point of the procedure is based on the value of the
equivalent forces by the equation:

C%* [ag] * [bi] * [SF]* = [W]* €))

Where [S;]¥ is a new vector defined as a relative value — the FPS of
the (i) weapon type (Darcom Pamphlet, 1979) and (C) is the single scaling
factor for convenience, which brings the arms of real values into relation
(Holter, 1973). Sizes indicate the relative value of individual weapons. For
example, in relation to the value - a tank, so it can be concluded that some
Blue type (A) weapons are effectively similar to Red type (B) weapons and
each worth as two tanks (M60A3).

At the beginning, all components of the FPS vector [s]¢ are
determined to have a value one, where the exponent (k=1) denotes the
start of the iterative process. According to Holter (1973), this yields a fast
convergent algorithm, leading to a unique value(4) and the FPS- [S7]*. By
calculating (eqg.9), a new vector — a relative FPS [W;]¥is obtained, in which
the weakest component (infantry) [Smf]", is determined as the equivalent

force value in relation to which other elements are determined.

1 Considering the methodological complexity of the procedure for obtaining the rating and
the index of firepower, it is not suitable and possible to give a detailed description; however,
the essence of the method is shown. For more detailed information, see the works of Taylor
(1980), Holter (1973) and a group of authors in the Handbook (Darcom Pamphlet, 1979),
where the method is fully and thoroughly presented, with appropriate examples.
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Then a new FPS is calculated according to the following relation:
[Sim = Ak = Wik, (10)

where: AF = 1/(5' pL (11)
mn

where [S;]¥*™ is the next vector of the relative FPS and where e.g.(S;)" -
infantry is the weakest weapon component.

The previous step (eq.9) is repeated, increasing (k) by a unit at each
iteration, until the value: A¥*"*1 ~ A+ at some stage or iteration (k) is
within a certain degree of accuracy. The iterations converge to a unique
value (A1) and the vector [sjy ] under the assumption that the matrix with
[a;j 1* [b;; ] is irreducible (Darcom Pamphlet, 1979).

After the last iteration, the final value for (4) and the vector [s7] is
reached:

[S?C]k+n+1 — Ak+n* [Wi]k+n (12)

Finally, the FPS [s]'] is calculated:
Cx [b] + [s¥]= |57 (13)
where C=+A (14),

The final vectors [s] and [sjy], represent the FPS for both opponent's

weapon types or classes. The total value or the Fire Power Index — FPI
V5 (X) and V,(Y), of both opponents, is given by the relation:

T
Vo= [s] *IXd A Vo) =]s!] *[v]] (15)

This represents only the basic structure of the model, which according
to Taylor (1980b) forms the basis for the software tool in various war game
simulations for the operational level, such as: ATLAS, TAGS, CEM,
IDAGAM and TACWAR or the more recent FATHM (Washburn & Kress
2009). This type of model is also used in this paper.

Although this method is determined by the rate of fire (product of fired
projectiles and carriers) in a certain time, it is nevertheless based on a
certain subjectivism in the development of the FPI and is therefore subject
to certain objections. It has been criticized by several experts, due to the
method of calculation, where the FPI depends on the circumstances of the
way of use, which affect the effectiveness of each particular element of the
forces of one of the opponents. At the same time, the quantification of the
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combat capabilities of each special element represents a number that
indicates its value in special combat conditions, in relation to other
elements.

Also, it is important to emphasize that the conceptual-categorical
apparatus is uneven and that different authors use different terms with the
same meaning. Since aggregate forces consist of completely different
weapon systems, the fundamental principle for determining the value is
directly proportional to the value of the enemy system it destroys. In order
to achieve standardization for comparing different systems, this maxim is
developed into the view that the value of a weapon system is directly
proportional to the rate at which the value of an enemy weapon system is
destroyed. According to Taylor (1980b), this has continued to be the basis
for large force conflict analyses in the US Armed Forces and NATO
countries during 70s and 80s and even today, due to the simple fact that it
is by far the most suitable for software application. The fact is that these
methods are still in use through software tools which are applied for
simulations of the conflict of forces of strategic groups on the battlefield.
However, it has been criticized by a lot of authors.

Due to the nature of war as a phenomenon and the limited availability
of relevant facts, modeling was done followed by the evaluation of the
method based on the results of a case study, a representative historical
example of a strategic air operation (campaign) Operation Desert Storm
(Keaney & Cohen, 1993).

Experiment — combat simulation

The essential question is both complex and difficult to answer:
whether the created combat model behaves consistently in a way that
corresponds to reality? The key is the assessment of the parameters that
are an integral part of the model. By practical verification, on the example
of a combat situation, a comparison can be made and the real applicability
of the approximate method can be verified. The validation of the model
was carried out by simulating the combat operation Desert Storm, due to
fortunate circumstances that a large statistical material is publicly
available, with a wealth of data such as: data on planning and formation of
forces (Gulf War Air Power Survey, 1993a), the number of flights
performed, the consumption of ammunition and fuel, the number and type
of targeted objects, tactics and training and combat capabilities (Gulf War
Air Power Survey, 1993c), expected effects of actions, etc. For the sake of
simplicity of application and data processing, a certain approximation was
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made, which refers to the generalization of the forces and the
determination of their combat capabilities.

Blue (Coalition Force) has m = 3 types of combat forces, which are
then grouped according to their type and purpose, and deployed in the
appropriate order of battle: air force, air defense and army force.

Red (Irag Force) has n = 4 types of combat forces, which are then
also grouped according to their type and purpose, and deployed in the
appropriate order of battle: air force, air defense, army force and tactical
ballistic missiles.?

The reviewed forces, according to their numerical strength status are
given in the following Tables from 1 to 3 (Gulf War Air Power Surwey,
1993d) and the combat capabilities of the opponents are given in Tables
4 and 6 (Gulf War Air Power Surwey, 1993b). The ground forces are shown
as a collection of elementary parts, which together form wholes of special
types of combat units of mechanized and armored divisions and brigades.
The Iraqgi army represents: 8 divisions of the Republican Guard and 36
divisions of the Regular Army on the Kuwaiti battlefield, while armored
brigades form the composition of 22 divisions of the Iragi army in Irag.
Actual numbers of Ground combat force elements are shown in Table 3.

Table 1 — Comparative strenght of Coalition and Iragi Forces by types

Tabnuua 1 — CpasHumesibHasi YUCIEHHOCMb KOaTUUUOHHbIX U UPaKCKUX cursl rno sudam
Tabena 1 — YnopedHa cHaza KoanuyUoHUX U Upadykux cHaza ro epcmama

) XF XB XSTH XEW XFA XSEAD XAH
Xi 205 420 40 59 2150 450 681
) YF YFA YA YEW YSEAD | Yrecon YAH
Yi 56 164 908 20 12 32 442

Table 2 — Comparative strenght of Coalition and Iraqi Forces by types
Tabnuua 2 — CpagHumersibHasi YUC/IeHHOCMb KOanUUYUOHHbIX U UPaKCKUX cusl rno audéam
Tabena 2 — YnopedHa cHaza KoanuyuoHUX U Upadykux cHaza o epcmama

) XADL XADM XADS XWMD XMD XABr
Xi 96 44 - - 24600 21000
vi YADL YADM YADS YWMD YArmD YMD

J 18 270 558 110 33000 22000

2 Meanings of abbreviations are: F-fighter, B-bomber, FB- fighter bomber, STH-stealth,
EW-electronic warfare, FA-fighter attack, SEAD-suppression of enemy air defense, AH-
attack helicopter, ADF-air defense (L-long, M-medium, S-short range), A-artillery, E-
infantry, ARM-armored; T-tanks, AFV-armored fighting vehicles, WMD-weapons of mass
destruction, MD-Mechanized divisions, ABr-Armored Coalition' s brigades, ArmD-Iraqi' s
armored divisions, MD-Mechanized divisions.
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Table 3 — Comparative formation composition of ground forces by types

Tabnuua 3 — CpasHumernbHbIl cMpyKmMypHbIl cocmae CyxorymHbix 80UCK Mo eudam
Tabena 3 — YnopedHu chopmayujcku cacmaes KOnHeHUX cHaza o epcmama

T AFV Artillery Infantry
Xi 7716 13160 4556 486400
Yj 6490 4620 4151 330000

The method implies that through the process of aggregation of forces,
the values of the equivalent forces FPS and FPI of both opponents are
defined, considering the rate of attrition through operational capabilities
Bulger (1997). After that, the combat model is programmed with a set of
analytical equations which describe the "attrition" or combat losses of each
opponent's forces, according to the Lanchester quadratic law of combat
(Eq.8). Each separate element of the aggregate forces is recalculated by
the reverse process, according to a given time step in the operation or
campaign.

When modeling with this method, the following assumptions were
made:

- the impact of the force maneuver is related to the speed of
expenditure of forces and has no other influence,

- there is no change in the rate of attrition of force, during the
execution of a special stage or sequence of the operation,

- there is no operational pause during combat engagement,

- all combat forces of both opponents are simultaneously engaged
in combat until the desired end state is achieved: neutralization,
defeat or retreat, and

- air operations on strategic targets were not considered, such as air
strikes on logistics bases, warehouses, energy plants, etc.

The combat capabilities of the forces in this case mean the speed of
inflicting losses by a certain combat system of one party to a certain
combat system of the other party. They are given in Tables from 4 to 6.

In the mentioned simulations, which were used or are still used by
NATO member armies, it is possible to program different operational
situation conditions and types of combat: such as attack or defense,
maneuver combat, winter or summer, mountainous terrain, surprise, etc.
This is important to note because in these cases the composition and the
number of forces changes, as well as the combat capabilities of special
elements of the forces, which affects the aggregation of forces and the
Firepower Index or Value of the forces.
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Table 4 — Comparative combat capabilities of the Coalition forces by targets
Tabnuua 4 — CpasHumernbHble 60e8bie 803MOXHOCMU KOANUUUOHHBIX CUST MO Uessam
Tabena 4 — YrnopedHe 6opbeHe criocobHOCmMuU KoanuyuoHUX cCHaza npema yurbesuma

Y Y Y
a (F.FA.AAH) (EW,SEAD) | (ADL,ADM,ADS) YWMD (Am;MD)

XF 0.257 0.427 0.427 0.860 0.860
XB 0.012 0.012 0.186 0.727 0.727
XSTH - - 0,800 0,600 0,600
XEW 0.156 0.574 0.574 0.439 0.439
XFA 0.156 0.574 0.574 0.439 0.439
XSEAD - - 0,357 0,357 0,400
XAH 0.001 0.001 0.270 0.900 0.600

XADL 0.480 0.480 - 0.480 -

XADM 0.455 0.455 - 0.455 -

XADS 0.052 - - - -
XMD - - - 0.001 0.030
XABr - - - 0.010 0.500

Table 5 — Comparative combat capability of Iragi forces by targets |

Tabnuuya 5 — CpasHumernbHasi 60eCcrnocobHOCMb UPAKCKUX Cusl rno yessm |
Tabena 5 — YnopedHa 6opbeHa crnocobHOoCm upayvkux cHaza npema yurbesuma |

B (F,B,FA,;(EAD,AH) XSTH XEW (ADL>,(ADM) XADS
YF 0.131 0.004 0.01 0.116 -
YFA 0.12 0.001 0.02 0.136 0.119
YA 0.07 - 0.052 0.472 0.702
YEW 0.07 0.07 0.052 0.2 -
YSEAD 0.07 0.07 0.052 0.2 -
Recon 0.038 - 0.038 0.05 -
YAH 0.0005 - 0.0005 0.211 0.2
YADL 0.091 0.091 0.091 - -
YADM 0.327 0.027 0.327 - -
YADS 0.057 0.057 0.057 - -
YWMD - - - 0.0499 0.0499
YArmD - - - - -
YMD - - - - -
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Table 6 — Comparative combat capability of Iraqi forces by targets I
Tabnuya 6 — CpasHumerbHas 60ecrnocobHOCMb UpaKcKux cus o yesnaam ||
Tabena 6 — YrnopedHa 6opbeHa criocobHOCM upaykux cHaza npema yurbesuma

B XWMD XMD XABr
YF - - -
YFA 0.119 0.119 0.119
YA 0.702 0.702 0.702
YEW - - -

YSEAD - - -
Yrecon - - -
YAH 0.9 0.6 0.9
YADL 0.091 - -
YADM 0.327 - -
YADS - - -
YWMD 0.5 0.2 0.1
YArmD 0.001 0.03 0.05
YMD 0.01 0.5 0.3

The essence of the force aggregation method (Darcom Pamphlet,
1979) is reflected in the iterative procedure by which all special elemental
forces of each opponent with special combat capabilities of destroying
each special element of the opponent's forces are expressed as a total
measure or value of the relative strength of the forces of one and the other
opponent.

Results and analysis

Finally, the validation of the model and the evaluation of the
representativeness of the output results of the simulation was performed
by comparing the parameters of the Operation Desert Storm (data from
the real world) with the results obtained by the simulation and the
operational assessment method. A computer testing of the operation
model was performed, according to the available data, where certain
discrepancies (errors) were taken into account. The Summary Report of
Desert Storm, based on an exceptional database from the Gulf War Survey
(Keaney & Cohen, 1993), served to validate the model. This was a
necessary condition, by which it was possible to arrive at a relatively
reliable structure and functioning of the operation, as well as relatively
reliable data.
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The overall estimated strength of Iraqi forces is given by characteristic
periods and reflects losses throughout the campaign. The situation in
January 1990 marks the period of the Operation Desert Shield, and the
situation in February-March 1991 includes the situation before and after
the Operation Desert Storm. For more details it is useful to consult the
Survey, Chapter VIl (Elliot, 1994), with the list of tasks for different combat
missions, with the number of flights performed and the percentage of the
total sorties performed. The total number of flights during the counterair
and strategic attack as a part of the campaign was about 95,000, and
during the air support and air interdiction phase of operation was about
15,000 (Engelhard, 1991). The real losses of the air forces for the both
opponents were as follows (Gulf War Air Power Survey, 1993d).

The comparison of actual and modeled number of flights in different
missions and the consumption of ammunition were given according to
Keaney & Cohen (1993) in Tables 7 and 8. At first glance, the planned
combat distribution of forces by the process of targeting and the duration
of the three-day cycle allows a simple calculation in simulation. In practice,
a whole series of factors in real world affect execution of tasks, from
weather conditions, through the correctness of the aircraft, to the specifics
mission terms, target characteristics, topography and local tactical
conditions in the area of operation, etc. In the case of applying the
deterministic mathematical model of force aggregation, these situations
can only be expressed by a probability of execution or attrition loss
coefficients. This implies that we cannot use simple calculations for the
precise, daily number of combat flights and ammunition consumption
because the number of possible or required actions is not symmetrical with
the actually performed ones, but only probable. 3

Some facts relevant for the objectivity of modeling should be noted:

- The Iraqi Air Force initially attempted somewhat larger air defense
and fighter air support operations, then only sporadically, resulting
in defections to Iran, and eventually ceased operations;

- About 140 Iraqgi aircraft defected to Iran, which would probably
have been destroyed if they had participated in the battle. These
aircraft were never recovered by Iraq;

- Inthe operation model, air operations were considered by available
Iraqi aircraft that could be detected on the ground or in the air. Due
to methodological limitations, the model, in this case,

3 Ammunition consumption and the number of dedicated flights performed in the model
were calculated, based on an assessment in relation to the required and probable number
of hits of a certain type of ammunition to destroy/neutralize the target.
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simultaneously calculates the probable average expenditure of
precision-guided air-to-air and air-to-ground missiles;

- The model implies no possibility that part of the forces in the conflict
will be out of combat and that part of the force cannot be acted
upon, e.g. ammunition and equipment in shelters;

- Some of the support missions, such as air transport, aerial
refueling, reconnaissance, etc., are not shown, as they are not

supported by the model.

Table 7 — Comparison of real and modeled Coalition Forces air missions
Tabnuya 7 — CpasHeHUe pearibHbIX U CMOOenUpo8aHHbIX Mucculli KoanuyuoHHbIX cusl
Tabena 7 — Nopehere cmeapHux U MOOesI08aHUX MUCUja KoanuyuUOHUX CHaza

Executed missions Real World Model
Strategic attack and interdiction 38277 33469
Air support 6128 9943
Offensive/Defensive counterair operations 19419 18228
Suppression of enemy air defense 4326 6547
Electronic warfare 2918
Reconnaissance 3236 -
Overall Operational support 45267 -
Overall combat 68150 68188

Table 8 — Comparison of real and modeled consumption of the Coalition air weapons
Tabnuya 8 — CpasHeHue peasibHO20 U cMoOesnuposaHHo20 pacxoda opyxus Koanuyuu
Tabena 8 — Nopehere pearnHe u ModesiogaHe NMOMpPoOWH-e Haopyxara Koanuyuje

Type of weapons Real world Model

Overall munitions 228182 228908
Air to Air missiles 174 738
Air defense missiles 360 316

Unguided air bombs 210004 211067

Guided Air to Ground missiles and bombs 15372 ac0s

Cruise missiles 333
Anti-radiation missiles 2039 2182
Targeting phases 14 15
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The final results of the Desert Storm simulation modeling are given in
the overview of the state of forces for Blue (Coalition) and Red (Iraq) and
in diagrams in Figures from 1 to 4.
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Figure 1 — Depiction of the air forces attrition process in the Operation, part 1*
Puc. 1 — UsobpaxeHue npouyecca ucmoweHusi BBC e onepayuu, yacmsb 1
Cnuka 1 - lpuka3 npoyeca mpowera 8a3dyxornsio8HUX CHaza y onepayuju, 1. deo
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Figure 2 — Depiction of the air forces attrition process in the Operation, part 2
Puc. 2 — N3obpaxeHue npouecca ucmouweHusi BBC e xode onepayuu , yacme 2.
Cnuka 2 — lNpuka3 npoyeca mpowera 8a3dyxornsio8HUX CHaza y onepayuju, 2. 0eo

4 The values on the abscissa indicate the number of cycles in the targeting process, where
one cycle represents 3 days. The values on the ordinate represent the numbers of elements
of a combat system (the number of aircraft or elements of the tactical formation of ground
units).
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Figure 3 — Attrition process of the aggregated ground forces
Puc. 3 — lNpouecc ucmouweHusi 06bEAQUHEHHbIX CyXOMymHbIX 80UCK
Cnuka 3 — lNpouec mpowera azpeaupaHUX KOMHEeHUX cHaza
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Figure 4 — Air defense attrition process
PucyHok 4 — lNpouecc ucmoweHusi [NBO

Cnuka 4 — lNpouec ucypnrbusara cHaza rnpomugsasdyxorsiogHe o0bpaHe

An overview of the state of forces by type at the beginning and at the
end of the modeled duration of the Operation Desert Storm, in a period of

about 45 days, is shown in Tables 9 and 10.
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Table 9 — Comparison of the Coalition and Iraqi air forces by type during the Operation
Tabnuua 9 — CpasHeHUe KOanuUyUOHHbIX U UPAKCKUX 80€HHO-8030YWHbIX CUs1 IO munam
8 xode onepayuu
Tabena 9 — lNopehere KoanuyuUoHUX U Upadykux cHaza o epcmama mokoM ornepauyuje

XF XB XSTH XEW XFA XSEAD XAH
Xi 205 420 40 59 2150 450 681
190 389 37 33 1989 416 630
YF YFA YA YEW YSEAD Yrecon YAH
Y] 56 164 908 20 12 32 442
20 58 322 7 4 11 157

Table 10 — Comparison of the Ccoalition and Iraqi air forces by type during the Operation
Tabnuya 10 — CpasHeHuUe KoanuyUOHHbIX U UPaKCKUX 80EHHO-8030YWHbIX CUJT 110 8udam
8 xo0e onepauyuu
Tabena 10 — Nopefere KoanuyuoHUX U upadYkux cHaza o epcmama moKoM orepauyuje

XADL | XADM | XADS | XWMD X1 XAFV XA XE
xi | 96 | 44 : - | 7716 | 13160 | 4556 | 034
89 41 0 0 7143 | 12182 | 4217 | 0%

YAaDL | YADM | YADS | YWMD YT YAFRV YA YE
Yj | 18 270 | 558 | 110 | 6490 | 4620 | 4151 | 330%°
6 96 198 39 1480 1480 7808 11712

An analysis with a comparison of real statistical data, based on the
Gulf War review (Gulf War Air Power Survey, 1993d), was performed and
the modeling results were presented. Certain deviations were observed,
and the results are presented comparatively as available statistical data /
data obtained by the simulation process:

- operation lasted about 42 days (14 targeting cycles)/ 45 days (15
targeting cycles) in the model;

- 75 aircraft (airplanes and helicopters) of Coalition forces were shot
down, and 141 were damaged / 298 in the model,

- actually destroyed planes and helicopters of Iraq were about 259,
including 122 lost in air-combat, 121 defected to Iran later
confiscated and about 81 destroyed on the ground/ in the model
769 planes and 285 helicopters;

- surface-to-air missile batteries lost about 115-35/ 546 in the model;

- destroyed armored forces of Iraq: 4,550 tanks and 2,840 AFV
4,139/ 2,947 in the model,
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- destroyed armored forces of the Coalition 664/ 1,551 in the model;

- destroyed artillery pieces of Iraqg: about 2,917/ 2,647 in the model,

- between 20,000 and 26,000 Iraqgi military personnel were killed and
75,000 others were wounded/210,468 in the model; and

- Coalition forces suffered about 984 deaths / 36,143 in the model.

According to the attrition of forces diagrams, during the execution of
the operation, a disproportionately higher number of losses of Iraqi forces
can be clearly observed. It is also clear that the military power of the
Coalition was overwhelming, resulting in a massive victory. This is a
significant feature of the Operation Desert Storm. However, considering
the comparison of numerical indicators (combat exhaustion), it is obvious
that there are deviations, which is why the model is not fully valid and is
only relatively reliable, in terms of the required precision, in the process of
operational planning. It is easy to see that the losses of Iragi air and ground
forces, the losses of the Coalition forces and the number of combat sorties
are not identical. The data in the model were obtained by estimating the
rate of losses based on the data from the actual operation and were
numerically calculated. The operational duration of the operation is only
conditional because it is based on a time estimate according to the
conditionality of applying Lanchester's equations (the time step must be
appropriately small due to the consistency of the model).

The data differ somewhat in ammunition consumption, where there
are smaller discrepancies for unguided and precision-guided weapons on
surface targets. Somewhat larger deviations are observed in anti-aircraft
operations and ammunition consumption. A large difference was observed
in close air support (attrition and weapon consumption) and infantry
casualties of both opponents.

There is an interesting observation by American experts that the
assessment of the expenditure of forces in modeled combat operations
from the Vietham War to the Operation Desert Storm is constantly
exaggerated and relatively wrong in relation to reality. Also, it should be
noted that when checking the ATLAS model by SHAPE Headquarters,
based on the data on the numerical superiority of the Allies in the war in
Europe in 1940, a conclusion was reached about the very quick defeat of
the Germans (Dupuy, 1997). The general conclusion is that models lose
their fidelity when trying to simulate large campaigns because they cannot
faithfully replicate their enormous complexity, a correlation already
emphasized by Taylor (1980a). This is an essential issue in the application
of computer simulations, where most military-political experts do not know
the mathematical basis of the program. They cannot explain
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countermeasures, execution kinematics, deception, decisions by fighters
and commanders in real time, changes in tactics as the campaign
progresses, moral, etc. When considering the application of this method,
objections to methodological inconsistency need to be emphasized, as
seen in the Handbook (Darcom Pamphlet, 1979) where Howes and Thrall
discuss several different methods for determining the relative weights or
values, and give examples of their recommended ideal weights (Howes &
Thrall, 1973). However, a bigger problem is that weights or values should
be cross-structured so that the total representative strengths or equivalent
combat powers can be determined on the same homogeneous scale and
in terms of the same weapon (Holter, 1973). Many models only extrapolate
individual force engagements in combat from scenarios versus complex
ones (Berenson, 1997) which is a gross methodological error.

In this case, it is important to note that the mathematical model is
deterministic and discrete, with calibration performed for certain deviations
that have appeared in relation to reality but can be considered acceptable
for several reasons.

The first reason is that the model processes operational actions on
the battlefield and in the operational depth, according to the doctrinal
principles of use, but also taking into account the specific situation in this
conflict. This means that it was practically difficult to project a real combat
sortie and the availability of Iraqi aircraft, air defense and other types of
weapons to act as targets, due to the atypical use, because the Iraqgis
decided to preserve their aviation and army forces by masking them,
expecting a ground operation. On the other hand, the Coalition forces
avoided air-ground combat until the last 100 hours of the operation;

Secondly, actions on strategic objects, such as communications,
energy, industrial and economic, or political infrastructure of Iraq, were
partially taken into account, where a part of guided aerial bombs, missiles
and cruise missiles were probably used;

Thirdly, given the stochastic nature of the actual process of armed
struggle, certain interruptions and changes in the planned actions, caused
by various causes, were sure to occur, which affected the change of action
plans, increased the consumption of ammunition in reality and caused
atypical use of the methodology; and

Lastly and most importantly, the force aggregation method requires a
recalculation for each special phase or stage of the operation, due to the
change in the operational situation, which is reflected in the operational
capabilities and combat order or the strength of the forces in battle
(firepower index and force value - Firepower Score).
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According to formal criteria, the observed Operation Desert Storm can
be viewed as a realistic system described at a higher level, while the
created deterministic model is at a lower level of description and has been
formally verified, in terms of the accuracy of the calculation of the given
parameters. The partial validity of the model, which describes the conflict
on a practical historical example from a case study, was confirmed, given
that the creator of the model is methodologically allowed to determine the
maximum degree of deviation. As stated, the combat was not conducted
according to doctrinal principles, which would have meant an air-ground
battle and the engagement of the full combat potential of both sides. In this
sense, the entire campaign can be generally divided into the first part,
which includes a strategic air operation: "crushing the military power of
Iraq" and the second part: "an offensive air-ground operation," which
expelled the Iragi forces from Kuwait and then destroyed them. According
to the formal objectives of the real operation and the results obtained, it
can be said that the model is approximately satisfactory, considering the
final numerical results, in terms of the large disproportion of Iragi losses in
relation to the Coalition forces and the duration of the operation.

Larger discrepancy is observed in the Coalition ground troop losses,
which is a problem of force aggregation combat modeling, where it is
assumed that all forces participate in operations simultaneously. It is
interesting that the Coalition planners also assumed higher losses around
45,000 (Correll et al, 2021), which resulted in a change in the way of using
forces and abandoning the then valid doctrinal principles of an air-ground
battle. The result is the strategic use of air power in crushing Iraq's military
power. When the last phase of the operation began, there was almost no
ground combat, with a few exceptions.

An unsolved part of the problem of applying this model as a means of
support in the process of operational planning is the possibility of
optimizing the use of forces in combat - the course of action, due to the
limitations of the application of the multi-criteria optimization method.

However, the real problem of the model's reality arises during the
duration of the process, when operational conditions are applied and
power losses lead to absurd situations. As an example, we can cite the
situation of fighting forces that do not have the possibility of fighting each
other, which can happen due to the percentage decrease in the power of
joint units. It would be an example of a battle between naval and land
forces (ships at sea, tanks in plains and infantry against modern aviation).
The model would still recalculate losses even though the possibility of
interaction between combat entities does not exist.
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Conclusion

The created deterministic, discrete mathematical model of a strategic
campaign can be used during further experimentation and consideration
as a strategic planning tool, to obtain certain data, which deepens and
expands knowledge, with certain limitations on reliability.

The complexity of applying the model is precisely the problem of the
power aggregation method. Modeling requires iteratively repeating the
aggregation process for each distinct phase of the operation. The reason
for this is that, due to a change in intermediate objectives and/or methods
of execution of action, there is a change in combat capabilities and the size
of the forces fighting in certain regions, directions and in a certain
operational environment. These changes affect the operational
capabilities of the force and the coefficient of force attrition, which implies
changes in the FPS and the FPI in the model. This, consequently, requires
phase modeling, for each specific phase or area of the battlefield, which
implies recalculation and the use of far more complex software, in order to
obtain the results necessary for the planning process in real time.

For these reasons, there are certain objective limitations for the
application of modeling of military operations, and especially for the
optimization of the use of forces at the tactical and operational level of the
battlefield. However, the model provides a relatively reliable assessment
of the outcome of the operation, with conditionally adequate assessment
of numerical indicators, with the above assumptions.

A special problem for the optimization of the force use model (optimal
course of action) is the methodological basis of the method itself, which
does not ensure the use of any of the multi-objective programming
methods. This prevents practical application in the targeting process,
which implies optimal planning by grouping forces with the arrangement of
objects of action and the required targeted effects, which is the core of the
operational planning process. The problem could eventually be solved by
applying multi-attribute optimization methods, which would require the
development of several scenarios with the complete process of building a
combat model and simulation. However, this again would not provide a
real solution - optimization and is not practical for use in operational
command conditions.

The essential model is usable at the operational-strategic level, where
the fight of joint units and strategic formations of the armed forces is
considered. The existing model offers a highly probable assessment of the
outcome of a conflict or as a means of comparing the military power of two
adversaries, which is its proven value. Also, it can be useful in a rough
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estimation of the required funds and possible losses, but these results,
especially the losses and the duration of the operation, should be taken
with caution.
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MogenupoBaHue 60eBbIX AEACTBUN

Mrnaden C. KocTuu, koppecnoHaeHT, Aka [1. MosaHosuy, Mumap B. Kosay

YHuBepcuTeT OyKoHC, hakynbTeT ynpaBneHusi NpoekTaMmm 1 MHHOBaLUsiMu,
r. benrpag, Pecnybnuka Cepbus

PYBPUKA TPHTW: 27.47.00 MaTemaTnyeckasn knbepHeTuka,

27.47.19 PaccnegoBaHue onepauum,

28.17.31 MogenvpoBaHue NpoLeccoB yrnpasrneHus
B[O CTATbW: opuruHanbHas Hay4Hast ctaTbs

Pesrome:

BeedeHue/uenb: Llerbio aaHHOro uccriedosaHusi Senstomcesi nposepka u
oueHKa npubnwkeHHo2o memoda Modesnu cmpameaudyeckux 60esbix
deticmeuli  06bEOUHEHHbIX  CUsl, OCHOBaHHOU Ha  ypaBHEeHUsX
JlaHyecmepa.

Memodesi: Ha npumepe ussecmHol onepauuu «byps e nycmeiHe» 6binu
cobpaHbl HeobxoOuMmble OaHHble © 60e8biX B803MOXHOCMSAX U
yucsieHHocmu MPOMUBHUKa, onepamueHol obcmaHoseke,
GOKmMpuUHarbHbIX MPUHYUNax u criocobax npuMeHeHusi cunin 8 60esbix
3adavax. [lonyyeHHble  OaHHble  obpabambiganucb  Memooom
aspeauposaHusi curn, rnpeobpasys cunbl pa3HOPOOHO20 cocmasa 8
00HOPOOHbIe. ModenuposaHue b6oesbix delicmeull MPo8odunocs ¢
rnomoubto Mmemoda OughghepeHyuarnbHbIX ypagHeHul JlaHyecmepa.

Pesynsmamesi: B xone wccrnepoBaHus Gbina nodmeepxxoeHa Yacmu4dHasi
ganuéHocmb  MOoOesu, OMnucbisatoWel BOOPYXEHHbIU KOHGYIUKM, Ha
MPaKmMuUYecKoM UCMOPUYECKOM MPUMEPE aHanNM3NpoBaHHOIO cryyas C
yyemom enusiHUS napamempos ucxoda KOHGhIUKMa, COOMHOWEHUS
rnomepsb, pacxoda 6oerpurnacos U Koru4ecmea 8bIrosIHEHHbIX 8030y WHbIX
onepauyud.

556



Bbigo0dbl: B pesynbmame uccriedoeaHusi 6biiu 8bisienieHbl 06bEeKMUBHbIE
OzpaHuU4eHUsl 8 rnpumMeHeHuu ModenuposaHusi 6oesbix Oelicmaul,
onMmMUMU3auuUU MPUMEHEHUSI CUMT HA MAaKMmMUYecKoM U orepamusHoM
yposHsix. LleHHocmb daHHO20 Memolda 3ak/i4Yaemcsi 8 803MOXHOCMU
HadexHoU cmpameaudyeckol OUEHKU 80EHHOU MOWU MPOMmuUeHUKa Ha
cmpameau4yecKoM yposHe.

Kntouesble crnoea: boesbie Oelicmeusi 8030yX-3eMrisd, UCMOWEHUE,
Mo0desib 06beOUHEHHbIX CUIT.

MogenoBahe 60pbeHnx onepaumja

Mnaden C. Koctuh, ayTop 3a npenucky, Auya [1. JosaHosuh, Mumap B. Koau

YHuBep3uteT EaykoHc, ®akynTeT 3a NPojeKTHU 1 MHOBALMOHU MEHaLIMEHT,
Beorpag, Penybnuka Cpbuja

OBJIACT: maTematuka, BOjHE Hayke
KATEITOPWUJA (TUIM) YITAHKA: opyrnHanHu Hay4Hu paj

Caxemak:

Yeod/yurb: Ljurs ucmpaskusarba je nposepa u npoueHa anpokcuMmamueHe
memode modernia cmpameeujckux 6opbeHux Oejcmasa azpesamHux
CHaea, basupaHum Ha JlaHyecmeposum jeOHa4yuHama.

Memode: Cmydujom criydaja nosHame onepauuje ,[Tycmurscka onyja”
npuUKynreeHuU cy nompebHu nodayu o bopbeHum criocobHocmuma u cHasu
Hernpujamerba, oriepamusHUM ghakmopuma, OOKMPUHaPHUM MPUHUUNuUMa
u HayuHy yrompebe cHaza y 6opbu. [obujeHu rnodauu cy obpaheHu
memodom aespeeauuje curna, mpaHcgopMmuliyhu cHaze XxemepozeHoe
cacmasa y xomozeHe. Modenosawe bumke je cripogedeHo Memodom
ougbepeHyujanHux IlaH4ecmeposux jedHayuHa.

Pesynmamu: lNomepheHa je denumudHa eanudHocm moderna Koju onucyje
CyKOb Ha rpakmu4yHOM UCMOPUJCKOM rpumepy u3 cmyduje criyyaja,
y3umajyhu y o63up ymuuaj napamemapa ucxoda cykoba, 0OHoOca
eybumaka, nompowre ybojHux cpedcmasa u 6poja uU3BedeHuUX
8a30yXOrnosHUX MUcUja.

Sakrbyyak: Nocmoje objekmusHa ozpaHuyera y npumMeHu moderosarba
80jHUX ornepayuja, u onmumusayuju ynompebe cHaza Ha makmu4ykom U
oriepamusHoM Hugoy. BpedHocm oeoe memoda jecme MmoeayhHocm
rnoysdaHe cmpamewke rpoyeHe 60jHe Mmohu npomusHuka Ha
cmpameuwkKoM HUBOY.

KmbyyHe  peyqu:  ea3dyxoriogHo-koriHeHe — bopbeHe  onepauuje,
ucuprirbusare, MoOes azpe2amHux cHaza.
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Abstract:

Introduction/purpose: The paper presents the theory and the design issues
of atransceiver for a discrete-time cosine pulse transmission. The operation
of the transceiver and all signals are analyzed in both time and frequency
domains.

Methods: The detailed theoretical models of the transmitter and the receiver
are presented based on their block schematics expressed in terms of
mathematical operators. The transceiver blocks are simulated and the
results of their simulation are presented and compared with the theoretical
results.

Results: Discrete-time signals at the input and the output of each
transceiver block are derived in the mathematical form and presented in the
time and frequency domain. A transceiver simulator is developed in Matlab.
The simulation results confirmed the theoretical findings.

Conclusion: The results of this work contribute to the theoretical modeling
and design of modern transceivers that can be used for discrete-time cosine
pulse transmission.

Keywords: transceiver design, discrete cosine pulse, pulse transceiver,
transceiver mathematical modeling, filtering, transceiver simulation.

Introduction

Designs of communication transmitters and receivers are based on
the presentation of signals in the continuous-time domain, i.e., in their
analysis and synthesis, signals are presented as continuous functions of
time. Related communication systems, composed of these devices, are
known under the name of digital communication systems (Haykin, 2014;
Proakis, 2001). Due to the development of advanced digital technology,
signals of modern communication systems are represented by discrete-
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time functions and are known under the name discrete communication
systems (Rice, 2009; Berber, 2021; Abramowitz & Stegun, 1972).

Designs of modern transmitters and receivers are implemented in
digital technology, primarily on FPGA and DSP platforms. Using these
technologies, the signal processing operations inside both baseband and
intermediate frequency transceiver blocks are implemented using the
signal presentation in the discrete-time domain. These designs became
possible due to the advances in the mathematical theory of discrete-time
signal processing, and, in particular, due to the development of the
mathematical theory of discrete-time deterministic and stochastic
processes (Manolakis et al, 2005; Berber, 2009).

This paper presents the theoretical base of a discrete communication
system assuming that the modulating signal is a cosine discrete-time
pulse, including the issues of mathematical modeling and design of a
discrete communication system composed of a transmitter, a transmission
channel, and a receiver. The signals are expressed as functions of the
discrete-time variables. To distinguish discrete systems from digital
systems, we named systems operating in the continuous time domain
digital systems, and systems operating in the discrete-time domain we
named discrete systems (Miao, 2007; Benvenuto et al, 2007; Berber,
2021).

In particular, the structure and the operation of the receiver having a
low-pass filter at the receiver side are analyzed. The presented system
structures are expressed in terms of mathematical operators and their
operations are explained using exact mathematical expressions. The
designed transceiver is simulated to confirm the presented mathematical
model (Ingle & Proakis, 2012; Nguyen et al, 2015).

Based on the time and frequency domain presentation of the
transceiver signals, and the power and energy spectral densities
calculations, the power and the energies of the related signals are
calculated assuming the ideal transmission of the signals in the noiseless
channel. These calculations allowed a clear understanding of the
transceiver operation and the estimations of possible losses in signal
powers that were caused by the signal processing in the transceiver.

The presented theory of modern discrete communication systems
design is of vital importance for researchers, practicing engineers, and
designers of transceiver devices because the design of these devices is
impossible without a deep understanding of the theoretical principles and
concepts related to their operation in the discrete-time domain (Rice, 2009;
Berber, 2021).
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Discrete-time communication system structure and
operation

A block schematic of a discrete communication system under
consideration, which includes its basic block presented in the form of
mathematical operators, is shown in Figure 1. The system consists of a
transmitter, a band-pass noise generator, and a receiver. At the input of
the transmitter there is a low frequency (LF) discrete rectangular pulse p(n)
that modulates an LF cosine signal sm(n) to produce an LF cosine pulse
m(n). This cosine pulse modulates the carrier s¢(n). The obtained band-
pass modulated signal s(n) is generated at the output of the transmitter.

BP Noise
Generator
Sn(n) =cos(42,n) s,(n) =cos(£2n) s,(n) =cos(42n) s (n)=cos(2,n)
WA VLR SN P N A N0 oo L)
P(Q) | Sm(©Q) M(Q) Se(Q) S(Q) Se(Q)  Sem(Q) Mu(Q)
Transmitter Receiver

Figure 1 — Block schematic of a communication system operating in the discrete-time
domain
Puc. 1 - CmpykmypHas cxema cucmembi ces3u, pabomaroweli 8 obriacmu
OUCKpemHo20 8pemMeHu
Cnuka 1 — briok-wema KOMyHUKayuoHo2 cucmema Koju padu y OomeHy QUCKpemHo2
epemeHa

The coherent receiver will demodulate the received band-pass (BP)
signal using a low-pass filter (LPF) and generate an estimate of the cosine
pulse or the rectangular pulse transmitted. Firstly, the modulated signal
s(n) is multiplied by the carrier s¢(n) to obtain the demodulated cosine
pulse scm(n). Then, the cosine pulse is multiplied by the LF cosine signal
Sm(n) to obtain a signal smm(n) that contains the rectangular pulse that can
be extracted by the low-pass filter (LPF). In the case of the system
simulation, a band-pass noise generator should be used to investigate the
operation of the system in real conditions. Because the system operates
with discrete-time signals, the noise generator needs to generate a BP
discrete-time noise that will be added to the modulated discrete-time
signal.
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Transmitter operation

We will generate the discrete-time cosine pulse and then modulate
the carrier with that cosine pulse. The block schematic of the transmitter is
presented in Figure 1. The generated pulse can be considered an LF
cosine pulse. However, our question is how to generate the band-pass
sinusoidal pulse with the modulating signal that is this LF cosine signal.
For that purpose, as we expect, the carrier frequency should be much
higher than the bandwidth of the LF cosine pulse. Let us assume, for the
sake of explanation and presentation, that the carrier frequency is 10 times
higher than the middle frequency of the LF cosine pulse.

To generate this modulated pulse, we need to multiply the LF cosine
pulse with the carrier, as shown in Figure 1. The carrier frequency is 10
times higher than the frequency of the cosine pulse, i.e., fc = 10fm. Suppose
the minimum number of samples in one period of the carrier is N = 4.
Therefore, the number of samples N of the rectangular pulse p(n) (for 2
oscillations of the LF cosine pulse and 20 oscillations of the carrier and the
number of samples N in one period of the LF cosine signal) needs to be
calculated to accommodate the 10 times higher frequency of the carrier,
ie.,

N =10-2-N, =20-4=80. )

The number of samples inside one period of the LF cosine pulse now
is calculated to be N, = N /2 =40. Therefore, to perform the multiplication

of the rectangular pulse by the LF cosine signal and then modulate the
carrier, the number of their samples should be 80. The mathematical
expressions and related wave shapes of the transmitter signals will be
presented in the following analysis. For the calculated values of the
discrete signals, we can analyze their properties in the time and frequency
domain at each block of the transceiver.

The rectangular pulse presentation in the time and frequency domain.
Based on the calculated number of samples inside the processed signals,
the graphs of the discrete-time (dt) rectangular pulse p(n) in the discrete-
time domain are presented in Figure 2. The signal is expressed in terms
of the Kronecker delta functions as a convolution of the signal and the delta
functions. i.e.,

0 otherwise | |0 otherwise

p(n)::lz:im(k)é(n—k):{A OgnsN—l}_{A 0£n§79}. "
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p(n)

AR 1

0  2N:=8 10N:=40 20N.=80

Figure 2 - Discrete-time modulating signal for N =80 and A = 2
Puc. 2 — Modynupyrowuli cugHan ¢ duckpemHbim epemeHem npu N =80 u A = 2
Cnuka 2 — Modynuwyhu cueHan duckpemHoa gapemeHa 3a N=80u A =2

It is to note that the discrete-time pulse values are defined for each
whole number n and have no values in the intervals between neighboring
numbers. We can say that the signal values do not exist in these intervals,
even though these intervals are used to process the discrete signal values.
The related magnitude and phase spectral densities can be obtained from
the DTFT of the dt rectangular pulse which is defined as

© ) n=(N-1) .
P(2)=>) pne ™= > Ae"
N=-—0 n=0
AN Q=+12kr,k=0,1273,... , (3)
~) Aemiem-vrz w otherwise N =80
sin(£2/2)

and is to be calculated for N = 80. The magnitude spectral density can be
expressed as

| AN | Q=+2kr, k=0,123,..
P(02)= i
( ) —Slr_l(QN /2) otherwise ’ @)
sin(£2/2)

which is graphically presented in Figure 3 for the defined duration of the
pulse N = 80 and the amplitude A = 2. The zeros in the magnitude

spectrum occur for the condition expressed as sin(£2N/2)=0, i.e., for
N/2 =kzork=1,2,...,N-1. For N = 80, we may have (% = +2ka/N =
+k440, and k = 1, 2, ..., 79. The phase discontinuities of x radians occur

at the same frequencies. The related magnitude spectral density is shown
in Figure 3.
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IP(Q)IIAN]

| i ‘ i | | Q
- -4 0\ a4 g2 34 T
40

Figure 3 — Magnitude spectral density of the rectangular pulse
Puc. 3 — CnekmparbHasi nomHocms KonnebaHuli npagoyeosibHo20 UMMYbea
Cnuka 3 — CnekmparsiHa 2ycmuHa MagHuUmyoe rpagoyaaoHoe rnyrnca

The first zero crossing occurs at the frequency 7#/40. The magnitude
value for zero frequency is normalized by |AN| to be one. We can calculate
the power and energy of the pulse in the time domain for the values of the
signal that are different from zero as

P _lipz(n) —L%AZ —iBOA2 = A’
P TN & 80 %" T80 ' ©)
N-1 n=79
E,=P-N=) p’(n)=> A*=NA>=80A", (6)
n=0 n=0

On the other hand, the energy spectral density (ESD) of the pulse is
defined as the magnitude spectral density square and expressed as

2

AS|r_1(.(2N /12) | -
sin(2/2)

In the frequency domain, the energy of the pulse is calculated as an
integral of the ESD in this way (Integral calculator, 2023)

E, (Q):‘P(Q)‘Z -

17 ) AZ % |lsin(N 7 2)| A2 ) )
E =— [P de=22 [|[2RE9) o 2 160, = NAZ =80A2 (8
’ 2n£| () 272"[[ sin(<2/2) H 20 ®)
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The ESD can be calculated also as the DTFT of the autocorrelation
function of the discrete rectangular pulse (Berber, 2019, 2021).

The LF cosine signal in the time and frequency domain. The LF cosine
signal has Nm = 40 samples per oscillation, which can be understood as a
subcarrier in  the system. Therefore, its frequency is
Q =2xf [ f,=27/N,=x/20. This signal in the time domain is

S,(nN)=cos2n=cos2zn/N_  =coszn/20, (9)
which is shown in a graphical form in Figure 4a).

sm(n)

10N=40

Sm(©)
T T T
) = 397120
+ + + 725-/20 ,'ﬁmiﬂfzoﬁ + + + + + \5
-7 2 g4 O A4 42 344 x SA4 342 TAd 2x

Figure 4 - a) Waveshape of the LF sinusoid signal, b) related amplitude spectral density
Puc. 4 — a) ®opma 80/1HbI HU3KOYaCMOMHO20 CUHycoudarbHO20 cuzHarna, 6)
coomeemcmaytoujasi aMnumyOHasi criekmparsbHasi n10mMHoCMb
Cnuka 4 — a) TanacHu obnuk H® cuHycoudarnHoe cueHana, 6) 0OHOCHa criekmpariHa
eycmuHa amnnumyde

The signal in the frequency domain can be directly found for any Nn,
simply applying Euler’s formula on the time domain as follows

1. . : ~ 1 :
Sm (n) — E[eJZ;rn/Nm + e]Zﬂ'n(Nm 1)/Nm] — E (ejﬂn/ZO + eyzn39/20) , (10)
or the amplitude spectral density expressed as

Sm(.Q):2277[5(Q+k-!2n)=7r5(Q+Qn)+725(Q—Qn), 1)

k=11
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which is a periodic function of the continuous frequency Q with the period
of 21, as presented in Figure 4b). This spectrum can be represented by a
periodic stream of the Dirac delta functions (Papoulis & Pillai, 2002)
weighting 1T at periodic frequencies and zeros everywhere else.

The power of the signal in the time domain is calculated as

Q 39 5 /2 1 39 1 1
=— COos n)= COosS n =— ) —=—, 12
Zoj (2,n) = OZC; (n12)=71525=5 @

ThIS is a power signal (Cavicchi, 2007; Berber, 2021). Therefore, its
average power is to be calculated in the infinite interval, according to this
expression

1 & 12a 1
P —I|m— cos“(£2.n —Ilm— 1+coszn/ 2 —Ilm——:— 13
Z 2(€2,n) 2aZZ( ni2)=lim-— =% =2.(13)

Because thls signal in the frequency domain is a periodic functlon of
the continuous frequency Q with a period of 2, it can be represented by
a periodic stream of the Dirac delta functions, as presented in Figure 4b).
The energy of the signal is

2

=—j|s (Q)|dg__j£ —5(Q+k.(2m)j 40

k=+1

:%j(52(Q+Qm)+25(Q+Qm)5(g—gm)+52(Q_Qm))dg_ (14)

—>00+0+0w0— 0w

The infinite energy value can be confirmed by its calculation in the
time domain as

—I|chos (2, n)—IlmZ (1+COS7m/2)—|Im27—oo (15)

a—)OO

The LF cosine pulse in the tlme and frequency domain. The cosine
pulse m(n) is obtained by multiplying the sm(n) shown in Figure 1 by the
rectangular pulse p(n). This is again a cosine function. However, it is not a
periodic function as it was the LF cosine signal sm(n). Consequently, it will
not be expressed in the frequency domain in terms of the Dirac delta
functions. Instead of one spectral component, the spectrum of the cosine
pulse will have a bandwidth around the frequency of the periodic cosine
signal. The cosine pulse can be expressed in the time domain as
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m(n) = p(n)s;,(n) :{Acosgn” 0<n<N-1

0 otherwise
, (16)
B Acoszn/20 0<n<79
B 0 otherwise

and, based on the modulation theorem, in the frequency domain as

M(2) = FT{p(cos 3} = [P(2-2)+P(2+Q)], (7

where its shifted components are expressed as

. AN /2 Q+0Q =Fkr,k=0,1 ..
> P(RtQ)= ée—j(ai%)(N-l)lz sin-((_QJ_rQn)N 12)) otherwise
2 sin((2+42,)/2)

The cosine pulse and the related magnitude spectral density are
presented in Figure 5.

m(n)

2M(Q)/AN
b) 1
7r ' -71'/2 -7;/4 OX 4 a2 34 7 5xl4 342 77#4\271 974 52
Qun=m20 29720

Figure 5 — a) Pulse in the time domain, b) Magnitude spectral density of the pulse
Puc. 5 —a) ®opma umnynbca 80 epemeHHoU obracmu 6) cnekmparbHasi MoMHOCMb
amnnumyOdbl uMmnynbca
Cnuka 5 — a) TanacHu obnuk rnyrca y epemeHckoMm OomeHy, 6) criekmparnHa 2ycmuHa
MaegHumyOde rnyrsnca
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The power and the energy of the cosine LF pulse are

1 N-1 1 n=79 1 A2 n=79 1 A2
P ==Y A’cos’(2 n)=—» = A*(l+coszn)=— » —=—, (18
=N (@) =g5 2 Z A Wrcosmm) =25 > 5=—-. (18)
N-1
E, =NP, =) A’cos?(£2,n) =40A%. (19)
n=0

The amplitude spectral density is a periodic function of continuous
frequency with the period of 21T as presented in Figure 5b). The signal is
an energy signal, and its energy can be calculated from the energy spectral
density (Integral calculator, 2023) as

1 7 2 17 2
E. :Z:HM (Q) dQ=§J|[P(Q—Qn)+P(Q+Qn)| d.o
A2 ,
=2 2.1607 = 40A
8r

The carrier in the time and frequency domain. For the defined
frequency, the carrier of a unit amplitude is expressed in the discrete-time
domain as

s.(n)=cos2n=cos2zn/ N, =coszn/?2 (21)

as presented in Figure 6a). The carrier in the frequency domain can be
directly found, for the number of samples N¢ = 4 in one period of the carrier,
by simply applying Euler’s formula on the time domain expression of the
signal and we may have

S.(02)= Z%”&((Hk-g):7;5(9+Q)+7z5((z—:%), (22)

k=t1

which is a periodic function of frequency with the period of 2m, as
presented in Figure 6b). Because this signal is a periodic function of the
continuous frequency Q with a period of 277, it is represented by a periodic
stream of the Dirac delta functions (Papoulis & Pillai, 2002), as presented
in Figure 6b).

568




Se(Q)

b) I

-7 -2 -md4 0 A4 A2 344 x  S544 342 TA4 2z

0

Figure 6 — a) Carrier in the time domain, b) Magnitude spectral density of the carrier
Puc. 6 — a) Hecywas sosiHa 80 spemeHHoU obracmu, 6) criekmparbsHas niomH{ocmb
KonebaHul Hecyuweli 8071HbI
Cnuka 6 — a) Hocunay y epemeHckoMm domeHy, 6) criekmparsnHa 2ycmuHa aminumyde
Hocuoya

The modulated signal in the time and frequency domain. The
modulated signal s(n) is obtained by multiplying the LF cosine pulse m(n)
by the carrier s¢(n). The LF signal m(n) is obtained by multiplying the
signals sm(n) by the rectangular pulse p(n), as shown in Figure 5a).
Therefore, the modulated signal in the time domain is expressed as

s(n) =m(n)-s,(n) = p(n)s,,(n) -cos£2n (23

and presented in Figure 7a). By applying the modulation property of DTFT,
we may get the amplitude spectral density of that signal as

S(£2) = FT{m(n)cos.2n} = % FT {m(n)(e"‘%n + e*"‘”%“)}
(24)
—SIM(@-2)+ M(2+2Q)]

We can find its shifted components in (24) and express them as
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EM (_Qi_(%)zée’j(g’[%)(“’l)’z Sir.‘((-Qi-(%)N /2)
2 2 sin((22+42)/2)
AN /2 Q+0Q =T2kr,k=0,123,..)"
=) Agritezaymor sir_m((.Qi[%)N 2) otherwise
2 sin((22+0)/2)

where N = 80 for our case. Then, based on expression (17) for the
amplitude spectral density of m(n), the magnitude spectral density of the
modulated signal (24) finally is

5(2) = %[P(Q—Q—%)+P(Q—Q+Qﬂ)l
(25)

+2[PQ+Q-0)+P(2+Q+ )]

For the defined values of frequency 2, =7/20 and 2 =712, the
magnitude spectral density of the modulated signal is presented in Figure 7b).

s(n)

2|S(Q)/AN

1

-7 -m2 -7d 0 4 ﬂ/zx T 342 27
O, Qc;z/ +20
Figure 7 — a) Modulated signal in the time domain, and b) in the frequency domain
Puc. 7 — a) ModynuposaHHbIl cuzHarn 80 epeMeHHoU obriacmu u 6) 8 yacmomHouU
obnacmu

Cnuka 7 — a) MoOynucaHu cuzHarn y epeMeHCKOM OOMeHY, U 6) y (hpeK8eHUUjCKOM
domeHy
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The magnitude spectrum is a periodic function with a period of 2.
The two-sided spectrum of the signal can be investigated inside the
bandwidth around the carrier frequency of /2.

The power of the modulated signal can be calculated in the time
domain as

N-

Z (n)=— Zp (n)cos?(£2,n)-cos? £2n

n=0

2 n=79 A2 (26)
1+cos20 n)-(1+cos22n)= 1=—
Zo( ) ( )= 55 21
The energy of the signal, based on solution (20), is
E, =PN =iﬁs(g)\2dg
S S 272_ J
, (27)

2 s 2
:izi [IM(@-2)+M(@2+Q) dgz%(40+40) _ 20A?
4 -
which can be calculated as shown before. From the energy expression, it
is easy to find the power of the signal and vice versa.

Simulation of the transmitter operation

We performed a simulation in Matlab of the transmitter presented in
Figure 1 (Ingle & Proakis, 2012).

The signals are generated in the time and frequency domain and
presented in graphical forms.

The modulating signal obtained by simulation in the time and
frequency domain is presented in Figure 8.

They are equivalent to the signals that have been obtained by
calculations and presented in Figures 2 and 3, respectively.
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U cueHaJll 80 8peMeHHoU U 4acmomHou

Puc. 9 — Huzko4acmomHsbIl KOCUHycoudaribHbl

obnacmsx
Cnuka 9 — H® KOCUHYCHU cuzgHas y 8peEMEHCKOM U (DPEKBEHUUJCKOM GOMEHY
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A simulated LF cosine pulse in the time and frequency domain is
shown in Figure 10. The cosine pulse m(n) has the amplitudes A = 2 in the
interval from n = 0 to n =80. It is not a periodic function, and its spectrum
is a shifted version of the spectrum of the rectangular pulse to the
frequency Qn. The graphs in Figure 10 correspond to the theoretical
graphs shown in Figure 5.

signal m(n)

PR . . .

0 100 200 300 400 500 600 700 800
n
signal M(om
100 T 9 : ( g)‘ . .

=
E 50 - ]
=

0

-4 -3 -2 -1 0 1 2 3 4

OMEGA

Figure 10 — LF cosine pulse in the time and frequency domain
Puc. 10 — Husko4acmomHsbili KOCUHycouOarbHbIl cugHan 80 8peMeHHOU U YacmomHoU
obnacmsx
Cnuka 10 — H® KOcuHYyCHU nyric y 8PeMEHCKOM U (OPEKBEHUUJCKOM OOMEHY

The simulated high-frequency carrier is shown in the time and
frequency domain in Figure 11. The processed carrier was in the interval
from n = 0 to n = 800. In Figure 11, only a part of the signal is shown for
the sake of understanding its shape. These graphs correspond to the
theoretically expected graphs presented in Figure 6.

The simulated modulated signal in the time and frequency domain is
presented in Figure 12. The same signal in the time domain is presented
in an extended form in Figure 13. These graphs correspond to the
theoretically expected graphs presented in Figure 7.
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Figure 11 — The carrier signal in the time and frequency domain
Puc. 11 — Hecywas 8onHa 80 8pemMeHHoU u YyacmomHouU obiacmsx
Cnuka 11 — Hocunay, y 8peMeHCKOM U (hpeK8EHUUJCKOM OOMEHY

SIGNAL MODULATED
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FFT of the sighal modulated
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Figure 12 — Modulated signal in the time and frequency domain
Puc. 12 — ModynupoeaHHbIl cueHarn 80 8peMeHHOU U YacmomHouU obracmsx
Cnuka 12 — ModynucaHu cueHals y 8PeMEHCKOM U (hpeK8EeHUUjCKOM QOMEHY
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To see the shape of the signal, the modulated signal s(n) is presented
in the whole interval from n = 0 to n = N-1 in Figure 13.

SIGNAL MODULATED

s{n)

0 100 200 300 400 500 600 700 800
n
Figure 13 — Modulated signal in the time domain
Puc. 13 — ModynuposaHHbIl cueHarn 80 epeMmeHHoU obriacmu
Cnuka 13 — ModynucaHu cugHarn y 8peMEeHCKOM OOMEHY

Pulse demodulator

The demodulation of the discrete modulated signal s(n) results in the
discovery of the modulating cosine and the rectangular pulse. The receiver
blocks involved in the procedure of received signal demodulation are
presented in Figure 1.

The output signal of the demodulator multiplier. Firstly, the received
discrete modulated signal is multiplied by the carrier to get the signal

Sem(N) =5(n)cos 42N ={m(”) cos’2n 0<n<N _1}

0 otherwise

_ %m(n)(1+ cos22n) 0<n<N-1 (28)

0 otherwise
The signal can be expressed in this form in the time domain

5. (n) _{% Acosan+%%Acos(2Q +.Qﬂ)n+%%Acos(2Q -02)n 0<n<N 1} (29)

0 otherwise

Therefore, the DTFT of this signal gives us its amplitude spectral
density expressed as

S, ()= % FT {m(n)(1+cos22n)} = % FT {m(n)+m(n)cos22n}

, (30)
:%M (_(2)+%[M (2-202)+M(2+2Q)]
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where the first component M(Q) is the LF component containing the
spectrum of the modulating cosine pulse and its shifted spectrum to the
doubled carrier frequency. The LF component can be expressed as

% M (£2) = % FT{p(n)cosQ,n}= %[P(Q—Qn) +P(2+2)], (31)

where the shifted components are

AN Q-0 =+2kr,k=0,123,..
P(2-924)= Ag (- @nN-DI2 Sil’-l((.Q—.Qm)N /2) otherwise N =80

sin((2-22,)/2)

AN 02+0 =+2kz,k=0,123,..
P(Q+Qm) ) Aei@r2nN-vr Sir_]((QJFQm)N /2) otherwise N =80

sin((2+2,)12)

To obtain the multiplied signal S (£2) expressed by (30), we can
calculate the shifted spectral components as follows

%M (2-20Q) :%%[P(Q—Z.q +0)+P(2-202-0)], (32

and

1 11
TM(Q2+2Q) =T [P(2+2Q + Q) +P(2+2Q2 - Q)] 33)
Finally, the spectrum of the signal (30) is expressed as

1 1
Sen(2) = [P(Q- )+ P(Q+ Q)]+ [P(2-2Q + Q)+ P(2-202 - Q)] (34

+é[P(Q+2Q +0Q2)+P(02+202 -0

and is presented in Figure 14. The power and energy of the signal in the
time domain can be calculated from (29) and expressed as

N-1
Ecm = Pcm ‘N = ZSCZm(n)
n=0

N

= NZ(% Acos2n)? + Zl(% Acos(242 + 2 )n)* + Nzl(% Acos(202 — 2 )n)? (35)

lA2 :EAZN +iA2N +iAZN :EAZN
2 8 32 32 16

and the power is Pcm = Ecn/N = 3A%/16. The energy can be calculated in
the frequency domain as
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Figure 14 — Magnitude spectral density of the signal at the output of the receiver multiplier
Puc. 14 — Benu4uHa criekmparbHOU MiomHocmu cuaHana Ha ebixo0e npueMHo20
YMHoOXUmMensa
Cnuka 14 — CnekmparnHa eycmuHa MazHumyoe cuzHara Ha u3nasy MHoXa4ya
npujeMHuKa

Extraction of the baseband rectangular pulse. This extraction starts
with a multiplication of the demodulated signal by an LF cosine term as
follows

S, (N)=s,,(n)cosn. (37)

Using the modulation theorem, the amplitude spectral density of this
signal will be expressed as a shifted version of the spectrum in (34), which
gives
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S0 (@) = P() +3[P(2-20) + (2420

+%[P(Q—2Q)+ P(2+22))]

+%[p(_(2_2(%—2.(gn)+P(Q—2(% +20)] |

(38)

+%[P(.O+ 20 +20)+P(Q2+2Q -2Q)]

ISmm(€Q)|/4

Figure 15 — Magnitude spectral density of smm(n)
Puc. 15 — CnekmparnbHasi nnom+ocms amaumy0Obl cugHana Smm(n)
Cnuka 15 — CnekmparsHa eycmuHa MmagHumyoe cueaHasa Smm(n)

The calculated spectrum contains an LF part around the zero
frequency, which contains the spectrum of the modulating rectangular
pulse. We can use an LP filter to extract this signal. This operation will be
approximate, meaning that a part of the spectrum of the neighboring
components to the pulse spectrum will be added to the signal causing
distortion. Also, the pulse spectrum will be reduced to its two arcades
which will reduce the power of the signal. We will take this reduction of the
power in the following considerations and calculations.

LPF operation in the time and frequency domain. An ideal LP filter
with the gain Hq is used to eliminate the HF components in this spectrum
and obtain the demodulated signal representing the rectangular pulse p(n)
that was sent by the transmitter. The filter eliminated all high-frequency
components and the result is the LF pulse
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S0 (2) = Hy (2)-5,(2) = H,(2)- £ P(2), (39)

where the filter transfer characteristic is rectangular as shown in Figure 15
by a dotted graph of the amplitude Hq. If there is no attenuation of the filter,
i.e., Hq =1, an approximation of the output spectrum can be obtained as
shown in Figure 16. Due to the limitation of the spectrum of the
demodulated pulse p(n) at the receiver side, the received pulse at the
output of the LP filter will not be rectangular as the simulation will confirm.
In the time domain, the output signal of the filter, mq(n), will be a
convolution of the filter input signal smm(n) and the impulse response of the
filter hq(n), as will be shown in the simulation. The result of this convolution
is the pulse mgy(n), which is a distorted version of the rectangular pulse.

Calculation of the system attenuation. The total value of the

demodulated rectangular pulse energy can be calculated from the pulse
spectrum in Figure 15, assuming an all-pass LF filter and ideal filtering, as

17 17 1
Ew=-— 1S (Q)Fd2=—||H,(£2)-=P(Q)[?d2
w =57 ) 1Sm(AF 4= [1H.(2)-3P(2)

17 A’ 1 o)
Eimn [1P)r d2=——2N7="- AN
4= T, T
ISma(Q)|/4
1

] ]

T T

-2 -4 0 4 a2

NoX 140 Q.

Figure 16 — Magnitude spectral density of the demodulated pulse mad(n)
Puc. 16 — BenuyuHa cnekmparnbHoU rnnom+Hocmu 0emolynupogaHHO20 UMryribca Mg(n)
Cnuka 16 — CnekmparnHa eycmuHa mazHumyoOe demolynucaHoa rnysca md(n)
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If we use an LP filter with the cut-off frequency of /20, the precise
value of the energy of the received pulse is

A2 7120

32 j

-120

sin400 |2 d
sin(/2)]

1 T
Ep—FiIter = E J- ‘P(Q)‘z dQ =

A2
21

(41)
——477.5439727897149 = 4.75A° = 0.0594NA’

This energy of the signal is much smaller than the energy of the pulse
at the transmitter side, which was NA?, as calculated in (6). The energy of
this pulse in its two arcades is

e 2 /20
E, - [|P(@)f do=2 | | 2n404 H Q——2N7Z'
2r *, 2r mo sin(«2/2) 42)
2
2A A477.5439727897149 = 76 A = 0.95NA?

T

The power attenuation of the received signal is

R E,/N 0.95A°

p—filter p—filter

To receive the pulse with the required power, we need to use
amplifiers in the receiver. These amplifiers will compensate for the loss of
power caused by the explained signal processing. However, due to the
propagation of the signal, there will exist additional attenuation that needs
to be compensated by the amplification inside the receiver. Finally, as
shown in Figure 1, there will be a noise present in the channel that is added
to the signal. The noise influence on the signal transmission needs to be
also considered, which is a separate problem in the analysis of the system.

If we are interested in the detection of the phase of the transmitted
cosine pulse, we can use a correlator on the receiver side. In that case,
the polarity of the correlator output will give us evidence about the phase
of the transmitted pulse.
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Simulation of the receiver

The receiver operation is simulated in Matlab. The simulated
operation of the first modulation multiplier is presented by the graphs of its
output discrete-time signal scm(n) in the time and frequency domain in
Figure 17, which was theoretically analyzed and presented in the
frequency domain in Figure 14.

_signal scm(n)

2@
€
£ 0
o
w
-2 3
0 50 100 150
n
) signal Scm(omg)
[=)
5
—= 1
&
N
0
-4 -2 0 2 4

OMEGA

Figure 17 — Magnitude spectral density of the simulated signal at the output of the
receiver multiplier
Puc. 17 — BenuyuHa cnekmparsnbHoU niomHocmu MoOesiupyemMo20 cuzHarsa Ha 8bixode
YMHOXUMessi npueMHUKa
Cnuka 17 — CnekmparsHa 2ycmuHa MagHumyoe cuMysucaHo2 cugHasa Ha usnasy
MHOXay4a npujeMHuUKa

This signal is multiplied by an LF signal sm(n) to get the signal smm(n)
that contains a low-frequency component that represents the modulating
signal. The simulated signal in the time and frequency domain is shown in
Figure 18. The corresponding signal, theoretically calculated, is presented
in Figure 15.
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signal smm(n)

0 100 200 300 400 500 600 700 800
n
signal SMM(omg)

0.5 1
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Figure 18 — Magnitude spectral density of the simulated smm(n)
Puc. 18 — CnekmparnbHasi nomHocme ModenupyemMoul 8eslu4UHbl Smm(n)
Cnuka 18 — CnekmpariHa eycmuHa MagHumyoe cumynucaHoa Smm(n)

The LF signal smm(n) is processed in the LP filter to get the LF
modulating signal. For the filter transfer characteristic shown in Figure 14,
the impulse response hq(n) is calculated.
Then the convolution of this impulse response and the input signal
smm(n) is performed in the time domain as shown in Figure 19.

The LPF is a linear time-invariant discrete-time system, and this
convolution can be performed.
The result of the convolution is the positive pulse mg(n) that is
generated at the output of the receiver and corresponds to the rectangular
pulse sent at the transmitter side.

This pulse obtained by simulation is presented in Figure 20.
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1.57

smm(n} and hd(n}
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smm(n)
20*hd(n)

-50 0 50 100 150 200
n

Figure 19 — Procedure of convolution to get the demodulated pulse ma(n)
Puc. 19 — lNpouyedypa ceepmku 0nis1 nosnydeHusi demModynupo8aHHO20 UMMyibca Md(n)
Cnuka 19 — lNpouedypa koHsonyyuje 3a dobujar-e demodynucaHoez nyrnca md(n)
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Figure 20 — The demodulated pulse md(n) at the output of the LP filter
Puc. 20 — [emodynuposaHHsbili UMryibC Md(n) Ha 8bixode huribmpa HUXHUX Yacmom
Cnuka 20 — [emodynucaru rync md(n) Ha uznady H® ¢punmepa
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Conclusions

This paper presented the theoretical model and the simulation results
of a communication system analysis for a cosine pulse transmission. A
detailed block schematic of the system’s transmitter and receiver is
presented in the form of mathematical operators and all input-output
signals are presented in both time and frequency domains using exact
mathematical expressions. To calculate the attenuation of the signals in
the system, the powers and the energies of the signals are calculated for
all signals processed in the system.

It is shown that the application of a low-pass filter inside the receiver
allows the detection of the modulating signal, despite its distortion due to
the processing in the system. The signals in the analyzed blocks of the
transceiver are processed in the discrete-time domain. All theoretical
results are confirmed by simulations.
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Paapa60TKa npunemMornepenatynka KocmHycomaanbHbIX UMNYIrbCOB B
AONCKPETHOM BpPEMEHN

CmesaH M. bepbep

YHueepcuteT OkneHaa,
Kadbenpa aneKkTpoTeXHMKU, BbIYUCTTUTENBHON TEXHUKM U MPOrpamMMHOro
obecneyerus, r. Oknena, Hosas 3enangus

PYBPUKA TPHTW: 50.07.03 Teopusi n MOAennpoBaHne BbIYUCIINTENBHbIX
cpeq, CUcTeM, KOMMIEKCOB U ceTen
BWO CTATbW: opuruHanbHas Hay4Has ctaTbsl

Pesrome:

BeedeHue/uens: B daHHOU cmambe obcyxdatomcsi 80rpoChl meopuu u
paspabomku npuemonepedamyuka 05151 nepedayvyu KOCUHycoudasibHbIX
uMnynbco8 8 QUCKPemMHOM speMeHU. Paboma npuemonepedamdyuka u
8Ce cuzHaJlbl aHanu3upyrmcs Kak 80 peMeHHOU, maK u 8 YacmomHoU
obracmsix.

Memodbi: B 0daHHOU cmambe npusedeH nodpobHbIli  0630p
meopemu4eckux moderneli rpuemoriepedamyuka Ha ocHoge e20 brloK-
cxeM, Komopble rpedcmasenieHbl C [OMOWbIO MamemMamu4ecKux
orepamopos. Pesynbmamei CMOOEsIUPOBaHHbIX 6r10K08
npuemoniepedamyuka ObiIu  corocmaerneHbl €  pe3ynbmamamu
meopemu4ecKo20 aHanu3a.
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Pesynbmamei: CuzHarbl QUCKPEMHO20 8peMeHU Ha exodax U ebixodax
Kaxx0o20 brioka rpuemoriepedamyuka 8bI800sIMCcsl 8 MamemMamu4eckoU
gopme u omobpaxkaromcsi 80 8pPEMeHHOU U YacmomHol obracmsix.
Cumynamop npuemoriepedam4yuka bbin  pa3pabomaH e Matlab.

Teopemuueckue 8b1800bI nodmeepx0eHbl pesynbmamamu
MoOenuposaHus.
Bbigo0kb: Pesynbmamai OaHHoU cmamsu criocobcmeyrom

meopemuyeckoMy MOOenuUposaHut0 U pa3pabomkKe COBPEMEHHbLIX
rnpumoepedamyukos, Komopble MOXHO 6ydem ucrionib3ogame Ofisi
rnepedayu OUCKPemHO20 KOCUHycoudaribHO20 UMIYIIbCa.

Kntouesnble criosa: paspabomka rnpuemoriepedamdyuka, OUCKpemHbIl
KocuHycoudasbHbIl  UMMAYSLC,  UMMAYNbCHBIL  npuemornepedamyux,
Mamemamu4eckoe molenuposaHue npuemornepedamyuka,
unbmpayusi, cumynsmop npuemonepedamyuka.

[lM3ajH npMMonpeaajHMKa KOCUHYCHOT Myrica y AMCKPETHOM BpPeEMEHY

CmesaH M. bepbep

YHuusepauteT y OknaHgy,
Kategpa 3a eneKkTpoTeXHUKY, padyyHapcKy 1 COPTBEPCKY TEXHUKY,
OknaHa, Hosu 3enaHa

OBJACT: enekTpoTexHuka, TenekoMmyHukauuje
KATEITOPWUJA (TWUM) YITAHKA: opyruHanHy Hay4Hu pag

Caxemak:

Yeod/yursb: [usajH npumonpedajHuka KOCUHYCHO2 rysica npukasaH je y
duckpemHoMm epemeHy. Pad npumonpedajHuka U c8U CuzsHanu
aHanuaupaHu cy y 8pEMEHCKOM U (hpeK8eHUUJCKOM OOMEHY.

Memode: [lpukasaHu cy OemarbHU meopujcku modenu npedajHuka u
npujemMHuka 6asupaHu Ha HUX08UM  bOJfiOK-wemama Koje cy
npedcmaerbeHe MoMoRy Mamemamuuykux onepamopa. brokosu
npumorpedajHuKa Cy CuMyrnupaHu, a pesynmamu cumynayuje yriopefjeHu
ca pesynmamuma meopujcke aHanuse.

Pesynmamu: CuzHanu OUCKpemHoz epeMeHa Ha ynasuma u usnasuma
ceakoz brioka y npumonpedajHUKy u3gedeHu cy y MameMamu4ykom ObuKy
U rpukasaHu y 8peMeHCKOM U ¢bpekseHuujckom OomeHy. PassujeH je
cumynamop npumoripedajHuka y Mamnab-y. Pe3ynmamu cumynayuje cy
rnomspousiu meopujcke Hanase.

Sakrbyyak: Pesynmamu ogoe pada GornpuHoce meopujckoM Moleriogarsy
U dusajHy ModepHux rnpumopedajHuUKa Koju ce Mo2y Kopucmumu 3a rpeHoc
OuCKpemHoz KOCUHYCHOe rlyrica.

KrbyyHe peyu: dusajH npumornpedajHuka, QUCKPEMHU KOCUHYCHU r1yJIC,
npumorpedajHuK nynca, Mamemamu4ko modernosame
npumonpedajHuka, chunmpupare, cumyrnamop npumornpedajHuka.
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Abstract:

Introduction/purpose: Measuring target acquisition performance in imaging
systems with human-in-the-loop plays an essential role in military
applications. This paper presents an extended review on the application of
image clutter metrics for target acquisition, with the aim of using objective
measures to predict the detection probability, false alarm probability and
mean search time of the target in the image.

Methods: To determine the degree of clutter, simple features on the global
(picture-wise) and local (target-wise) level were used as well as contrast-
based clutter metrics, target size and metrics derived from image quality
assessment measures. Along with the standard ones, the features derived
from the distribution of mean subtracted contrast normalized coefficients
were also used. To compare the results of the objective scores and the
experimental results obtained on the publicly available Search_2 dataset,
regression laws accepted in the literature were applied. Linear correlations
and rank correlations were used as quantitative measures of agreement.

ACKNOWLEDGMENT: The authors thank Dr. Alexander Toet for kindly providing the
Search_2 dataset and the implementation of the TSSIM clutter metric.
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Results: It is shown that the best agreement with target acquisition
indicators is obtained by applying clutter metrics derived from image
quality assessment measures. The correlation with the results of
subjective tests is up to 90%, which indicates the need for further
research. A special contribution of the paper is the analysis of the target
acquisition prediction performance using simple features at the global and
local level, where it is shown that the prediction performance can be
improved by determining the features around the target. Furthermore, it
was shown that the false alarm probability and the probability of detection
can be predicted based on the mean target search time in the image with
a probability higher than 90%.

Conclusion: In addition to obtaining a high degree of agreement between
the objective metrics of clutter and the results of subjective tests (up to
90%), there is a need to improve the existing and develop new metrics as
well as to conduct new subjective tests.

Key words: clutter metric, false alarm rate, mean search time,
probability of detection, target acquisition.

Introduction

The process of target acquisition as a concept used for military
purposes, includes all the processes required to detect a target in an
image (Li et al, 2012). In addition, discrimination between different
classes of targets (recognition) or discrimination within a class
(identification) may be required. Measuring target acquisition
performance in human-in-the-loop imaging systems plays an essential
role in many applications.

Electro-optical imaging systems detect radiation from the
background and from the target of interest. Background clutter, which
refers to objects or features of the scene that are similar to the target,
can confuse the observer and affect target acquisition performance.
Clutter plays a significant role in the detection of targets in images
obtained by surveillance devices, both in the invisible and in the visible
part of the electromagnetic spectrum. Therefore, there is great interest in
analyzing the relationship between image content and human (operator)
detection performance (Chang & Zhang, 2006a; Gavrovska & Samcovic,
2018; Lukin et al, 2023).

The presence of clutter in the image affects target detection and the
search process (Schmieder & Weathersby, 1983; Chang & Zhang,
2006b). This can lead to a decrease in detection probability as some
targets will be missed as opposed to situations where they will be found
in the case of a less cluttered scene; it can lead to an increase in false
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alarm probability because scene clutter will be declared as the target of
interest, and it can lead to an increase in detection time because the
observer will spend time considering irrelevant clutter (Chang et al,
2007).

Image clutter metrics can be used to examine target acquisition
performance - to predict detection probability, false alarm probability, and
search time, as well as to correct imaging system performance models.
Clutter metrics can be divided into global and local (Toet & Hogervorst,
2020; Mondal, 2022). Global metrics measure the clutter of the entire
scene. Local measurements determine the clutter around the target.
Also, clutter metrics can be without a priori knowledge about the target,
while some of the metrics require additional information about the target,
such as position, dimensions (width and height) or boundaries between
the target and its background. Global measures use features derived
from the complete scene image, such as standard deviation, entropy,
probability of edge (POE) and similar (Rotman et al, 1996; Xiao et al,
2015b). These features can also be used locally. Additional information
about the target allows to determine the contrast of the target with
respect to the background at the local level, so different contrast-based
clutter metrics have been defined (Xiao et al, 2015b). In addition to
contrast, target detection probability is also influenced by its size (Wilson,
2001).

State-of-the-art reliable clutter metrics are derived from objective
measures used to assess image quality. These are mathematical
measures that require a priori knowledge about the target (target image),
and based on the similarity (or dissimilarity) between the target image
and the background, the degree of clutter is determined and the target
acquisition performance is predicted.

Chang and Zhang (Chang & Zhang, 2006a) adapted the structural
similarity index SSIM (Wang et al, 2004), to mathematically define a
measure of clutter. A comparison of luminance, contrast and structure is
made between the target and the background. The measure is called
TSSIM — target structure similarity clutter metric, which quantitatively
characterizes background clutter. In the paper (Toet, 2010), Toet
considered predictions of search time and probability of detection based
on the three components of SSIM/TSSIM. He concluded that luminance
and contrast have no influence on human detection performance, while
structural similarity SSIM/TSSIM component has the most influence on
prediction performance, i.e., as structural similarity (correlation) is
equivalent to matched filter, it was concluded that matched filtering
predicts human visual performance in target detection. The BSD
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measure (Xu et al, 2013) also represents the application of the structural
similarity approach in the clutter metric, whereby additional weighting is
performed using information content weights. This is a multidimensional
measure where three scales are used. The DSIM measure (Xu & Shi,
2013) is also structural similarity based, and it can also be considered an
HVS-based measure, considering brain cognitive characteristics. The
clutter metric proposed in (Xiao et al, 2015a), known as Cessim, IS @
double structural similarity metric. In addition to structural similarity, the
similarity of the histogram of oriented gradients between the target and
the background is also considered and used as a weight for the structure
similarity metric. The objective clutter metric from (Zheng et al, 2016) can
also be classified into structural approaches with adaptive extraction of
structural features and additional selection of blocks that have a decisive
influence on the subjective impression of the observer and influence the
performance of target acquisition. Structural comparison is implemented
in (Zhao et al, 2019) by comparing gray levels between neighboring
pixels in four directions. After that, the similarity between the target image
and the background is determined based on the Hamming distance.

In addition to the mentioned SSIM-based measures, other reliable
clutter metrics can be found in the literature. In (Yang et al, 2011) an
approach was proposed that uses sparse representation for the clutter
metric, where feature vectors are used to describe the background and
the target and where similarity of the block in which the target is located
with the background blocks is determined. The authors (Xu & Shi, 2012)
used low-level image features to define the clutter metric FD using phase
congruency to determine the differences between the background and
the target, while directional contrast is used to calculate the differences in
contrast between images. The approach from (Chu et al, 2012)
measures the similarity between the background and the target in the
frequency domain, whereby differences that cannot be seen are not
taken into consideration while visible differences are additionally
weighted according to the sensitivity of the visual system using Mannos-
Sakrison contrast sensitivity function which is used to filter the frequency
representations of the target and the background images. The degree of
agreement with the subjective test results is at the TSSIM performance
level. Two texture metrics based on the gray level co-occurrence error
(GLCEcn and GLCEeyg) were used in (Culpepper, 2015) to predict
detection probability and mean search time. These two measures are
based on the contrast and energy of the gray level co-occurrence
distribution error.
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Although the images of the Search_2 dataset are in color, most
research in the field of clutter metrics uses grayscale images.
Researchers from (Yang et al, 2007) used images from the RGB color
space for representation using quaternions (a generalization of complex
numbers), which was additionally folowed with phase correlation and
used to estimate clutter in color images. However, the authors concluded
that color is not the dominant factor for target detection on the Search_2
dataset. The TSSIM grayscale clutter metric was extended in (Chang et
al, 2010) to include color by combining channels of the perceptually
uniform CIELAB color space using weighted averages. Although the
degree of prediction of the probability of detection by applying color
increased from 0.8 to 0.82, it can be said that there was no significant
improvement in performance by applying color. The gradient clutter
metric proposed in (Meehan & Culpepper, 2016) uses the Lab color
domain in which the gradient is determined independently in three color
channels.

Also, the interesting research is (ltti et al, 2001), in which the authors
presented an effective target detector model where, in 75% of images
from the Search_2 dataset, the target is detected faster using the model
than by the observer.

After the introductory part, the publicly available Search 2 dataset
and the experimental results are described in the second part of the
paper. The image clutter metrics are described in the third part of the
paper, while their performance on the Search_2 dataset is discussed in
the fourth part of the paper. At the end of the paper, conclusions and
directions for further research are given.

Experimental results

The TNO Human Factors Search 2 dataset contains 44 high-
resolution color images (6144 x 4096 pixels), where each image contains
one military vehicle considered as a target (Toet et al, 2001). The images
have different complexity and were obtained by shooting in a rural
environment. In addition to images, the dataset also contains binary
images in which the segmentation of the target from the background was
performed manually.

Also, the Excel file provides information on the conditions under
which the tests were conducted, as well as the results of subjective
psychophysical tests.
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Search targets

Nine military vehicles were considered as targets of interest (all-
terrain vehicles, infantry fighting vehicles and tanks) - Fig. 1. In order to
get as close as possible to the real conditions of observing these targets,
the targets were recorded in different local environments (backgrounds),
at different distances, in different lighting conditions of the scene, under
different orientations (Fig. 2) and with different degrees of occlusion of
the target with vegetation.

(a) HMMVV-Scout (b) HMMVV-Tow (c) BMP-1

(d) BTR-70

(9) M1A1 (h) M60

Figure 1 — Nine military vehicles considered as targets of interest (oblique back view)
Puc. 1 - [essmb boe8bix MawuH, paccmampueaeMbix 8 Kayecmee Uerieebix 06bekmos
(8ud c3adu)

Cnuka 1 — [Jegem 80jHUX 803ura pa3mampaHux Kao yurbesu 00 UHmepeca

Figure 2 — Front view, oblique front view and oblique back view of the target (tank T72)
Puc. 2 — Bud criepedu, 6okosoli 8ud Ha uerb criepedu u c3adu Ha yesb (maHK T72)
Cnuka 2 — Noaned cripeda, kocu noaned crnipeda u no3adu Ha Yusrb (meHk T72)
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Experimental results and discussion

For each of the 44 source images, the target, the distance at which
the target is located and its aspect angle, the center of the target in the
image, and its width and height in pixels are known. Luminance data are
provided for the scene, the target and its background.

(©

Figure 3 — (a) source image, (b) target image, (c) binary image after manual
segmentation, (d) and (e) extraction of the target and the background based on a binary
image
Puc. 3 — (a) ucxodHoe usobpaxeHue, (b) yenesoe usobpaxeHue, (c) buHapHoe
u3obpaxkeHue riocrie py4Hou ceameHmauuu, (d) u (e) useneyeHue uenu u ¢poHa Ha
0CHo8e BUHapPHO20 U306paXxeHuUst
Cnuka 3 — (a) ussopHa cnuka, (b) crnuka yurba, (¢) 6uHapHa criuka HakoH py4YHe
ceaemeHmauuje, (d) u (e) usdsajarbe yurba U OKO/IUHE Ha OCHOBY BUHapHe Criuke
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These data enable the target image to be extracted, and the binary
images enable the target to be extracted from the background - Fig. 3.
Researchers mostly use 39 out of the available 44 images, i.e., in the
analyses they do not consider images with serial numbers 7, 15, 23 and
26, in which duplicate targets have been noticed, and they do not
consider image 39 because the target detection probability is only 14.5%
(Chang & Zhang, 2006a).

In the subjective tests, 62 observers participated, and the results are
given through their correct, false and missed detections. In addition,
search time was measured, with mean, geometric mean and median
search time available. Based on the results of the subjective tests, it is
possible to determine the probability of detection (P4) and the probability
of false alarm (FAR) of the target for each source image (Chang et al,
2010):

Ncorrect , (1)
N + N false + Nmissed

where Nceorect IS the number of correct detections, Nrse is the number of
false detections, and Nmissed IS the number of missed targets. The false
alarm probability is obtained as:

P =

correct

N

FAR — false , (2)
Ncorrect + N false + Nmissed
while the total probability of detection is:
Pdtotal = Pd + FAR : (3)

Fig. 4 shows the relationship between P¢/FAR as a function of mean
search time (mST) based on the Search_2 dataset data. From this figure,
it can be seen that with an increase in the mean search time, the
probability of detection decreases, that is, the probability of a false alarm
increases. Also, Fig. 4 confirms that human observers in an attempt to
improve their detection performance will accept higher false alarm
probabilities when considering an image with pronounced clutter (Chang
et al, 2007).

Table 1 shows the degree of agreement between the mean search
time and the probability of detection/false alarm probability. The linear
(Pearson's) correlation coefficient (LCC) and rank correlations
(Spearman’s, SROCC, and Kendal's, KROCC) were used as quantitative
indicators. It can be concluded that the LCC between the mean search
time and P4/FAR is greater than 90%. The linear correlation between
mST and Py is greater than the correlation between mST and FAR. If the
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rank correlations are considered, the greater degree of agreement is
between mST and FAR.

"0 5 10 15 20 25 30 0 5 10 15 20 25 30
mST (s) mST (s)

(@) (b)

Figure 4 — (a) relationship between the probability of detection, and (b) the false alarm
rate and the mean search time
Puc. 4 — (a) coomHoweHue mexdy sepossmHocmbio obHapyxeHus u (b) yacmomol
JI0XXHOU mpegoau U cpedHUM 8peMeHeM roucka
Cnuka 4 — (a) odHoc usmehy sepogamHohe demekuyuje u (b) eeposamHohe naxHoa
anapma u cpedr-e2 8peMeHa rnpempaxusara

Table 1 — Degree of agreement between the mean search time and the probability of
detection / false alarm probability
Tabnuya 1 — CmeneHb cosnadeHusi cpedHe2o 8peMeHU MoucKa ¢ 8epOSIMHOCTbIO
obHapyxeHusi | 8eposiImHOCMbIO MIOXHOU mpegoau
Tabena 1 — CmeneH criazara cpedr-e2 8peMeHa rpempaxusara u eepogamHohe
demekuuje | seposamHohe naxHoz anapma

Pd FAR
LCC 0.9261 0.9038
SROCC 0.8101 0.8464
KROCC 0.6464 0.6968

From Fig. 4, it can be seen that there are several images where the
detection probability is equal to one, and their mean search time is
between 2 and 7 seconds. The minimum target detection probability of
the considered images is 48.4%, where the mean search time is 29.8 s.
Fig. 5 shows two source images with the maximum probability of
detection and the source image with the lowest detection probability.

The targets in these images are framed by white rectangles and
additionally shown as magnified images.
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(b) Pg=1, mST=6.4 s, target size 44 x 43 pixels

(c) Pg=0.484, FAR=0.323, mST=29.8 s, target size 38 x 28 pixels

Figure 5 — Examples of images from the Search_2 dataset with the maximum and
minimum probability of target detection
Puc. 5 — Npumepsbi uzobpaxeHuli u3 6a3bl 0aHHbIX Search_2 ¢ makcumansHoU U
MUHUMaIIbHOU 8epOSIMHOCMbI0 OBHapyXeHuUs yenu
Cnuka 5 — lNpumepu criuka u3 Search_2 6ase ca MakcuMasHOM U MUHUMaTHOM
seposamHohom demekuyuje yurba
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From Fig. 5(a), it can be seen that the target is in the central part of
the image, with high contrast compared to the background and with a not
so pronounced clutter in its background, so it is not surprising that the
probability of detection is maximum. For the target in Fig. 5(b), the
probability of detection is maximum, although its contrast with the
background is worse than in the previous example, the target is smaller
and the background clutter is more pronounced. The minimum probability
of detection is obtained for a small target with low contrast to the
background and with a loss of detail. The targets in Figs. 5(b) and 5(c)
are HMMVV-Tow at 3 km and M1A1 at 5.4 km, respectively, which may
also affect the probability of detection. There is a frontal view on both
targets.

Image clutter metrics

Simple clutter metrics

Gray level standard deviation (STD) and gray level entropy (E.) are
often used as image clutter metrics. Statistics derived from gray level co-
occurrence matrices (GLCM) are also used. The following GLCM-based
metrics were used in this research: contrast, correlation, energy,
homogeneity, and two-dimensional entropy (E2) (Cheng & Li, 2021). In
this paper, the frequency of occurrence of pairs of gray levels at positions
(m,n) and (m+1,n+1) for GLCM is analyzed, and the features derived
from GLCM contain information about the structure in the image.

Spatial information (SI) and spatial frequency (SF) are used to
describe the variety of source content in image and video datasets
intended for quality assessment. Additionally, these features are used to
analyze the complexity of images for compression purposes and to
predict just noticeable differences (Bondzuli¢ et al, 2022). In this paper,
these features are considered as clutter metrics. For the grayscale image
F, the Sl is obtained after filtering the image using Sobel spatial masks
that are sensitive to intensity changes along rows and columns:

Slyy = Std,,, [ Sobel (F)], (4)

where Sobel(F) is the gradient magnitude at the local level, and where
stdspace IS the notation representing the standard deviation of the values
in the spatial (grayscale) image plane. In addition to the standard
deviation, the root-mean-square and the mean value are used in the
spatial domain (Yu & Winkler, 2013):

Sl s =rms,,., [ Sobel (F)] (5)
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Sl pean = Mean,,., [ Sobel (F)], (6)

where the mean value proved to be the best predictor of image
complexity in compression (Yu & Winkler, 2013).

The gradient magnitude can also be calculated based on the
difference in gray levels of adjacent pixels by rows (RD) and columns
(CD) using the following equations:

RD(m,n)=F(m,n)—F(m+1,n) (7)
CD(m,n)=F(m,n)—F(m,n+1) (8)
SF(m,n) =\/(RD(m, n))2 +(CD(m,n))2 . (9)

The usual term for the gradient magnitude calculated in this way is
spatial frequency (SF) (Tan et al, 2017). Based on locally calculated SF
values, three characteristics can be calculated:

SI:mean = mea‘nspace [SF] J (10)
S = Ims,,,.. [SF], and (11)
SF,q = Stdg,c [SF]- (12)

The probability of edge (POE) is the percentage of edge pixels
relative to the number of pixels in a complete image (Chang & Zhang,
2006a). The well-known image binarization method proposed by Canny
(Canny, 1986) was used to determine edge pixels.

The compression ratio (CR) is used as a measure of image
complexity for compression purposes, and here it is used as a clutter
metric. It is obtained as the ratio of the size of the original uncompressed
image and JPEG compressed image with a quality factor of QF=100
(Corchs et al, 2016).

The only feature that uses color information in our research is
colourfulness (CF). It is a well-known feature for estimating the variety
and intensity of colors in an image (Hasler & Suesstrunk, 2003). CF is
obtained in opponent color space derived from three RGB color planes:

rg=R-G (13)

yb:%(R-FG)—B, (14)

where CF is defined as:

CF =,/O‘r29 +O'§b +O.3,/,urzg +,u§b , (15)

and oy and oy, are standard deviations, while ¢ and wuy, are the mean
values in rg and yb planes, respectively.
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The last three image features are derived from the mean subtracted
contrast normalized (MSCN) distribution (Mittal et al, 2012). The
distribution of the MSCN coefficients can be modeled using the
asymmetric generalized Gaussian distribution (AGGD), described by
three parameters — the shape parameter v, which controls the shape of
the distribution, and the scaling parameters o and o, which control the
spread on each side of the mode. These three parameters (v, o and o)
were used to determine the type of image degradation and perceptual
guality, and here they are used as clutter metrics.

The mentioned features were used as clutter metrics at the global
(picture) level, without a priori knowledge of the target. Additionally, these
features were used as clutter metrics at the local level, where the size of
the region within which these features are calculated is important. Most
researchers (Chang & Zhang, 2006a; Xu & Shi, 2013), use a region that
is twice the apparent size of the target in each dimension. Also, some
researchers, such as (Wilson, 2001), use the width and height of the
target multiplied by the square root of two to determine the dimensions of
the region. In this way, for a rectangular object, an equal number of
pixels are used to determine the target and background features. In this
paper, an image patch that is twice the height and width of the target is
used to determine the region of interest.

Contrast-based clutter metrics and a target size

The second set of metrics discussed in this paper are contrast-
based clutter metrics and a target size. These metrics require complete
information about the target (knowing the boundary between the target
and its background).

The contrast metric measures the intensity difference between the
target and its background (Schmieder & Weathersby, 1983), (Wilson,
2001). The simplest contrast measure is the difference between the
mean gray level values of the target, xr, and its background, zs:

Ape =y — g (16)

However, this metric does not consider the internal structure of the
target and the background, so in practice other contrast measures are
used that consider the gray level standard deviations of the target, or,
and/or the background, og, such as:

1) root sum of squares (RSS):
RSS = /(14 — 45 )+ , (17)
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2) Doyle local contrast:

D0y|e=\/(,uT —,uB)Z+k(O'T —O'B)Z, k=1, (18)
3) target local background contrast (TBC):
TRC = 0 el ,and (19)
O
4) target interference ratio (TIR):
TIR = e — | . (20)

[ 2 2
o7 +03

To determine the background gray level mean value and the
standard deviation, the size of the region within which these two features
are calculated is important. In this paper, the region of interest is twice
the height and width of the target.

The target size used in this analysis is the square root of the pixels
on target (RPOT).

Quality assessment measures as clutter metrics

The application of objective image quality assessment measures as
clutter metrics began after the work (Chang & Zhang, 2006a) in which the
target structural similarity, TSSIM, clutter metric was proposed. After
extracting the target image - the region outlined in red in Fig. 6, a
comparison is made with the non-overlapping regions of the considered
image - the regions outlined in white in Fig. 6.

Similarity is determined for each region, and the final clutter estimate
is obtained as the arithmetic mean (am in the subscripts of objective
measures) or as the root mean square of the obtained values (rms in the
subscripts of objective measures).

This approach to determining the degree of clutter is used in the
majority of objective measures. In the TSSIM objective measure, higher
values correspond to a greater similarity between the target and the
background, which indicates a higher degree of clutter in the image, and
which will lead to a decrease in the probability of detection.

It can be said that TSSIM metric is inversely proportional to target
detection probability. Contrary to this metric, some of the objective
measures are directly proportional to the probability of detection, i.e.,
lower values of the objective scores correspond to lower values of the
probability of detection.
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Figure 6 — lllustration of the principle of applying clutter metrics based on image quality
assessment
Puc. 6 — Minnrocmpauyusi npuHYUNos8 npUMeHeHUs1 Mep OUEHKU WyMa Ha OCHO8€ OUEHKU
Kadecmea u3obpaxxeHusi
Cnuka 6 — Minycmpauuja npuHyuna npuMmeHe Mepa rnpoueHe Kramepa 3acHO8aHUX Ha
poueHU Keanumema cruke

The following objective measures were used in the analysis: TSSIM
(Chang & Zhang, 2006a), structural (s) component of TSSIM metric
(Toet, 2010), FD (Xu & Shi, 2012), BSD (Xu et al, 2013), DSIM (Xu &
Shi, 2013), Cessim (Xiao et al, 2015a), Cman (Zhao et al, 2019), and
texture-based metrics GLCEcon and GLCEeyg (Culpepper, 2015). The
objective measures calculated as mean values and the root mean square
of local similarities have the subscripts am and rms.

Target acquisition modeling and the results

The relationship between clutter metrics and P4, FAR and mST is
analyzed using the regression models (Culpepper, 2015):

_ (crcy) e
P 1(ClCy)
c/c. )
l:ARpred = Fdtotal _ﬁ (22)
50
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mST g =X-C’ +2, (23)

where Pyq pred, FARprea and mSTpeq are the predictions of Py, FAR and
mST based on the image clutter metric C, Pqg 1w«=0.988 is the total
probability of detection (Chang et al, 2007), while E, Cso, X, y and z are
the parameters of the regression models.

Tables 2-4 show the prediction performance (LCC, SROCC and
KROCC) of the probability of detection, the false alarm probability and
the mean search time based on simple features, determined on the
global and local levels of the Search_2 dataset images. If the
performance on the local level is better than that on the global level, it is
shaded in gray in the tables. Additionally, the best performance
according to each of the comparison criteria is marked in bold.

Table 2 — Performance of the probability of detection prediction based on simple clutter
metrics
Tabnuua 2 — 3ghghekmueHOCMb MPO2HO3UPOBaHUSI 8ePOSIMHOCMU OBHapyXeHUs1 Ha
OCHO8€ rPocMbIxX rokazamersnel nomex
Tabena 2 — lNepghopmaHce npedukyuje seposamHohe demekyuje Ha OCHog8y
JjeOHocmasHUX Mepa rnpoueHe Kinamepa

Global Local

LCC | SROCC | KROCC | LCC | SROCC | KROCC
Entropy, E1 0.2897 | 0.3714 | 0.2557 | 0.7025 | 0.7697 | 0.5861
Stand. Dev., STD 0.1622 | 0.2464 0.1580 | 0.8239 | 0.7624 0.5832
Contrast 0.1557 | 0.3850 | 0.2873 | 0.6624 | 0.7038 | 0.5286
Correlation 0.0555 | 0.0166 0.0217 | 0.7112 | 0.6769 0.4937
Energy 0.4391 | 0.4450 | 0.3384 | 0.5661 | 0.7006 | 0.5261
Homogeneity 0.3308 | 0.4644 | 0.3450 | 0.3986 | 0.4508 | 0.3265
Entropy, E2 0.3353 | 0.4456 0.3304 | 0.7252 | 0.7822 0.6062

Spat. Fred., SFmean 0.4133 | 0.5130 | 0.3936 | 0.5224 | 0.5437 | 0.3936
Spat. Freq., SFms 0.4260 | 0.5200 | 0.3993 | 0.6131 | 0.6299 | 0.4740

Spat. Fred., SFstw 0.4061 | 0.4804 | 0.3476 | 0.7222 | 0.7142 | 0.5688
Spat. Inf., Slmean 0.4277 | 0.5479 | 0.4223 | 0.5308 | 0.5838 | 0.4309
Spat. Inf., Slms 0.4311 | 0.5166 | 0.3936 | 0.6373 | 0.6503 | 0.4855
Spat. Inf., Slstd 0.4002 | 0.4720 | 0.3419 | 0.7266 | 0.6994 | 0.5401
Prob. of Edge, POE | 0.3973 | 0.4021 | 0.2774 | 0.6481 | 0.4182 | 0.2875
Comp. Ratio, CR 0.3642 | 0.4655 | 0.3522 | 0.4936 | 0.4438 | 0.3246
CF 0.0714 | 0.1392 | 0.0919 | 0.6139 | 0.6223 | 0.4740
AGGD, v 0.5479 | 0.6357 | 0.4753 | 0.7385 | 0.5471 | 0.4050
AGGD, a 0.4538 | 0.6405 | 0.4827 | 0.5433 | 0.5969 | 0.4470
AGGD, ot 0.4375 | 0.6490 | 0.4815 | 0.4862 | 0.5526 | 0.4071
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Table 3 — Performance of the probability of false alarm prediction based on simple clutter
metrics
Tabnuua 3 — 3ghghekmueHOCMb MPO2HO3UPOBaHUSI 8€POSIMHOCMU JI0XXKHOU mpesgoau Ha
OCHO8e MpocmbIx rnokasamejsiel nomex
Tabena 3 — NepghopmaHce npedukyuje eeposamHohe naxHoe anapma Ha OCHogy
jeOHocmasHuUX Mepa rnpouyeHe Krnamepa

Global Local

LCC SROCC | KROCC LCC SROCC | KROCC
Entropy, E1 0.3416 | 0.4259 | 0.2964 | 0.6745 | 0.7960 | 0.6235
Stand. Dev., STD 0.2166 | 0.3030 | 0.2088 | 0.7909 | 0.7871 | 0.6147
Contrast 0.1672 | 0.4281 | 0.3198 | 0.7135 | 0.7101 | 0.5388
Correlation 0.0032 | 0.0227 | 0.0176 | 0.6228 | 0.7029 | 0.5355
Energy 0.4680 | 0.5030 | 0.3920 | 0.5618 | 0.7222 | 0.5525
Homogeneity 0.3488 | 0.5000 | 0.3740 | 0.4472 | 0.4555 | 0.3275
Entropy, E2 0.3804 | 0.5053 | 0.3782 | 0.7086 | 0.8041 | 0.6352

Spat. Fred., SFmean 0.4346 | 0.5524 | 0.4249 | 0.5706 | 0.5426 | 0.3986
Spat. Freq., SFms 0.4482 | 0.5559 | 0.4249 | 0.6611 | 0.6297 | 0.4804

Spat. Fred., SFstw 0.4302 | 0.5120 | 0.3753 | 0.7630 | 0.7241 | 0.5738
Spat. Inf., Slmean 0.4623 | 0.5857 | 0.4541 | 0.5693 | 0.5784 | 0.4337
Spat. Inf., Slms 0.4694 | 0.5533 | 0.4220 | 0.6771 | 0.6462 | 0.4891
Spat. Inf., Slsw 0.4427 | 0.5084 | 0.3723 | 0.7644 | 0.7052 | 0.5446
Prob. of Edge, POE | 0.4363 | 0.4176 | 0.3010 | 0.6102 | 0.4057 | 0.2878
Comp. Ratio, CR 0.3773 | 0.5005 | 0.3770 | 0.4382 | 0.4570 | 0.3373
CF 0.0735 | 0.1489 | 0.1037 | 0.6244 | 0.6293 | 0.4833
AGGD, v 0.6087 | 0.6690 | 0.5124 | 0.6583 | 0.5288 | 0.3941
AGGD, a 0.5105 | 0.6689 | 0.5125 | 0.5297 | 0.5658 | 0.4281
AGGD, o 0.4893 | 0.6796 | 0.5143 | 0.4530 | 0.5343 | 0.3918

From Tables 2-4, it can be concluded that at the global level (without
a priori knowledge of the target) the best prediction results were obtained
using the features derived from the distribution of the MSCN coefficients.
If the features are applied at the local level (in the region where the target
is located), the prediction performance considered through LCC is
improved for all metrics, while the performance improvement through
SROCC and KROCC criteria depends on the choice of metric. At the
local level, the best predictors of subjective test results are the gray level
standard deviation and entropy. The prediction performance using the
standard deviation increased significantly when applied at the local level.
It is interesting that by applying correlation and colourfulness, instead of
being completely uncorrelated at the global level, good prediction results
were achieved at the local level.
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Table 4 — Performance of the mean search time prediction based on simple clutter
metrics

Tabnuua 4 — 3ghghekmusHOCMb NMPO2HO3UPOBAHUS CPEOHE20 8PEMEHU MOUCKa Ha
OCHO8e NpPocMmbIX rokazamesel nomex

Tabena 4 — NepgopmaHce npedukyuje cpedree spemeHa npempaxusarba Ha OCHO8Y
JjedHocmasHUX Mepa npoueHe Knamepa

Global Local

LCC | SROCC | KROCC LCC SROCC | KROCC
Entropy, E1 0.3354 | 0.4018 | 0.2750 | 0.7362 | 0.7086 | 0.5446
Stand. Dev., STD 0.1845 | 0.3233 | 0.2124 | 0.8048 | 0.6806 | 0.4901
Contrast 0.2853 | 0.5037 | 0.3976 | 0.6416 | 0.6381 | 0.4602
Correlation 0.0148 | 0.0546 | 0.0439 | 0.6922 | 0.6344 | 0.4707
Energy 0.4670 | 0.5164 0.4118 0.6114 | 0.6284 0.4779
Homogeneity 0.4106 | 0.4874 | 0.3883 | 0.4225 | 0.3739 | 0.2645
Entropy, E2 0.3997 | 0.5013 | 0.3785 | 0.7049 | 0.7337 | 0.5582

Spat. Freq., SFmean 0.4629 | 0.5254 | 0.4112 | 0.5489 | 0.4613 | 0.3077
Spat. Freq., SFims 0.4650 | 0.5242 | 0.3976 | 0.6313 | 0.5687 | 0.4003

Spat. Freq., SFstd 0.4226 | 0.4984 | 0.3622 | 0.6829 | 0.6713 | 0.4983
Spat. Inf., Slmean 0.4724 | 0.5384 | 0.4248 | 0.5609 | 0.4930 | 0.3377
Spat. Inf., Slrms 0.4689 | 0.5116 | 0.3948 | 0.6578 | 0.5941 | 0.4166
Spat. Inf., Slsw 0.4330 | 0.4772 | 0.3404 | 0.7301 | 0.6613 | 0.4983
Prob. of Edge, POE | 0.3602 | 0.3477 | 0.2493 | 0.6914 | 0.3343 | 0.2275
Comp. Ratio, CR 0.3485 | 0.4880 | 0.3856 | 0.4542 | 0.4871 | 0.3458
CF 0.0925 | 0.2319 | 0.1743 | 0.6147 | 0.5648 | 0.4112
AGGD, v 0.5966 | 0.6369 | 0.5024 | 0.6287 | 0.4836 | 0.3456
AGGD, a 0.5043 | 0.5949 | 0.4493 | 0.5409 | 0.4324 | 0.2848
AGGD, o 0.4862 | 0.6055 | 0.4619 | 0.4844 | 0.4257 | 0.2890

The prediction performance of the probability of detection, the false
alarm probability and the mean search time using the contrast-based
clutter metrics and the target size are given in Table 5. It can be
concluded that the best predictors are RSS and RPOT, with RPOT being
a better predictor.

The best prediction performance is for the mean search time. It is
interesting to note that the performance of contrast-based clutter metrics
Doyle, TBC and TIR, which use the standard deviation of the
background, is significantly worse than the performance of RSS and
RPOT.
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Table 5 — Performance of the probability of detection, the false alarm probability and the
mean search time predictions based on the contrast-based clutter metrics and the target

size

Tabnuya 5 — SgpghekmusHOCMb IPO2HO3UPOBaHUS 8EPOSMHOCMU OBHapyXeHUS,
8eposIMHOCMU JIOXHOU mpegoau U cpedHez0 8peMeHU roucka Ha OCHO8e KOHmpacma u
pasmepa uenu

Tabena 5 — lNepgbopmaHce npedukyuje seposamHohe demekyuje, eepogamHohe
naxHoe anapma u cpedHe2 speMeHa rnpempaxueaHa Ha OCHO8Y KOHmMpacmHux mepa
rpoueHe Kramepa U eefiuduHe yurba

Pq FAR mST
0 Q 0 Q 0 Q g
3 0 0 O 0 0 O 0 0 g
O o) o) O o) 0 O 0 o) £
| x @ — x x — x o
(9] X " X 7] X
RSS 0.5573 | 0.5112 | 0.3850 | 0.6080 | 0.5636 | 0.4395 | 0.6638 | 0.6808 | 0.5147 | 0.5471
DOYLE | 0.1301 | 0.1000 | 0.0747 | 0.1648 | 0.1447 | 0.1124 | 0.2039 | 0.2053 | 0.1525 | 0.1432
TBC 0.2301 | 0.2847 | 0.1896 | 0.1792 | 0.2485 | 0.1679 | 0.2431 | 0.1616 | 0.0899 | 0.1994
TIR 0.2897 | 0.3537 | 0.2499 | 0.2275 | 0.3232 | 0.2351 | 0.3223 | 0.2769 | 0.1797 | 0.2731
RPOT | 0.6851 | 0.6608 | 0.5056 | 0.6514 | 0.6953 | 0.5505 | 0.7047 | 0.7662 | 0.5936 | 0.6459

Table 6 — Performance of the probability of detection, the false alarm probability and the
mean search time predictions based on quality assessment measures
Tabnuya 6 — SghgheKmuBHOCMb NPOEHO3UPOBAHUS 8EPOSIMHOCMU 0BHaPYKEHUS,
8EpOSIMHOCMU JTOXHOU mpegoau U cpedHe20 8peMeHU roucka Ha ocHose nokasamernel
OUEeHKU Ka4Yecmea
Tabena 6 — NepghopmaHce npedukyuje seposamHohe demekyuje, seposamHohe
JnaxkHoe anapma u cpedree 8peMeHa rnpempaxueara Ha 0CHO8Y Mepa MpoueHe

keanumema
Pq FAR msST
0 Q 0 Q 0 0 g
3 0 0 0 8] 0 O 0 O 3
O o) o) O o) 0 O 0 o) £
— x @ — x x — x 24
(%] N4 7] X 7] X
TSSIMms | 0.8011 | 0.6928 | 0.5372 | 0.7611 | 0.6800 | 0.5242 | 0.7936 | 0.7486 | 0.5582 | 0.6774
TSSIMam | 0.7718 | 0.7617 | 0.5660 | 0.7374 | 0.7870 | 0.6001 | 0.7427 | 0.6865 | 0.4901 | 0.6826
Sms 0.6685 | 0.7031 | 0.5520 | 0.6498 | 0.7072 | 0.5508 | 0.7381 | 0.7901 | 0.5872 | 0.6608
Sam 0.6871 | 0.7160 | 0.5602 | 0.6593 | 0.7211 | 0.5621 | 0.7473 | 0.7946 | 0.5882 | 0.6707
FDims 0.8636 | 0.7170 | 0.5524 | 0.8704 | 0.7359 | 0.5688 | 0.8536 | 0.7298 | 0.5617 | 0.7170
FDam 0.8552 | 0.7136 | 0.5505 | 0.8639 | 0.7323 | 0.5669 | 0.8502 | 0.7337 | 0.5654 | 0.7146
BSDms | 0.8785 | 0.8050 | 0.6435 | 0.8433 | 0.8241 | 0.6644 | 0.8573 | 0.8111 | 0.6372 | 0.7738
BSDam 0.8806 | 0.8065 | 0.6454 | 0.8495 | 0.8253 | 0.6663 | 0.8602 | 0.8100 | 0.6335 | 0.7753
DSIMms | 0:8924 | 0.8000 | 0.6321 | 0:8913 | 0.8253 | 0.6644 | 0:9006 | 0.7631 | 0.5909 | 0.7733
DSIMam | 0.8914 | 0.7977 | 0.6234 | 0.8898 | 0.8245 | 0.6585 | 0.8995 | 0.7616 | 0.5827 | 0.7699
GLCEcon | 0.8263 | 0.7168 | 0.5752 | 0.8304 | 0.7388 | 0.6023 | 0.7945 | 0.7357 | 0.5356 | 0.7062
GLCEeq | 0.8685 | 0.7855 | 0.6146 | 0.8479 | 0.8151 | 0.6555 | 0.8899 | 0.8700 | 0.7053 | 0.7836
Cessim 0.8696 | 0.8062 | 0.6292 | 0.8451 | 0:8280 | 0.6527 | 0.8906 | 0.7650 | 0.5936 | 0.7644
Crdh 0.8686 | 0.7743 | 0.6119 | 0.8212 | 0.7868 | 0.6235 | 0.8599 | 0.8192 | 0.6209 | 0.7540
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Table 6 shows the prediction performance of clutter metrics based
on determining the similarity/dissimilarity between the target image and
the background.

The best results according to each of the criteria are marked in gray
and bold.

The degree of agreement between the objective measures and the
results of subjective tests according to LCC goes up to 90.06%,
according to SROCC up to 87% and according to KROCC up to 70.53%,
so there is a need for further improvement of the existing and
development of new clutter metrics.

This group of metrics provides better prediction results than simple
metrics, contrast-based metrics and target size.

If we consider the mean value of the degree of prediction (the last
column of the table), it can be concluded that the three first-ranked
measures of clutter are GLCEe, BSD and DSIM, with a mean degree of
agreement of about 78%.

Fig. 7 shows the relationships between clutter metrics (GLCEeq and
DSIMms) and the experimental data of the Search_2 dataset (probability
of detection, probability of false alarm and mean search time).

Non-linear regression trends can be observed between the objective
scores and the experimental (subjective) data.

The scattering of points around the regression curves indicates the
need for further research in the area of clutter assessment.
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Figure 7 — Objective (GLCEerg and DSIMms) scores versus the experimental data (Pd,
FAR and mST)
Puc. 7 — CoomHoweHrue (GLCEerg u DSIMims) 6annos ¢ akcriepumeHmarnsHbIMU
OanHbIMu (P4, FAR u mST)
Cnuka 7 — OdHoc usmeRy objekmusHux ckoposa (GLCEerg U DSIMms) u
ekcriepumeHmarsHux nodamaka (Pd, FAR u mST)
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Conclusion

The paper summarizes the results of the metrics used to determine
the target acqisition performance. Global metrics without a priori
knowledge of the target, metrics that require information about the position
and dimensions of the target, and metrics that require full knowledge of the
target information - position and boundaries between the target and the
background were used. Clutter metrics were used for comparison with the
results of subjective tests, that is, the relationships between the clutter
metrics and the probability of target detection, the probability of a false
alarm and the mean search time were analyzed. Although clutter metrics
that use objective quality assessments (similarities or dissimilarities
between target and background images) have achieved better results than
other metrics, there is a need for further research. The degree of
agreement of these metrics with the results of the subjective tests
measured through the linear correlation coefficient reached a value of
90%. Since objective measures generally do not use color as information,
one of the directions of future research would be related to the application
of color in the analysis of the degree of clutter. Additionally, one of the
directions of future research can be the simultaneous application of
multiple metrics (fusion) in the image clutter analysis. The Search_2
publicly available dataset was used to analyze the performance of clutter
metrics. This database is relatively small (44 images), with a relatively high
target detection probability. Therefore, it is necessary to expand the range
of detection probabilities in future research, and one of the ways to do that
is by considering atmospheric effects.
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MokasaTenwu Wwyma n3obpaxeHni n apdPEeKTUBHOCTb OnpeaerneHns Lenm

Bbobar M. Bonpxynuy?, Amvumputi M. ByskoBny?, KOPPEeCNOHAEHT,

WNosan . Muxainosuy®

2 YHuBepcuteT 060poHbI B I. benrpan, BoeHHas akagemus, kadeapa
TEeNeKoOMMYHVKaLuin 1 nHcopmaTtuku, r. benrpag, Pecnybnvka Cepbus

6 Boopy»xéHHble cunbl Pecrnybnukm Cepbus, FeHepanbHbii wtab,
YnpaBneHne TenekoMMyHuKauuii u nicpopmatukm (J-6), Bpuraga csasm,
r. benrpag, Pecnybnuka Cepbus

PYBPUKA TPHTW: 28.23.00 UckyCcCTBEHHbIN UHTENNEKT,
28.23.15 PacnosHaBaHue obpasoB. ObpaboTka
n3obpaxxeHui
B[O CTATbW: opurmHanbHasa Hay4YHas ctatbs

Pe3ome:

Beederue/uenb: UsmepeHue aghgbekmueHocmu 0bHapyxeHusi uenel 8
cucmemax eusyanu3auyuu ¢ HerocpedCmMEEHHbIM yHacmueM 4Yerioeeka
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uspaem 8axKHylt0 PO/lb 8 B0EHHbIX MPUOXeHUsIX. B daHHoU cmambe
rnpedcmaerieH paclUpeHHbIU 0630p MpUMEHEeHUsI rnokazamernel wyma
u3obpaxeHuli Orisi ObHapyXeHUsi Uenu C Uebl  UCMOoIb308aHUSsI
0bbeKmuBHbIX rokasamernel Oris MPO2HO3UPOBaHUS 8epPOSIMHOCMU
ObHapyxeHusl, 8eposImMHOCMU FIOXHOU mpegoau U cpedHezo 8peMeHU
rioucka uesnu Ha usobpaxeHuu.

Memodbi: [nsi onpedenieHusi yposHs wymMa UCMOMb308asuUCh Mpocmble
yHKYUU Ha 2r106anbHOM (C MOYKU 3peHUST U30BPaXKeHUs1) U J10KarbHOM
(C MOYKU 3peHusT Uenu) ypoeHsIX, @ Mmakxe rokasamesu rnomMex Ha
OoCcHO8e KOoHmpacma, pasmepa uesiu U rokadamesiel, rofyYeHHbIX Ha
OCHOBE OUEHKU Kayecmea usobpaxeHus. Hapsdy co cmaHdapmHbiMu,
UCIMornb3068asnucCh MPU3HaKU, OJly4eHHbIE Ha OCHO8e pacripedesieHust
CPedHUX 8bIMUMAaeMbIX KO3GhUUUEHMO8 HOPMUPOBAHHO20 KOHMpacma.
Ana  cpasHeHusi  pe3ynbmamog  OObeKMUBHbIX  OUEHOK U
aKcriepuMeHmMarbHbIX Pe3yibmamos, MoyyYyeHHbIXx 8 obuedocmynHol
6asze OaHHbIx Search 2, 6binu MPUMEHEHbI 3aKOHbI pespeccu,
fnpuHsmble 8 numepamype. B  kadecmee  KOMUYECMEEHHbIX
rnokasamersieli  coelaco8aHHOCMU  UCIMOMb308aNUCL  JlUHelUHble U
paHz08ble Koppernsyuu.

Pesynbmambi: B xode uccnedoeaHuss 0Goka3aHO, 4mMO Hausy4dwee
coomeemcmeue C [okasamesisiMu Uernesoeo 3axeama Oocmueaemcs
fymeM rpuMeHeHuUs1 rokasamesnel [MOMEX, MOJly4YeHHbIX Ha OCHO8e
rokazamesieli OUEHKU Kadecmea u3obpaxeHus. Koppernsauus c
pesynbmamamu cybbekmueHbIX mecmog cocmaensem 0o 90%, ymo
yKasbleaem Ha Heobxodumocmb OanbHeliwux uccrnedosaHul. Ocobbim
eknadom cmambu sensiemcs aHanu3s aghgpekmusHocmu
MPO2HO3UPOBaHUSI OBHapy>XeHUs1 Uenu C UCMobL308aHUEM 1pOCMbIX
yHKYUl Ha ernobanbHOM U JIOKalbHOM ypoeHsiX. [aHHbil aHanus
rokasas, 4mo 3¢hheKmuBHOCMb MPOSHO3UPOB8aHUS MOoxem Obimb
ynydweHa nymem orpedesieHusi npusHakos 8 caMoM OKPY)KeHUU uesnu.
Kpome moeo, bbirio nokaszaHoO, 4mMoO 8epOsIMHOCMb JIOXHOU mpesoau U
8EepOSIMHOCMb ObHapyxeHusi MOXHO rpedycmMompems c
eeposimHocmbio 6onee 90% Ha ocHogse cpedHe2o 8peMeHU roucka uenu
Ha u3obpaxkeHuu.

Bbigodbi: [Momumo mo20, 4YmMO 8bisie/ieHa B8bICOKasi cmereHb
coomeemcmeusi  Mex0y  OObEKMUBHbIMU  fioKkasamensamu  wyma
u3obpaxeHul u pesynbmamamu cybbekmusHbix mecmosg (00 90%),
ebisiefieHa U Heobxo0uMocmb 8 YAyHWeHUU Cywecmesyrwux u
paspabomke HO8bIX rokazamernel, a Mmakxe 8 [pPoeedeHUU HO8bIX
cybBbeKmuBHbIX mecmos.

Kntoyesble criosa: nokasamersib MOMexu, Yacmoma NOXHbIX Mpeesoe,
cpedHee 8peMsi roucka, 8epOSIMHOCMb OOHapyXeHus, ObHapyXeHue
yenu.
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Mepe 3a ecTmaumjy knaTepa Ha cnmum 1 nepdopmaHce aksuauLmje unrba

BbobaH M. BoHyynuh?, Jumumpuje M. ByjakoBuh?, ayTop 3a npenucky,

JosaH I'. Muxajnosuh®

aYHuBep3auteT oabpaHe y beorpany, BojHa akagemuja, Kategpa
TenekomyHukaumja n nHdopmaTuke, beorpag, Penybnuka Cpbuja

6 Bojcka Cpbuje, FeHepanwitab, Ynpasa 3a TenekoMyHuKaLmje
1 nHgopmatuky (J-6), 6puraga sese, beorpaa, Penybnuka Cpbuja

OBJACT: TenekoMyHukauuje
KATEITOPUJA (TUM) YITAHKA: opyruHanHm Hay4Hu pag

Caxemak:

Yeod/yurb: Ofpefjusare nepgopmaHcu aksusuyuje yurba uma 6umHy
yrio2y y 60jHUM MpuMeHama y Kojuma je 4oeek ornepamep. Oeaj pad
npedcmassba MPOWUPEHO UCMPaxuearse O NPUMEHU Mempuka Knamepa
criuke 3a aHanusy nepghopMaHcu akeusuyuje yusrba, Kako 6u ce
fpuMeHOM objekmusHUX Mepa usspwunia npedukyuja eeposamHohe
demekuyuje, eeposamHohe naxHoz anapma U cpedHe2 epemeHa
mpaxera Uyurba Ha cruyu.

Memode: 3a odpehusare cmeneHa Kiamepa KopuwheHa cy
jedHocmasHa obenexja Ha a106anHOM (HUBO KOMIJIEMHE CIrIUKe) U
JIOKasIHOM HUB0Y (y OKOMUHU Yusba), Mempuke Krnamepa 3acHO8aHe Ha
KoHmpacmy, eefiuduHa yurba u objekmueHe mepe u3gedeHe U3 Mepa 3a
npoueHy keanumema cruke. [loped cmaHdapdHUx obenexja,
KopuwheHa cy u obenexja useedeHa u3 pacriodene MSCN (mean
subtracted contrast normalized coefficients) koegbuyujeHama. 3a
ropefjerse pesynimama ObjeKmMUBHUX CKOpoBa U eKcriepuMeHmarnHux
pesynmama 0obujeHux Ha jagHo docmynHoj Search 2 6asu, kopuwheHu
Cy peepecuoHu 3akoHu npuxeaheHu y numepamypu. Kao
KeaHmMumMamueHe Mepe criazar-a KopulwheHe cy nuHeapHa Kopenauuja u
Kopesauyuje paHzosa.

Pesynmamu: [lokazaHo je Oa ce rpUMEHOM Mempuka Kiamepa,
uzeedeHux U3 Mepa rpoueHe Keanumema cruke, 0obuja Hajbosbe
Crlaearbe ca rokasamesbuma akeusduuuje uyurba. Kopenauuja ca
pesynmamuma cybjekmugHux mecmosa usHocu 0o 90%, wmo ykasyje
Ha nompeby 3a Oarbum ucmpaxusaruma. [locebaH dorpuHoc pada
npedcmaesrba OemarbHa aHanu3sa rpedukyuje nepghopmaHcu akeusuyuje
uurba npuMeHom jedHocmasHux oberiexja Ha 2r06arHOM U JIOKaslHOM
HUBoy, npu 4YyeMy je rnokasaHo Oa ce odpehusarem oberiexja y OKOMUHU
yuwba moay noborbwamu nepgopmaHce rnpedukyuje. Takohe,
pesynmamu cybjekmueHux mecmosa roka3syjy 0a ce ca eepogamHohom
eehom 00 90% Ha ocHogy cpedH-e2 8peMeHa mpaxkerba Uurba Ha criuyu
MOXe rnpoueHuUmu eeposamHoha raxHoe anapma u eeposamHoha
demekuyuje yurba.
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Sakrbyyak: Moped moea wmo je OobujeH 8UCOK cmerieH crazarba
objekKmusHUX MempuKa Kramepa u pe3dysimama cybjekmusHuUx mecmosa
(0o 90%), nocmoju nompeba 3a yHarnpeherem nocmojehux u passojem
HOBUX MempuUKa, Kao U 3a cripogofjerem Ho8UX CybjekmusHUX mecmosa.

KrbyyHe peyqu: mempuke Krnamepa, eeposamHoha naxHoe anapma,
cpedwe 8peme  rnpempaxuearba, eeposamHoha  Oemekyuje,
akeu3uyuja yusba.
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Abstract:

Introduction/purpose: With the development of information technologies,
the Internet and social networks, the amount of collected data grows year
by year at high speed. Data processing and analysis is becoming a
necessity without which quality business decisions cannot be made. With
the development of data science, tools for processing unstructured data
have also been developed. Open data is publicly available data, the
processing of which allows gaining new knowledge. The goal of the work is
to present the possibility of using open data for research purposes, and their
processing through the Streamlit development environment.

Methods: This paper will present the Streamlit framework of the Python
programming language and its functionality through the analysis of a web
application for data analytics. As a case study, a comparative analysis of
the traffic accident data on the territory of the UZice Police Department for
2021 and 2022 will be presented.

Results: The Streamlit application will be used for the automatic analysis of
open data on the traffic accidents in the territory of the Republic of Serbia in
order to process the data and test the hypothesis about whether there has
been an increase in traffic safety in the territory of the UZice Police
Department.

Conclusion: This work shows the possibility of using the Streamlit
framework for creating an application for processing open data.

Key words: Descriptive analytics, open data, Streamlit, Pandas, Python,
traffic accidents.
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Introduction

This time can be rightly called the time of data. The paradigm that
describes modern society was created in 2006 when the British
mathematician Clive Hamby exclaimed from the roof of a building: "Data
is the new oil." With the development of information technologies, the
Internet and social networks, the amount of information has been growing
from year to year at high speed. It is estimated that 2.7 zettabytes of data
had been collected by 2013, while it is assumed that in 2025 that number
will be 175 zettabytes (Daley, 2022). Data processing has become both a
challenge and a necessity in order to make quality business and life
decisions. The new era characterized by ubiquitous computing, big data,
the use of sensors, the Internet of Things, artificial intelligence, blockchain
and a number of other technologies is called the Fourth Industrial
Revolution (Industry 4.0) (Krivokapi¢ at al, 2019). Industry 4.0 would not
be possible without the use of large amounts of data in business. The
European Union (EU) recognizes the importance of data as a resource for
economic development, creation of new jobs, competitiveness, innovation
and social progress. One of the pillars of the development of the EU
economy is the construction of the data economy, the total share of which
in 2016 was 300 billion euros (1.99% of European social income) with a
tendency to grow in the following years (Krivokapi¢ at al, 2019).

Open data

Open data is data that is publicly available to everyone and can be
used for any purpose in any way, without copyright or other restrictions
(Dymora at al, 2018). Most often, this term refers to data obtained from
public institutions of society, but the term is also used for other types of
data (medical data and the like). The open data initiative was created in
2007 when Lessing and his collaborators started the initiative to open the
data of Government institutions in the United States of America (USA) in
order to achieve transparency and introduce control at work (Ayre &
Craner, 2017). In 2013, in the USA, then-President Obama signed an
executive order on open data. The decree opens an open data portal,
states that openness in government strengthens democracy, promotes the
delivery of efficient and effective services to the public and contributes to
economic growth. The advantage of open government is the facilitation of
information resources, finding, availability and usability of data (Ayre &
Craner, 2017).

Proper use of open data can help achieve the following goals (Terzi¢
& Majstorivi¢, 2019):
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- Open data helps governments and citizens to make better decisions
based on the availability of more data.

- Users can combine different datasets.

- The openness of data allows researchers to explore trends as well as
uncover social and economic problems.

- Open data helps the public sector and institutions to achieve better
results in areas such as health, education, public safety, ecology,
natural disasters and the like.

- Open data contributes to economic development and helps in business
operations.

- It improves the flow of information in the government, improves
intersectoral cooperation and contributes to greater transparency.

- The openness of economic data helps to control the spending of public
money.

- Government openness accelerates institutional reactions, reduces
corruption and helps build new democratic spaces for citizens (Keser{
& Kin-Sing Chan, 2015).

Open data is usually created by public institutions. Before being
published, data must go through an anonymization process (Dymora at al,
2018). One of the basic requirements that open data must meet is to
ensure privacy. Data that is not allowed to be shared is called closed data.
The term closed data usually means personal data. Some data may be
processed by a limited number of users for the purpose of various
research. Such data is called shared data.

Open data must be in a format that allows easy machine processing.
Open data formats must enable processing in at least one open format
software (opendata portal).

Open data in Serbia

The first available set of open data in Serbia appeared in 2015 in the
work of the Ministry of Education, Science and Technological
Development, and significant progress has been made since then. The
number of publicly available open data sets in 2019 on the open data portal
data.gov.rs was over 650 from over 25 institutions (Krivokapi¢ at al, 2019).
In April 2023, that number was around 2166 from 111 institutions
(Data.gov.rs, 2023a, 2023b). The Law on Electronic Government from
2018 requires public bodies to open data within their jurisdiction (Sluzbeni
glasnik RS, 27/2018). The degree of progress of countries in terms of
opening data can be monitored on the Global Open Data Index portal
(2023). Data are analyzed in 15 categories. Serbia is in 41st place with a
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degree of openness of 41%. According to the Global Open Data Index,
(2023), the highest degree of openness is in the area of public
procurement as well as information on the degree of air quality. In four
categories, the Government did not open its data, namely:

- election data,

- overview of locations,

- spending the Government's money, and
- ownership of plots.

Open data on traffic accidents

The use and processing of open data creates favorable conditions for
the discovery of new knowledge in order to provide answers to important
social problems. One of the major problems around the world are traffic
accidents that claim more and more lives and cause great material
damage. With high-quality data analytics, conclusions can be drawn that
could reduce harmful consequences in the future. Saxena & Robila (2021)
describes the use of open data in the field of traffic and presents a tool for
the analysis of traffic accidents in the territory of the city of New York based
on open data analytics. The tool analyzes all the factors that have
influenced traffic accidents, visually represents the locations where
accidents have occurred, and provides insight into the details in order to
draw conclusions with the aim of reducing the number of accidents in the
future. Gladivi¢ and Dereti¢ describes the analysis of traffic accidents in
the territory of the City of Belgrade (Gladovi¢ & Dereti¢, 2018). At the very
beginning, the authors describe a set of open data, and then provide an
analysis of the data in Excel. The hypothesis of increased traffic safety in
the territory of the City of Belgrade in 2016 compared to 2015 was
examined.

Visualization means translating information into a visual context to
make it easier to understand. Visualization can be used to create high-
guality graphical representations of data, but also to perform exploratory
data analysis, EDA. In the paper (Volpi at al, 2014), the authors presented
the visual platform Roma Crash Map, which visually presents open data
on traffic accidents in 19 municipalities of the city of Rome. A similar project
in Serbia was developed by the Observatory of Social Innovation (ODI)
through an interactive map based on open data on traffic accidents from
2015 to 2019 sorted by various categories (Opservatorija drustvenih
inovacija, 2023).
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Methodology used in the work

For the purposes of building the traffic accident analysis application,
data from the open data portal covering the period from 2015 to January
2023 was used (Open data portal). Datasets are provided in .xIsx format.
The description of the columns is given in Table 1.

Table 1 — Open data columns used to build the application
Tabnuya 1 — Omkpbimbie OaHHbIe, UCMOb3yeMbie 0nsi pa3apabomKu NPUoXeHUs
Tabena 1 — Onuc KorloHa omeopeHuUx rnodamaka Koje ce Kopucme 3a u3pady annukayuje

Number of the Description

column

1 Traffic accident identification number
2 Police department

3 Police station

4 Date and time

5 Longitude

6 Latitude

7 Kind of traffic accident

8 Type of traffic accident

9 Description of the traffic accident

The application for the automatic analysis of traffic accident data was
developed in the Streamlit development environment using the Pandas
library. Streamlit is an open source Python library for easily creating web
applications for machine learning and data analytics. It provides an
intuitive and simple way of working when building applications and does
not require knowledge of other web tools. It is characterized by excellent
documentation that further facilitates the work (Docs.streamlit.io, 2023).

Streamlit has made it completely simple to create interfaces, display
text, visualize data, render widgets, and manage a web application from
start to deployment with its practical and highly intuitive application
programming interface (Khorasani et al, 2022).

Current code implementation is a feature of the environment that

allows the developer to visually track changes to the application every time
he makes changes to the program (Konova, 2022). The code can be

620




written in any Python editor. As Python scripts, they are compatible with
Git and other version control software. It is also compatible with other
Python machine learning libraries such as Keras, Scikit-Learn, NumPy and
others. Installation is done through the package management system in
Python with the following command, pip install streamlit.

The main feature of this web environment is the simplicity of
operation.

Figure 1 illustrates how in just a few lines of code, using the API
provided by the framework, one can get a web page that visually presents
the data (Docs.streamlit.io, 2023).

import streamlit as st =
import pandas as pd w W My App » Streamlit

st.write ("""
i# My first app

Hello #world!* My ﬁrSt app

Hello world!

df = pd.read_csv("my_data.csv")
st.line_chart(df)

Figure 1 — Web page created in the Streamlit environment (Docs.streamlit.io, 2023)

Puc. 1 - Beb-cmpa+uya, co3daHHasi 8 cpede npunoxeHusi Streamlit (Docs.streamlit.io,
2023)

Cnuka 1 - lNpumep seb-cmparuue KpeupaHe y okpyxery Streamlit (Docs.streamlit.io,
2023)

Pandas is an open source Python library designed for fast and easy
data processing. It is interesting that in terms of the number of questions,
the Pandas library has the highest growth trend on the stackoverflow site
(Reddit.com, 2020).

It has excellent documentation that allows easy manipulation of
tabular data (Pandas.pydata.org, 2023).
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Application for automatic analysis of open traffic accident
data

The user of this application will be able to get acquainted with the
concept of open data and, through the analysis of traffic accident data,
gain a clearer picture of the statistical data related to this social problem.
The application consists of three pages: Homepage, About_project and
Data. The central part of the application is on the Data page, while the
remaining two pages are informative and present some functionality of the
Streamlit development framework, such as adding images and videos. On
the Data page there is a user manual for using the application. The user is
required to initially select data for analysis by drag and drop or by using
the file manager (Figure 2). The application processes only traffic accident
data sets available on the open data portal.

Podaci o saobracajnim nezgodama

Na uvoj slizni moZele analizrali podalke o savbracajiim nesrecaimna u Republic Srbiji

Da biispravno koristili aplikaciju neophodno je da preuzmete podatke sa portala otvorenih podataka
data.gov.

Kada preuzmete podatke na lokalni ratunar previaZenjem postaviiate u aplikaciju

Aplikacija je prilagodena da obradi sve podatke vezane za ssobraéajne nesreée dostupne na portalu.
Aplikacija se moZe koristiti samo za podatke o saobradajnim nesreéama
Lzaberile fajl

Drag and drop file h
@ rag and drop file here Browse files

1imit 200MR per file

Figure 2 — Image of the central part of the application for automatic processing of traffic
accident data (Gavrilovi¢, 2023)

Puc. 2 — N30bpaxeHue ueHmparbHOU Yacmu npusioxeHusi Or1s agmomamu4yeckoll
obpabomku daHHbIX 0 OOPOXXHO-MPaHCIopMHbIX npoucwecmeausix (Gavrilovié, 2023)
Cnuka 2 — Cnuka yeHmparnHoz desna anniukayuje 3a aymomamcky obpady nodamaka o
caobpahajHum Hecpehama (Gavrilovic, 2023)

After the user enters data into the application, tabular, numerical and
graphic reports on traffic accidents for the selected data set are obtained
(Figure 3). In addition to this data, the user can perform appropriate filtering
by selecting the police department as well as the type of offense and obtain
a tabular display of the data according to the given criteria (Figure 4). At
the end of the page, there is a display of traffic accidents on a geographical
map (Figure 5). The map has a possibility of enlargement for a more
precise insight into the geolocation of the traffic accident. In this way,
potentially dangerous places in traffic can be easily identified.
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edpenam

Ulkupan broj sachradajnih nezgoda na tertorii Republike Srbije Emosi,

Ma slededem grafilkonu prikazana j= strubtura sacbradajnih nesreda po wsti

Figure 3 — Tabular, numerical and graphic representation of traffic accidents (Gavrilovic,
2023)

Puc. 3 — Tabnu4Hoe, 4ucnosoe u epaghudeckoe rnpedcmasreHue dOPOXKHO-
mpaHcropmHeix npoucwecmsud (Gavrilovic, 2023)

Cnuka 3 —TabrnuyHa, HyMepu4ka u epaghuyka npeseHmauuja nodamaka o caobpahajHum
Hecpehama (Gavrilovié, 2023)

Izaberite upravu i vrstu prekr3aja za koje Zelite da vidite podatke.
Izaberi policijsku upravu

BEOGRAD

Izaberi vrstu prekrSaja

Sa povredjenim

I ka uprava
1351594 BEOGRAD BARAJEVO 01.01.2022,16:10 44.6040 Sa povredjenim
1358978 BEOGRAD BARAJEVO  02.02.2022,15:20 > 44.5819 Sa povredjenim

1359224 BEOGRAD BARAJEVO  17.02.2022,13:15 20.4122 44.6377 Sa povredjenim

1357244 BEOGRAD BARAJEVO 17.02.2022,11:55 20.3724 44.6250 Sa povredjenim

1361688 BEOGRAD BARAJEVO 01.03.2022,13:50 20.4170 44.5575 Sa povredjenim
1360105 BEOGRAD BARAJEVO .2022,16:10 20.4121 44.6379 Sa povredjenim

1363806 BEOGRAD BARAJEVO  20.03.2022,10:20 20.4159 44.5559 Sa povredjenim

Figure 4 — Using filters for data selection (Gavrilovic, 2023)
Puc. 4 — Ucnionb3oeaHue ¢hunbmpos Onss ombopa AaHHbIX (Gavrilovic, 2023)

Cnuka 4 — Ynompeba ¢hunmepa 3a cenekyujy nodamaka (Gavrilovié, 2023)
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Figure 5 — Traffic accident data represented on a map (Gavrilovic, 2023)
Puc. 5 — [JaHHbIe 0 OPOXHO-MPaHCIOPMHbIX poucwecmasusix, npedcmasneHHble Ha
kapme (Gavrilovic, 2023)
Cnuka 5 — lNpedcmasrbane nodamaka o caobpahajHum Hecpehama Ha manu (Gavrilovic,
2023)

Comparative analysis of the traffic accidents in the
territory of the Police Department of Uzice for 2021 and
2022

The practical application of the application for research purposes
refers to the analysis of traffic accidents on the territory of the UzZice Police
Department (Uzice PD). The primary goal of the research is to test the
hypothesis about whether the analysis of open data on traffic accidents for
previous years, and preventive actions, has led to an increase in traffic
safety in the territory of the Uzice PD. The data was obtained by using the
application and selecting the appropriate filters available on it.

A total of 664 traffic accidents were recorded on the territory of the
UZice police department in 2021, namely 349 accidents with material
damage, 297 traffic accidents with injured persons and 18 accidents with
killed persons. Regarding the time interval when the traffic accident
occurred, 219 traffic accidents occurred from midnight to 12:00 and 445
from 12:00 to midnight. The most serious forms of traffic accidents are
those in which there are injured or killed participants. Traffic accidents with
injured persons in 2021 occurred more often after 12:00 (201) than before
12:00 (96). In the period from midnight to 12:00, there were 5 fatal traffic
accidents, while in the period from 12:00 to midnight that number was 13.
Through graphic interpretation and visualization, it is possible to identify
potentially dangerous road routes on the territory of the selected PD. The

624



graphic representation of the geolocations of the accidents with injured
persons for the year 2021 on the territory of the Uzice PD is shown in
Figure 6.
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Figure 6 — Geolocations of the traffic accidents with injured persons for the year 2021
(Gavrilovi¢, 2023)
Puc. 6 — Neoepachuyeckue koopduHambl OOPOKHO-MPaHCIOPMHbIX rpoucwecmasuli ¢
nocmpadaswumu 8 2021 200y (Gavrilovic, 2023)
Cnuka 6 — Jlokayuje caobpahajHux Hecpeha ca nospeheHum nuyuma y 2021. 200uHu
(Gavrilovié, 2023)

A graphic representation of the geolocations of the traffic accidents
with fatalities in the territory of the Uzice PD for the year 2022 is given in
Figure 7.

A total of 647 traffic accidents were recorded on the territory of the
Uzice Police Department in 2022, of which 375 resulted in material
damage, 255 resulted in injuries and 17 accidents resulted in fatalities. In
the period from midnight to 12:00, 236 traffic accidents were recorded,
while in the period from noon to midnight, 411 were recorded. The number
of traffic accidents with injured persons until noon in 2022 was 86, while
169 such accidents occurred from noon to midnight. When it comes to
accidents in which there were fatalities, they happened more in the
afternoon (10) than in the morning (7). The graphic representation of the
accidents with injured persons is in Figure 8.
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@ Mapbox @ OpenStreetiap Improve this ma

Figure 7 — Geolocations of the fatal traffic accidents for 2021 (Gavrilovic¢, 2023)
Puc. 7 — lNeoepagpuyeckue koopOuHambl AOPOXKHO-MPaHCIOPMHbIX rpoucuwiecmauti co
cmepmerbHbiM ucxodom 8 2021 200y (Gavrilovic, 2023)

Cnuka 7 — leonokauyuja caobpahajHux Hecpeha ca cMpmHum ucxodom y 2021. 200uHU
(Gavrilovié, 2023)
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Figure 8 — Geolocations of the traffic accidents with injured persons for the year 2022
(Gavrilovi¢, 2023)
Puc. 8 — Neozpaghuyeckue koopOuHambi GOPOKHO-MPaHCrIoPMHbIX rpoucuiecmesuti ¢
nocmpadaswumu 8 2022 200y (Gavrilovic, 2023)
Cnuka 8 — Jlokauuje caobpahajHux Hecpeha ca noepeheHum nuyuma y 2022. 200uHU
(Gavrilovi¢, 2023)
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The graphic representation of the locations of the traffic accidents with
fatalities is presented in Figure 9.

L J

© Mapbox © OpenStreetMap Improve this map

Figure 9 — Geolocations of the fatal traffic accidents in 2022 (Gavrilovi¢, 2023)
Puc. 9 — Neoepaghuyeckue koopduHambl GOPOKHO-MPaHCIOPMHbIX fpoucwecmsuli co
cmepmerbHbIM ucxodom 8 2022 200y (Gavrilovic, 2023)

Cnuka 9 — eonokayuja caobpahajHux Hecpeha ca cMpmHum ucxodom y 2022. 200uHU
(Gavrilovié, 2023)

The analysis of the graphic interpretations in Figure 6 and Figure 8
shows it is noticeable that the largest number of traffic accidents with
injured persons in the territory of the UZice Police Department occurs on
two road directions, Uzice-Cajetina and UZice-PoZega. Apart from these
main road routes, there is a noticeable problem with safety on the Pozega-
Arilje and PozZega-Kosjeri¢ roads, as well as on the branch of the road that
leads from the town of SusSica to the Kotroman border crossing.

When the geolocations of the traffic accidents with dead participants
in Figures 7 and 9 are compared, the conclusion is similar to the previous
one. The largest number was recorded on the highway routes UZice-
Cajetina and Uzice-PoZega. The comparison of the data from Figures 7
and 9 reveals a noticeable decrease in the number of traffic accidents with
a fatal outcome in 2022 on the UZice-PoZega road, while there is a slight
increase on the UZice-Cajetina road.

The structure of traffic accidents for 2021 and 2022 by the time period
when they occurred is presented in Table 2.
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Table 2 — Percentage of accidents in relation to the time when they occurred
Tabnuuya 2 — lNpoyeHmHbIl 0630p B0POXHO-MpPaHCIOPMHbIX npoucwecmaul rno eodam
Tabena 2 — NpoueHmyarnHu npuka3 caobpahajHux Hecpeha o epemeHy kada cy ce
dozodune

Percentage of traffic 00h -12h 12h - 00h
accidents in relation to the
time when they occurred

2021 32.98% 67.02%
2022 36.47% 63.53%

From the Table 2 data, it is noticeable that a greater number of traffic
accidents occur in the afternoon. Regarding the intervals by year, the
number of traffic accidents from midnight to noon is percentageally higher
in 2022 than in 2021.

Table 3 shows the data on traffic accidents for 2021 and 2022.

Table 3 — Comparative presentation of traffic accidents by year
Tabnuua 3 — CpasHuUmMenbHbIlU aHanu3 oPOXXHO-MPaHCNopPMHbIX npoucwecmaudl rno
2o00am
Tabena 3 — YnopedHa aHanu3a caobpahajHux Hecpeha no eoduHama

Number of traffic | With material With injured With dead Total
accidents by damage persons persons

category

2021 349 297 18 664
2022 375 255 17 647

In % +7.45% -14.14% -5.56% -2.56%

When it comes to traffic accidents with material damage, there was
an increase of 7.45%, while the number of traffic accidents with injured
persons decreased by 14.4%. There was also a decrease in the number
of fatal traffic accidents by 5.56%. Regarding the absolute numbers of
traffic accidents, the total number of traffic accidents is lower by 2.56%, so
we can accept the hypothesis that there has been an increase in traffic
safety in the territory of the UZice PD.

The conclusions obtained from the statistical analysis of the data
should be taken with a grain of salt due to potential shortcomings in the
method of collection, recording and uneven registration (Gladovi¢&
Dereti¢, 2018).
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Conclusion

This work shows the possibility of using the Streamlit framework for
creating an application for processing open data. The work begins with a
short introduction, then the concept of open data is explained and the
previous works based on open data on traffic accidents are presented. The
main part of the paper is a description of the web application for the
analysis of traffic accidents in the Republic of Serbia and its practical
application to the analysis of traffic accidents in the territory of the Uzice
PD. The aim of the work is to get acquainted with open data and the
functional possibilities of the Streamlit development environment through
the analysis of the application operation. Using the application enables a
review of data on traffic accidents according to various criteria, which
facilitates the review by researchers and services in charge of traffic safety.
The analysis of the data for the Uzice Police Department showed that there
was an increase in the general level of traffic safety in 2022 compared to
2021. The visualization identified road routes where there were the most
accidents with injured and dead persons and where preventive control
measures should potentially be strengthened. The application presented
in the paper has room for upgrading in the future, by introducing additional
functionalities, in order to make the work even easier for professionals for
whom it is intended.
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CpaBHUTENbBHBIVA aHanNM3 OPOXHO-TPAHCMOPTHBIX NPOUCLLECTBUN Ha
Tepputopun ropoga Yxuue 3a 2021 n 2022 roabl C UICNOSb30BaHMEM
OTKPbITbIX AaHHbIX U NpunoxeHusa Streamlit

Bpatko M. Taepunoeuyd, EneHa Mutposny®
@ DKOHOMUYECKMI KONneox, r.Yxwue, Pecnybnuka Cepbusi, koppecnoHaeHT

5 Yuusepcutet Macay, dhakynbTeT hakynbTeT MaTeMaTuKi U BbIYUCTINTENBHOM
TexHukw, r.Macay, PepepaTtneHasn Pecnybnvka Mepmanus;
Hay4Ho-uccnepoBaTenbCknii UHCTUTYT UCKYCCTBEHHOIO MHTEeNnekTa
Cepbun, r.Hoeu-Caa, Pecnybnuka Cepbus

PYBPUKA TPHTU: 50.41.21 Cuctembl ynpaBneHus 6asamu aaHHbix (CYBL),
50.53.17 ABTomaTunsaums cbopa n 06paboTkn AaHHbIX
Hay4HOro aKcrnepumeHTa
BWO CTATbW: opurmHanbHas Hay4Has ctaTes

Pesrome:

BseedeHue/uyenb: C  pasgumueM UHGOPMaUUOHHbLIX MmMexHoso2ud,
UHMepHema u coyuasbHbix cemeli o6bem cobupaembix 0aHHbIX 200 om
2o0a pacmem ¢ 02pomMHOU ckopocmbro. Obpabomka u aHanu3 OaHHbIX
cmaHoesimcsi Heobxo0UMOCmbio, 663 KOMOPbLIX HEBO3MOXHO MPUHUMamb
KavyecmeeHHble busHec-peweHus.. C pazsumuem Hayku o OaHHbIx (Data
Science) 6biu makxke padpabomaHbl UHCMpymeHmMbl Onsi 0bpabomku
HecmpykmypupogaHHbix 0aHHbIX. OmKpbimble OaHHbIe npedcmassisiom
cobol obuwedocmynHbie OaHHble, 0bpabomka KOMOPbIX [1038075em
rnonydyams Hoeble 3HaHusl. Llenb OaHHoU pabombl - npedcmasumb
803MOXXHOCMb ucronb308aHusi OMKPbIMbIX OaHHbIX 8
uccrnedosamernbCKUX Uensx U ux obpabomku c roMouwbro cpedbl
npurnoxeHus Streamlit.

Memodel: B daHHOU cmambee npedcmaeneH Streamlight cbpelimeopk
f3bIKa rpoepammuposaHusi Python u e2o ¢hyHKUUOHarnbHOCMb Ha OCHO8e
aHanusa eeb-rpunoxeHuss 0Ond aHanu3a OaHHbIX. B Kavyecmse
memamu4ecKkoeo uccredogaHusi npedcmasrieH cpasHUMerlbHbIU aHanu3
OaHHbIX 0 O0POXKHO-MPAaHCIOPMHbIX MPOUCWECMBUSIX Ha Meppumopuu 2.
Yxuue 3a 2021 u 2022 200b1 no daHHbIM palioHHO20 yripaeneHus MB/].
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Pesynbmamel:  [lpunoxeHue  Streamlit  ucnonb3osanocb 055
asemomMamu4ecKko20 aHas/u3a OMmKPbIMbIX OaHHbIX O  OOPOXKHO-
mpaHCnopmHbIX rpoucwecmausix Ha meppumopuu Pecriybnuku Cepbusi
C uenbto 0bpabomku GaHHbIX U MPOBEPKU 2urnome3abi 0 MoM, 4Ymo makou
mMemod nosbicum 6e30rnacHocmb OOPOXHO20 OBUXKEHUST Ha meppumopuu
palioHHO20 yrpaerneHusi BHympeHHuUx 0ersl rio 2. Yxxuue.

Bbigodbl:  [JaHHoe uccriefogaHue nokasbleaem  803MOXHOCMU
ucrionb3oeaHusi ppelimeopka Streamlight e paspabomke npunoxeHus
0151 06pabomku OmMKpPbIMbIX OaHHbIX.

Knrouesbie cnosa: OnucamesibHasi aHanumuka, OmKpbimble OaHHbIe,
Streamlit, Pandas, Python, dopoxHo-mpaHCrnopmHbIe rMpoucuIecmeaus.

YnopegHa aHanunsa caobpahajHux Hecpeha Ha Teputopuju rpaga
Yxunuya y 2021. n 2022. rognHn NpMMeHOM OTBOPEHNX NogaTtaka u
Streamlit annukauwje

BpaHko M. Taepunosuh?, JereHa Mutposuh®
a Cpeatba ekoHOMCKa LKona, Yxuue, Penybnuka Cpbuja, ayTop 3a npenucky
6 Yuueepautet MNacay, ®akynTteT 3a payyHapcTBO M MaTemMaTuky,
Macay, CaBesHa Penybnvka Hemauka;
McTpaxmBayko-pa3BojHM MHCTUTYT 3a BeLuTauky uHtenureHunjy Cpbuje,
Hoeu Capg, Penybnuka Cpbuja

OBJIACT: payyHapcke Hayke, MHOpMaLMOoHe TeXHomoruje
KATETOPUJA (TUM) YNAHKA: opyruHanHu Hay4Hu pag

Caxemak:

Yeod/uurs: Ca passgojem UHghopMaUuUuOHUX mexHorioauja, UHmepHema u
OpywmeeHuUX MpexXa, KONU4YUHa MpuKyrrbeHuUx nodamaka pacme 8esiuKoM
6p3uHom. Hbuxoea obpada u aHarnu3sa nocmaje HeornxoOHocm 6e3 Koje ce
He Moay doHocumu KeanumemHe riocsiogHe o0nyke. Ca pa3gojem Hayke O
nodayuma (Data Science) passujeHu cy u anamu 3a obpady
HecmpykmypupaHux nodamaka. OmeopeHu rodayu cy jagHo 0ocmyrHu,
a muxosa obpada omoeyhasa cmuuarbe Hogux 3Hara. Ljurb pada jecme
npedcmaerbare MoayhHocmu Kopuwhersa omeopeHux rnodamaka Yy
ucmpaxueadke cepxe, Kao U Huxose obpade Kpo3 Streamlit paseojHo
OKpYeHse.

Memode: Y pady je npedcmasrbeH Streamlit okeup rpozpamckoez jesuka
Python u Hezosa ¢byHKUUOHaIHOCM KpPO3 aHanu3y eeb-arnnukayuje 3a
aHanu3dy nodamaka. Kao cmylOuja criy4aja npukasaHa je yriopedHa
aHanusza nodamaka o caobpahajHum He3zolama Ha mepumopuju 1Y
Yxuue y 2021. u 2022. 200uHu.

Pesynmamu: Streamlit arnnukayuja 6uhe KopuwheHa 3a aymomamcky
aHarnu3y omeopeHux rnodamaka o caobpahajHum He3zo0ama y Penybrniuyu
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Cpbuju padu obpade nodamaka u mecmuparba xuriomese o0 mome 0a nu
je dowrio do nosehara 6e3bedHocmu caobpahaja Ha mepumopuju 1Y
Yxxuye.

Sakrbyyak: Y pady je npedoyeHa moayhHocm kopuwhera Streamlit-a 3a
Kpeupar-e annukayuje 3a o6pady omeopeHux rnodamaka.

KrbyyHe peyu: OeckpunmueHa aHasumuka, omeopeHu nodauyu,
Streamlit, Pandas, Python, caobpahajHe He3zzode.

Paper received on / [lata nonyyeHusa pa6botsl / atym npujema unaxka: 13.03.2023.
Manuscript corrections submitted on / [lata nony4yeHus ncnpasneHHon Bepcun paboTsl /
Jatym goctaBrbama ncnpasku pykonuca: 12.06.2023.

Paper accepted for publishing on / Jata okoH4yaTenbHoOro cornacoBanusi pabotsl / Jatym
KOHa4yHOr npmxsaTaka YnaHka 3a objasrbmBare: 14.06.2023.

© 2023 The Authors. Published by Vojnotehnicki glasnik / Military Technical Courier
(www.vtg.mod.gov.rs, BTr.mo.ynp.cp6). This article is an open access article distributed under the
terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/rs/).

© 2023 AsTopbl. OnybnnkoBaHo B «BoeHHo-TexHu4ecknin BecTHuK / Vojnotehnicki glasnik / Military
Technical Courier» (www.vtg.mod.gov.rs, BTr.mo.ynp.cp6). [laHHasa cTaTbs B OTKPLITOM AOCTYNE U
pacnpocTpaHsieTcst B COOTBETCTBUM C nuLieH3nen «Creative Commons»
(http://creativecommons.org/licenses/by/3.0/rs/).

© 2023 Aytopu. O6jaBro BojHoTexHnykm rmacHuk / Vojnotehnicki glasnik / Military Technical Courier
(www.vtg.mod.gov.rs, BTr.mMo.ynp.cp6). OBo je unaHak 0TBOpeHOr NpucTyna u auctpubyupa ce y
cknagy ca Creative Commons nuueHuom (http://creativecommons.org/licenses/by/3.0/rs/).

633

Gavrilovi¢, B. et al, Comparative analysis of the traffic accidents in the territory of the city of UZice for 2021 and 2022 using open data and the Streamlit application, pp.616-633


http://www.vtg.mod.gov.rs/
http://втг.мо.упр.срб/
http://creativecommons.org/licenses/by/3.0/rs/
http://www.vtg.mod.gov.rs/
http://creativecommons.org/licenses/by/3.0/rs/

Q VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 3

Monitoring and analysis of air quality and
meteorological parameters on the
construction site by the IoT

Lazar B. Milivojevi¢

The University "Union - Nikola Tesla", Faculty of Construction
Management, Belgrade, Republic of Serbia,

e-mail: Imilivojevic@unionnikolatesla.edu.rs,

ORCID iD: “https://orcid.org/0009-0009-7582-0605

DOI: 10.5937/vojtehg71-44315; https://doi.org/10.5937/vojtehg71-44315

FIELD: computer science, construction industry
ARTICLE TYPE: original scientific paper

Abstract:

Introduction/purpose: The construction industry is one of the main
producers of dust, greenhouse gases and air pollutants. Effective operation
and management of construction site operations can significantly reduce
projects' carbon footprints and other environmental impacts. Through the
cooperation of a scientific and research institution and a construction
company, the real-time monitoring of air quality at a construction site was
implemented using loT technologies.

Methods: An loT-based system framework that integrates a distributed
sensor network to collect real-time data and demonstrates air quality at a
construction site was implemented. Different types of sensors were used
to collect data related to NO2, PM2.5, and PM10 particles, as well as
meteorological parameters — wind speed and direction, humidity, pressure,
and temperature.

Results: The results of real-time measurements provide a picture of the
state of air pollution at the construction site and the connection with
construction activities that can be managed in order to reduce the
concentration of polluting gases and suspended particles. Through on-site
monitoring of a construction site in Belgrade City, this study found that the
dust level due to construction activities is relatively high.

Conclusion: It can be concluded that the construction activity had a
significant impact on the air quality in the construction surrounding areas.
Regarding the main factors affecting the building construction dust
emission, the correlations show that building construction dust emission
was not significantly correlated with meteorological factors.

Key words: construction site, PM concentration, correlation,
meteorology.
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Introduction

With the looming consequences of climate changes, sustainability
measures, including quantifying the amount of air pollution during various
types of activities, have become an important goal in all branches of the
economy, including the construction industry. All construction sites
generate high levels of pollution over a long period of time. The
construction industry is one of the main producers of greenhouse gases
(GHG) with a share of about 12% of the total world emissions. According
to official figures from the Delhi Pollution Control Committee (DPCC), 30%
of air pollution by dust is caused by emissions from construction sites.
Various construction activities such as excavation, diesel engine
operation, demolition, burning and working with toxic materials contribute
to air pollution. The main factor that contributes to air pollution with nitrogen
and sulfur oxides during construction projects is the use of heavy
equipment, ie., machines (excavators, loaders, bulldozers, etc.) as a
result of burning the fuel used by these machines. PM pollution is mainly
attributed to excavation work. A significant source of PM 2.5 particles on
construction sites are exhaust gases from diesel engines and diesel
generator sets, vehicles and heavy equipment. Harmful substances from
oils, glues, solvents, paints, treated woods, plastics, cleaning agents, and
other hazardous chemicals widely used on construction sites also
contribute to air pollution.

In the Balkans, Serbia is the leader in the construction industry which
is growing year by year. In August 2022, 2,562 building permits were
issued. This construction trend promises a further significant increase in
the concentration of greenhouse gases and other pollutants. For these
reasons, it is primarily necessary to introduce monitoring of polluting gases
and PM particles in real time in order to propose measures to reduce the
concentration of polluting gases and PM patrticles through insight into the
amount of pollution present and depending on the atmospheric conditions.

Although emissions of harmful substances in the construction industry
are becoming more and more significant due to the accelerated trend of
construction in Serbia, a real-time emission monitoring tool, essential to
help construction teams avoid excessive emissions of harmful substances,
has not yet been introduced to the construction sites in the Republic of
Serbia. The considerable importance of the application of this system and
the implementation of this type of research is for the health of employees
at construction sites who often have health problems due to the working
conditions, i.e., the poor air quality at construction sites, which sometimes
reaches such a bad quality that it endangers the lives of workers.
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Particulate matter (PM) is one of the most common air pollutants
globally as well as nitrogen oxides (NOx), photochemical oxidants
including ozone (03), carbon monoxide (CO), lead (Pb), and sulfur
dioxides (SO2). (EPA, 2022)

In the last few years, research has been done on the effects on dust
concentration at construction sites, with a focus on PM10 and PM2.5 (De
Moraes et al, 2016; Hassan et al, 2016; Yan et al, 2019). It was found that
there are a number of factors that influence the concentration of PM particles
at construction sites. Certainly, the surroundings of construction sites
represent a source of certain emissions that are transported and registered
on construction sites themselves, independently of the activities on
construction sites. These are so-called background emissions. When it
comes to meteorological factors, several studies have been done on the
connection between meteorological parameters and the concentration of
polluting substances (including PM particles), and there are conflicting views
on that topic. Some authors (Aradjo et al, 2014) believe that meteorology
has an extremely important influence on the concentration of PM particles
at the construction site, although due to the lack of concentration data, they
failed to develop a model for the dependence of PM patrticle concentrations
on meteorological parameters. According to some other authors (Zhang et
al, 2010), dust emissions from construction sites have significant seasonal
changes, which was also confirmed by other researchers in their research
(Zhao et al, 2010). This again indicates a strong relationship between the
concentration of PM particles and meteorological parameters. In some
research (Luo, 2017; Wei et al, 2022) that also studied the relationship
between construction works and meteorological parameters, it was
concluded that PM particles are highly positively correlated with wind speed
and relative air humidity, and weakly with temperature. In addition to
excavation work, internal works on buildings also have a certain contribution
to emissions. Kinsey et al (2004) found that vehicles leaving a construction
site can carry a large amount of dust and sediment to nearby roads, leading
to the rise of secondary dust. Azarmi et al (2014) carried out a detailed
monitoring of certain phases of work on the construction site, such as
concrete mixing, driling and cutting. PM10, PM2.5, and PMO0.1
concentrations of PM particles during drilling and cutting activities were up
to 14 times higher than background concentrations. Moraes et al. (2016)
focused on monitoring the concentration of particulate matter (PM10)
generated from concrete and masonry in construction activities. These and
similar studies have shown that certain phases and activities during work on
construction sites are an important factor that affects the concentration of
PM particles. (Font et al, 2014).
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The goal of this research is a deeper and more detailed analysis of
the relationship between the concentrations of PM particles on the
construction site that are emitted due to excavation work and
meteorological parameters. The data analysis was done to check the
possibility of applying artificial intelligence to predictions of the
concentration of PM particles depending on weather conditions.

Materials and methods

The experiment, which consisted of measuring the concentrations of
suspended particles PM2.5 and PM10, then NO2, as well as
meteorological parameters (pressure, temperature, humidity, speed and
wind direction) was carried out at one construction site in Belgrade (Fig. 1)
during 15 days in July 2022, from the first to the fifteenth of July. The
excavation zone is located west of the location of the measuring station,
while additional sources of emissions on the construction site, such as
waste, carpentry and reinforcement works, are placed on the north from
the monitoring device on the constructin site. Fig. 1 shows the distances
of individual emission sources from the measuring station. Emissions from
other sources come from the south and east direction and can be treated
as background emissions.

reinforcement
plant

waste

excavation zone

measuring
station

O S

Figure 1 — Sketch of the construction site with the marked positions of the measuring
device, the excavation zone, as well as other potential sources of emissions
Puc. 1 — 3cku3 cmpoumernbHoU nnowadku ¢ 0mMeYeHHbIMU Mecmamu PacrosioXeHUs
u3mMepumerbHo20 npubopa, 30HbI 8bIEMKU 2pyHMa, a makxe Opyaux 803MOXHbIX
UCMOYHUKO8 8bI6pOCOo8
Cnuka 1 — Ckuya epadunuwma ca obesniexxeHUM riofioxajuma mepHoz ypehaja, 30He
uckona, Kao u dpyaux rnomeHuyujasaHuUx usgopa emucuja
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During all fifteen days, two electrically-powered machines were
working in the excavation area. All days except Sunday, work was done
from 13:00 to 17:00. The waste was taken away by truck every day.The
devices used were of a sensor type and the results were recorded every 5
minutes. The RS-MG111-WIFI-1 is an air environment multi-element
transmitter. It is used to detect NO2, PM2.5, and PM10. The transmitter
adopts the original imported sensor and control chip, which has the
characteristics of high precision, high resolution, and good stability. Using
WIFI network transmission, it is directly connected to the on-site WIFI
network, and the connection is convenient. With the free monitoring
platform software or the free 10T cloud platform, it directly formed an online
Integrated air environment monitoring system, widely used in building
HVAC, building energy saving, smart home, schools, hospitals, airport
stations, and other places. Another device is the CC-M12 weather station:
an anemometer (WD, WS), temperature, pressure and humidity with
RH&T and 4G communication. The devices are portable (with the
possibility of installation outdoors and indoors). Such a system allows the
manager of the construction site and the company to have a detailed
insight into the quality of the environment in real time. In doing so, sources
of harmful gas emissions are identified from three main activities in
construction: earthworks, transport, and interior works. Different types of
sensors were used to collect data related to NO2, PM2.5, PM10 particles,
as well as data related to meteorological parameters — wind speed and
direction, humidity, pressure and temperature. The web and mobile
application  provides data visualization (map, list, chart),
notifications/alarms when values are outside the defined range, algorithms
for data processing, export to csv file. SPSS 23.0 statistical software was
used for data analysis in this study.

Results and discussion

The measurement results are shown in Table 1. The results are given
as Full Day results (FD), measurement results during the total time, 24
hours a day, for all 15 days, as well as Working Hours results (WH) that
show the separated working hours from 7 a.m. to 5 p.m. on weekdays
(Monday to Saturday).

By monitoring the concentration of polluting substances, three sets of
data were obtained, including PM2.5, PM10, and NO2.

From the results shown, it can be seen that the PM2.5 concentrations
ranged from 1 to 133 pg/m? throughout the day, i.e., in a period of 24 hours
a day, while during working hours they ranged from 1 to 71 pg/m3. The
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average value of the PM2.5 concentration for all 15 days was 15.301 pg/m?
during the whole day's observation, while during working hours it was
14.66 pug/m3. For all 15 days, the average daily concentrations of PM2.5
were, respectively: 26.46, 14.69, 21.06, 26.87, 27.09, 15.76, 15.16, 16.55,
11.66, 7.26, 5.75, 9.38, 8.36, 10.20, and 15.26 pg/m3,

Table 1 — Basic statistical analysis of the measured parameters
Tabnuua 1 — ba3oebili cmamucmu4eckuli aHanu3 uaMepsieMbIX rnapamempos
Tabena 1 — OcHosHa cmamucmuyKa aHanu3a MepeHux rnapamemapa

PM2.5 PM10 NO2 p T hum %
(mg/m®) | (ugim®) | (ug/m3) | (kapa) (°C) (%) (m/s)
FD av | 15.301 16.811 94.243 1004.78 25.192 51.030 0.354
FD 9.5752 11.155 131.989 2.618 6.401 18.534 0.698
SD
FD 1 1 0 999 12.4 18.1 0
min
FD 133 143 510 1010 46.2 98.3 17.8
max
WH 14.660 16.0597 167.741 1004.977 | 28.600 20.2 0.467
av
WH 9.147 10.577 144.859 2.835 5.556 13.749 0.574
SD
WH 1 2 0 999 15.2 91.1 0
min
WH 71 82 510 1010 41.1 40.696 3.2
max

From the results shown, it can be seen that the PM2.5 concentrations
ranged from 1 to 133 pg/m? throughout the day, i.e., in a period of 24 hours
a day, while during working hours they ranged from 1 to 71 pg/m3. The
average value of the PM2.5 concentration for all 15 days was 15.301 pg/m?
during the whole day's observation, while during working hours it was
14.66 pug/m3. For all 15 days, the average daily concentrations of PM2.5
were, respectively: 26.46, 14.69, 21.06, 26.87, 27.09, 15.76, 15.16, 16.55,
11.66, 7.26, 5.75, 9.38, 8.36, 10.20, and 15.26 pug/m?3,

The PM10 concentrations ranged from 1 to 143 pg/m? throughout the
day, i.e., in a period of 24 hours a day, while during working hours they
ranged from 2 to 82 ug/m3. The average value of the concentration for all
15 days was 16.811 pg/m?® during the whole day of observation, while
during working hours it was 16.06 pg/m3. For all 15 days, the average daily
concentrations of PM10 were, respectively: 29.18, 16.22, 23.05, 30.21,
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30.15, 16.97, 16.04, 17.50, 12.69, 7.98, 6.48, 10.55, 9.11, 11.08, and
16.94 ug/m?,

It can be noted that the highest values of PM10 and PM2.5 patrticle
concentrations were during the night hours, which can be attributed to
stabilization of the atmosphere.

According to the WHO limits, PM2.5 should not exceed 5 ug/m3
annual mean, or 15 pg/m3 24-hour mean while PM10 should not exceed
15 pg/m3 annual mean, or 45 ug/m3 24-hour mean. Analyzing the average
24-hour values for PM2.5 and PM10, it can be concluded that PM2.5
represents a far greater health hazard due to far higher values compared
to the prescribed daily limits. It can be observed that more than 50% of
days, including non-working days, PM2.5 exceed the permissible 24-hour
value according to the WHO standards, which is not the case with PM10.

The NO2 concentrations ranged from 0 to 510 ug/m?® throughout the
day, that is, during the 24-hour period, as well as during working hours.
The average value for all 15 days was 167.741 ug/m?® during the whole day
of observation, while during working hours it was 94.243 pg/m3. A
significant increase in NO2 concentration can be observed at the
construction site during working hours. About 70% is a higher average
daily value during 10 working hours compared to all 24 hours.

The impact on the concentration of NO2 can be explained by the
transport of waste that was taken to the construction waste disposal site
by truck every day, but also by the impact of traffic from nearby roads.

By monitoring meteorological data, five sets of meteorological data
were obtained, including wind speed and direction, temperature, humidity,
and atmospheric pressure.

The pressure ranged from 999 to 1010 kPa throughout the day, i.e.,
in a period of 24 hours a day as well as during working hours. The average
value for all 15 days was 1004.977 kPa during whole-day observation,
while during working hours it was 1004.78 kPa.

Humidity ranged from 18.1 to 98.3% throughout the day, i.e., in a
period of 24 hours a day, while during working hours it ranged from 40.696
to 91.1%. The average value for all 15 days was 51.03% during whole-
day observation, while during working hours it was 20.2%.

The temperature ranged from 12.4 to 46.2°C throughout the day, i.e.,
in a period of 24 hours a day, while during working hours it ranged from
15.2 to 41.1°C. The average value for all 15 days was 25.192 °C during
whole-day observation, while during working hours it was 28.6°C.

The wind speed ranged from 0 to 24.8 m/s throughout the day, i.e., in
a period of 24 hours a day, while during working hours it ranged from 0 to
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3.2 m/s. The average value for all 15 days was 0.354 m/s during the whole
day of observation, while during working hours it was 0.467 m/s.

Apart from the basic statistical analysis (Table 1), a correlation
analysis was done between the PM concentration and the meteorological
data. Table 2 shows that the concentrations of PM10 and PM2.5 were not
significantly correlated with any meteorological factor.

Table 2 — Values of the linear correlation coefficient among the measured
parameters
Tabnuya 2 — 3HayeHus KoaghguyueHma nuHelHoU Koppensayuu Mexoy
usmMepsieMbIMU napamempamu
Tabena 2 — BpedHocmu nuHeapHoe KoeguyujeHma Kopenayuje uamehy mepeHux

napamemapa

PM2.5 p hum T %
PM10 0.987 -0.092 0.299 0.201 0.003
PM2.5 1 -0.103 0.297 0.236 0.008
p 1 0.053 -0.416 -0.989
hum 1 -0.660 -0.030
T 1 0.326

A very high correlation between PM2.5 and PM 10 can be observed,
indicating their same origin. The correlation between PM patrticles and the
meteorological parameters shows a small value that is insufficient for the
application of meteorological parameters for predictive purposes using
some form of artificial intelligence such as ANN. The highest correlation,
although lower than 0.3, is between PM particles, humidity, and
temperature.

The reasons that led to this result could be that construction dust is
affected by many factors. Construction activities are a direct factor that
creates construction dust and have a major impact on construction dust
much more than meteorological factors. During the monitoring period,
meteorological factors did not change too much; in this way, the influence
of meteorological factors on construction dust can somewhat be
eliminated. Precipitation is the main factor influencing dust. Therefore, it
can be considered that the emission of construction dust is not significantly
related to any meteorological factor when it does not change too much.
To some extent, it is in accordance with the conclusions of the urban PM10
and PM2.5 research (Tian et al, 2014).

Fig. 2 shows the relationship between the concentration of PM10 and
PM2.5 particles and the direction of wind. The Figure shows the wind
directions in degrees from 0 to 360° on the x-axis. On the y-axis, PM2.5
and PM10 are represented by two different colors. A high degree of
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correlation between PM particles can be observed, but also that the
concentrations of PM2.5 and PM10 patrticles are increased when the wind
takes the direction of 0°, i.e., blows from the north, then 90°, from the east,
while other wind directions are followed by lower concentrations of PM10
and PM2.5 particles. These facts coincide with the position of waste
dosposal.
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Figure 2 — Dependence of the concentration of PM10 and PM2.5 particles on the
construction site on the wind direction
Puc. 2 — 3asucumocms koHUeHmpauyuu Yacmuy, PM10 u PM2,5 Ha cmpoumernbHoU
nnouwadke om HarnpaeseHus eempa
Crnuka 2 — 3asucHocm koHueHmpauuje yecmuua lMM10 u [M2,5 Ha epadunuwmy 00
npasua eempa

Conclusion

The data of meteorological and construction intensity were collected
to determine the main factors affecting the construction dust emission,
which can provide a basis for reducing the impact of dust generated by
construction activities on the surrounding area. The main conclusions of
the article are as follows:

Through on-site monitoring of a construction site in Belgrade City,
this study found that the dust emission level of construction activities is
relatively high. The average PM10 concentration was 16.42 pg/m? and
the PM2.5 concentration was 8.37 ug/m3. Analyzing the average 24-hour
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values for PM2.5 and PM10, it can be concluded that PM2.5 represents a
far greater health hazard due to far higher values compared to the
prescribed daily limits. In addition, compared with the upwind direction
concentrations, the construction site makes PM10 and PM2.5 downwind
direction concentrations increased by around 70% and 35%, respectively,
which indicates that the construction activity had a significant impact on
the air quality in the construction surrounding areas.

Regarding the main factors affecting the building construction dust
emission, the results show that building construction dust emission was
not significantly correlated with any single meteorological factor when it did
not change too much.

Considering a very low correlation between the concentration of PM
particles and the meteorological parameters, the possibility of applying
ANN for the purpose of creating a prediction model is excluded. A further
subject of research will be the application of machine learning in the
development of a predictive model that would aim at smart management
of the construction site while taking into account the quality of the working
and living environment.
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MOHUTOPUWHI 1 aHanNn3 Ka4yecTBa BO34yxa U METEOPONOrMYeCcKmX
napamMeTpOB Ha CTPOUTENBLHON NoLLaaKe C NOMOLLbIO MHTEPHETA
BeLllen

Jlazap b. Munusoesny

YHuepcuteT «YHUOH — Hukona Tecnax», dpakynbTeT ynpaBneHus
cTpouTenbCcTBOM, . Benrpaa, Pecnybnuvka Cepbus

PYBPUKA TPHTW: 28.23.00 VckyCCTBEHHBIN UHTENNEKT,
67.21.25 CTpouTenbHasa KNnMmaTorornsi, MeTeoposnorms
BWO CTATbW: opurmHansHas Hay4Has ctaTbs

Pe3some:

BeedeHue/uenb: CmpoumernbHas ompacsib se8rsemcsi 00HUM U3
OCHOBHbIX UCMOYHUKO8 rbliesbi0enieHus], MapHUKOBbIX 2a308 U
3agpssHumeneld 803d0yxa. OppekmusHas  akcrninyamauyus U
yrnpaesneHue onepayusmu Ha o6bekme Mo2ym 3Ha4umersibHO CHU3UMb
yarnepodHhbll cried npoekma u Opyeue 8o30elicmeausi Ha OKpyxarouwyto
cpedy. [lpu  compydHudecmee  Hay4HoO-uccriedoeameribcko20
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yupexo0eHuss €O cmpoumesnbHbIMU KOMAaHusmMu 6bi1  nposedeH
MOHUMOpPUHe Kayecmea 6030yxa Ha cmpoumesnbHol rnnouwjadke 6
pexume peasilbHoe0 B6pPeMeHU C UCIMOIb308aHUEM MmexHooaul
WHmepHema seuwjed.

Memooeb!: Bbina eHeOpeHa cucmemMHasi niamgopma Ha OCHoge
UHmepHema eewell, komopasi UHMespupyem pacrnpedesieHHy
CEHCOPHY0 cemb Orisi cbopa OaHHbIX 8 PeXUME pearibHO20 8PeMeHU U
demMoHCcmpauyuu kadyecmea 6030yxa Ha cmpoumernbHol niouwadke. B
Xxo0e uccredosaHusi UCMOMb308auUCh PasfuyHble murbl 0amyuxkos Ors
cbopa daHHbIX, omHocsawuxcsa Kk yacmuuyam NO2, PM2.5 u PM10, a
makxe MemeoposioeuYeCKUM  napamempam —  cKopocmu U
HarnpaeJsneHuro sempa, ernaxHocmu, dassieHuro U memrepamype.

Pesynbmambi: Pe3ynbmambl onepamueHbiXx u3mepeHuli darom
npedcmasrneHue 0 COCMOSIHUU 3a2PsI3HEHUST amMOCcepHO20 8030yxa
Ha cmpoumernbHOU rowaldke, 6bI38aHHO20 CMPOUMESbHbIMU
pabomamu, KOMOPbLIMU MOXHO yrnpasensimb C UeNbl0 CHUXEeHUS
KOHUEeHmMpayuu 6bIX/I0MHbIX 2a308 U 838eWEeHHbIX Yacmuy. B
pesynbmame MOHUMOPUHea CmMpoumersbHbIX rnaowadok 8 eopode
benepad  ebisienieHo,  4MO  YpOBEHb  3arblIeHHOCMU  1Ipu
cmpoumesibcmee 0MmHOCUMEesIbHO 8bICOK.

Bbigeodbl: Ha ocHosaHuu pesynbmamog uccrnefogaHusi MOXHO
cOennamb 8bI800, YMO cmpoumersibHasi 0esimeslbHOCMb OKa3bieaem
3HayumersnbHoe 8o030elicmeue Ha Kayecmeo 6030yxa 86nu3su
cmpoumenbHoU nnowadky. Ymo kacaemcsi OCHOBHbIX ¢hakmopos,
enusilOWUX Ha ebidesieHue cmpoumernbHolU Mbinu, Koppensuuu
rokasblgarom, 4mo ebidesieHUe cmpoumesibHol Mbiiu He umeem
3HaqyumesnbHOU Koppesnsyuu ¢ MemeoposioaudeckuMu ghakmopamul.

Kntoyesbie cnosa: cmpoumernbHas nnowadka, KoHUeHmpauyus TH,
Koppernayusi, Memeoposioausl.

MOHWUTOPWHT 1 aHanusa KBanuTeTa Basgyxa v MeTeOpOOLLKMX
napameTtapa Ha rpagunuwTy y3 nomoh loT TexHonoruvja

Jlazap b. Munusojesuh

YHuBepauteT ,,YHUOH — Hukona Tecna”, ®akynTeT 3a rpaguterbCcku
meHalmeHT, beorpag, Penybnvka Cpbuja

OBNACT: pauyHapcke Hayke, rpaheBUHapCTBO
KATEFOPWJA (TWIM) YUNAHKA: opurnHanHu Hay4Hu pag

Caxemak:

Yeod/yurw: pahesuHcka uHAycmpuja je jedaH 00 enagHuUx rpousdeohaya
npawuHe U 2acosa cmakiieHe bawme Koju 3a2ahyjy ea3dyx. EcbukacHum
byHKUUOHUCareM U yrpasrbarbeM orepayujama Ha epadunuuimy Moxe
Cce 3HamHO CMarbUmU YelbeHUYHU Omucak rpojekma, Kao u oOpyau
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ymuyaju Ha XueomHy cpeduHy. CapalHOoM Hay4YHOUCmpaXueaydke
ycmaHose U epaljeBUHCKe KOoMMaHuje peanu3osaHo je npaheme
Keanumema sa30yxa Ha gpadunuwimy y peasiHoM 8peMeHy Kopuwhermem
loT mexHoroauja.

Memode: VimnnemeHmupaH je CUCMEMCKU OKeup 3acHoeaH Ha loT
mexHorsoaujama Koju uHmezpuwe ducmpubyupaHy CeH30PCKY MPEXy 3a
MpUKyr/bare rodamaka y peasiHoM 6peMeHy U OeMOHCmpupaHe
Keanumema ea3dyxa Ha epadunuwmy. Pasnuyumu murosu ceH3opa
KopuwheHu cy 3a npukyrnrbake nodamaka kKoju ce oOHoce Ha NO2 u
yecmuye PM2,5, PM10, kao u Ha Memeoporiowike rnapamempe — 6p3uHy
u cmep gempa, 8riaXxxHocm, fpumMucak u memrepamypy.

Pesynmamu: Pesynimamu Mepera y peariHoM 8peMeHy npuKkasyjy CruKy
cmarba 3azaheHocmu easdyxa Ha epadunuwimy U roeesaHocm ca
epahesuUHCKUM akmugHOCMUMa KojuMa ce MOXe yrpasrbamu Kako 6u ce
CMamuna KOHueHmpauuja 3aeafjyjyhux eacoea u cycrieHO08aHuX
yecmuya. [Npaherwem epadunuwma y beoepady ymepheHo je Oa je HUgo
npawuHe ycned epahe8UHCKUX aKmueHOCMU pPeramugHO 8UCOK.

Sakrbyyak: pahesuHcka akmueHocm uUMarna je 3HadyajaH ymuuaj Ha
Keanumem ga3dyxa y OKOnuHU epafjesuHckoe rnodpydja. LLImo ce mudye
anasHuUx hakmopa Koju ymudy Ha emucujy epaliesUHCKe mpauwiuHe,
Kopernayuje rnokasyjy 0a emucuja epalje8uHcKe npawuHe Huje y 3Ha4ajHoj
Kopernayuju ca MemeoposioWwKUM ¢hakmopuma.

KrbyuHe pedu: epadunuwme, KoHueHmpauyuja PM, kopenayuja,
mMemeoporoeuja.
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Abstract:

Introduction/purpose: Motor vehicles are complex dynamic systems due to
spatial displacements, changes in the characteristics of components during
their lifetime, a large number of influences and disturbances, the
appearance of backlash, friction, hysteresis, etc. The aforementioned
dynamic phenomena, especially vibrations, cause driver and passenger
fatigue, reduce the lifetime of the vehicle and its systems, etc.

Methods: In general, the movement of vehicles is carried out on uneven
roads and curvilinear paths in the road. Not only do oscillatory movements
cause material fatigue of vehicle parts, but they also have a negative effect
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on people's health. That is why special attention must be paid to the
coordination of the mutual movement of the subsystems, and in particular,
the vehicle suspension system, even at the stage of the motor vehicle
design. For these purposes, theoretical, experimental or combined
methods can be used. Therefore, it is very useful to have the experimental
results of the oscillations of the vehicle subsystem in operating conditions,
so the aim of this work was to use the movement of the 4x4 drive FAP 1118
vehicle in operating conditions (due to higher speeds - in road conditions)
to define the conditions for testing oscillatory loads in laboratory conditions.
Results:This is made possible by registering and identifying statistical
parameters of registered quantities.

Conclusion: Based on the measured data, the research can be
programmed on shakers in laboratory conditions, and, at the same time,
the size to be reproduced can be chosen as well.

Key words: motor vehicle, sprung and unsprung masses, oscillatory
loads, laboratory tests.

Introduction

Motor vehicles are complex dynamic systems due to the appearance
of spatial vibrations in movement, changes in the characteristics of
components during their lifetime, a large number of influences and
disturbances, the appearance of clearances, friction, hysteresis, etc.
(Demi¢, 1997, 2006, 2008; Demi¢ & Diligenski, 2003; Abe, 2009; Ellis,
1969; Milliken & Milliken, 1994; Genta, 1997; Gillespie, 1992; Rajamani,
2006). The aforementioned dynamic phenomena, especially vibrations,
cause driver and passenger fatigue, reduce the lifetime of the vehicle and
its systems, etc.

In general, the movement of vehicles is carried out on uneven roads
(terrain) and curvilinear paths in the road (terrain). Oscillatory movements
cause load on vehicle parts, but also have a negative effect on human
health (Demi¢, 2008; Hachaturov, 1976; Fiala, 2006; Simi¢, 1980). That is
why special attention must be paid to the coordination of the mutual
movement of the vehicle subsystems, and in particular, the suspension
system, even at the stage of designing a motor vehicle (Demi¢, 1997). For
these purposes, theoretical, experimental or combined methods can be
used, and it is very useful to have experimental results of vehicle
subsystem oscillations in operational conditions.

The road (terrain) can be identified based on its spatial geometry
(macrorelief) and microbumps (microrelief) (Jovanovi¢ & DBuri¢, 2009;
Demic¢ et al, 2022).
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The movements of the vehicle subsystem are conditioned, first of all,
by the shape and size of bumps as an external factor and oscillatory-
inertial characteristics, the torque of the engine and the vehicle velocity as
the phenomena related to the vehicle itself. Based on this, it can be
concluded that careful research and definition of the characteristics of
microbumps of roads on which vehicles drive, both from the aspect of the
characteristics of periodicity and from the aspect of energy levels,
elaboration and automation of the process of measuring bumps and the
mathematical apparatus for processing the obtained data, contribute to
reliability, optimality and safety of the construction of the vehicle itself. As
the description of road parameters and their identification are given in
detail in (Demi¢, 1997, 2008; Demi¢ et al, 2022; Abe, 2009; Jovanovi¢ &
Duri¢, 2009; Genta, 1997; Gillespie, 1992; Buri¢, 2009; ISO, 1995), there
will be no more talk about it in this paper.

As it is known (Cox & Reid, 2000), in laboratory conditions, signals
recorded during exploitation can be reproduced on pulse generators.
Therefore, the aim of this work was to establish the oscillatory movements
of sprung and unsprung masses of the vehicle in operational conditions
(when driving in road conditions), FAP 1118 vehicle, in order to create the
conditions for laboratory tests.

Oscilatory loads measurement for sprung and
unsprung vehicle masses

In order to determine oscilatory loads of sprung and unsprung masses
of a vehicle, we need to measure specific parameters in real conditions of
vehicle exploitation. Experiment design is a complex issue (Cox & Reid,
2000). In this specific case, the subject of the research was a FAP 1118
motor vehicle with 4x4 drive and a load capacity of 4t. The maximum mass
of the test vehicle is 11,000 kg, and during the test the vehicle was partially
loaded (total mass 7,800 kg - the static load of the front axle was 4,200,
and at the rear axle it was 2,850 daN). The measuring chain for measuring
the dynamic parameters of the vehicle consisted of the following elements:

- Kistler Correvit S-350 sensors, manufactured by Kistler group,
Switzerland, for direct slip-free measurement of longitudinal and
transverse vehicle dynamic studying and experimenting (taking into
account overall interactions of a complex system or a subsystem within a
complex system),

- HBM Quantum MX 840B, made by HBK from Germany, a universal
measuring acquisition system,
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- B-12 acceleration sensor, made by HBK, Germany, located in the
center of gravity of the rear truck bridge, and

- SST 810 dynamic inclinometer, manufactured by Vigor Technology,
Greece, placed in the center of gravity of the vehicle.

The measurement was done in Catman software, developed by HBK,
Germany.

Based on previous experience and the measurements made at the
Military Academy during tests for regular classes and research studies for
some doctoral dissertations (Grki¢, 2015; Muzdeka, 2008), it was
considered expedient to test the vehicle while driving in real operational
conditions, on an asphalt regional road near Belgrade (maximum driving
speed, 56.2 km/h - maximum vehicle speed 80 km/h). During the
experiment, the weather was nice and the road was dry. The length of time
records was 260 s (13000 points and a discretization step of 0.02 s).

The scheme of measuring points is given in Fig. 1 and for further
analysis, Figs. 2 - 4 partially show changes in the vehicle speed over time
and the oscillatory movements of the drive axles.

Analyzing all the registered values, partially shown in Figs. 2-4, one
can notice that the registered parameters of the vehicle movement depend
on time. At the same time, they belong to the group of random processes
(Bendat & Piersol, 2000). There is a whole range of methods for
processing such signals (Bendat & Piersol, 2000), and we will use some
of them in this paper.

Vehicle velocity
Three comp. of linear acceler.

Two angles

Three comp. of linear acceler.
Tree comp. of angular velocity

Figure 1 — Scheme of the measurement points on the FAP 1118 during testing
Puc. 1 - Cxema moyek uamepeHus Ha @Al 1118 npu ucrnbimaHusix
Cnuka 1 — Llllema mepHux maydaka Ha eo3usly @Al 1118 mokom ucnumugara
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Figure 2 — Vehicle velocity change while driving
Puc. 2 — ViameHeHue ckopocmu asmomobursisi 80 8peMsi O8UXEHUS
Cnuka 2 — [pomMeHa 6p3uHe 803Us1a MOKOM 8OXHe
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Figure 3 — Longitudinal, lateral and vertical acceleration of the front unsprung mass
Puc. 3 — podonbHoe, nonepedyHoe U sepmuKkaribHoe ycKopeHue nepedHel
HernodpeccopeHHoU mMacchbl
Cnuka 3 — [NodyxHo, 604HO U 8epmuKarHo ybp3are rpedHe HeoCIoheHe Mace 8o3urna
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Figure 4 — Roll, pitch and yaw velocity of the rear unsprung mass of the vehicle
Puc. 4 — Ckopocmb KpeHa, maHaaxa U pbiCkaHus1 3a0Hell HeroOpeccopeHHOU Macchi
mpaHcrnopmHoeo cpedcmea
Cnuka 4 — YeaoHe bp3uHe garbarba, 2anonupara U sujy2ara 3adkhe HeoC/I0HheHe Mace
eo3una

Data processing

There are several methodes for data processing in the literature. In
(Bendat & Piersol, 2000), it is suggested that the identification of random
processes is performed in the time, frequency and amplitude domains.
This approach is also adopted in this work.

Identification of data in the time domain

Having in mind the random character of all registered quantities, it
was considered expedient to calculate the parameters in the time domain
that will later be used for analysis (especially during amplitude
identification, and the calculations were performed using Statisdem
software developed in Pascal). This primarily refers to the threshold, the
mean value and the standard deviation of all registered quantities. For the
sake of illustration, Tables 1, 2 and 3 show the calculated values.

In order to determine the character of the registered values
(stationarity), with use of Analisigdem software developed in Pascal, the
autocorrelation functions were calculated and partially shown in Figs. 5, 6
and 7 and shown in Tables 1, 2 and 3.
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Table 1 — Characteristic values of the registered sizes of the sprung mass
Tabnuya 1 — XapakmepHble 3Ha4YeHUs 3apeaucmpupo8aHHbIX pasmepos
nodpeccopeHHOU Macchbl mpaHCriopmHo20 cpedcmea
Tabena 1 — Kapakmepucmuy4He epedHOCmMuU peaucmposaHuX 8e/IU4UHa OCIOHeHe Mace

sosuna
Measured parameters Min. Max. Mean Stand.
value value value Dev.

Vehicle velocity, km/h 0.612 56.232 25.428 12.925
Longitudinal acceleration, -55.880 29.760 0.311 3.672
m/s2

Lateral acceleration, m/s? -44.800 28.120 0.186 3.967
Vertical acceleration, m/s?2 -17.510 37.730 9.798 3.454
Roll, o -14.965 15.518 1.550 4.942
Pitch, o -9.995 15.375 2.283 3.728

Table 2 — Characteristic values of the registered values of the front unsprung mass
Tabnuuya 2 — XapakmepHbie 3Ha4eHUs1 3apeaucmpupo8aHHbIX 3HaqYeHul rnepedHel
HernodpeccopeHHOU Macchbl mpaHCcriopmHo2o cpedcmea
Tabena 2 — KapakmepucmuyHe epedHocmu peaucmposaHux 8esiuduHa rnpedre
HeocrioweHe mace gosuna

Measured parameters Min. Max. Mean Stand.
value value value Dev.

Vehicle velocity, km/h -3.272 1.648 -0.087 0.705
Longitudinal acceleration, -5.457 5.615 0.223 0.758
m/s2

Lateral acceleration, m/s? -4.249 18.717 7.248 2.701
Vertical acceleration, m/s?2 -4.809 54.078 2.310 3.451
Roll, o -16.685 18.639 0.998 2.099
Pitch, o -38.175 20.254 3.185 8.684

Table 3 — Characteristic values of the registered sizes of the rear unsprung mass
Tabnuya 3 — XapakmepHble 3Ha4YeHUs 3apeaucmpupo8aHHbIX pasmepos 3adHel
HernodpeccopeHHOU MacChbl mpaHCriopmHo2o cpedcmea
Tabena 3 — Kapakmepucmu4yHe 8pedHOCMU pe2ucmpo8aHUX 8esluduHa 3a0He
HEeOC/IOHeHe Mace 8o3urna

Measured parameters Min. Max. Mean Stand.
value value value Dev.

Vehicle velocity, km/h -8.856 5.030 0.278 0.996
Longitudinal acceleration, -4.741 7.515 0.256 0.913
m/s2

Lateral acceleration, m/s? -10.120 31.985 9.659 2.037
Vertical acceleration, m/s? -45.1835 53.461 1.940 5.534
Roll, o -47.081 24.568 14.836 | 3.447
Pitch, o -48.444 16.297 6.603 10.191
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Figure 5 — Autocorrelation function of the velocity (B), the vertical acceleration (C) and the
roll angle (D) of the sprung mass
Puc. 5 — AemokoppensayuoHHas yHkyus ckopocmu (B), eepmukarnbHozo yckopeHusi (C)
u yena KpeHa (D) noGpeccopeHHoU macchbl
Cnuka 5 — AymokopenauyuoHa ¢yHkyuja bp3uHe (B), eepmukarnHoe ybp3ara (C) u yana
saspara (D) ocrior-eHe mace
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Figure 6 — Autocorrelation function of the lateral acceleration (B), the roll angular velocity
(C) and the pitch (D) of the front unsprung mass
Puc. 6 — AemokoppensiyuoHHasi (hyHKUUs1 60koe0o20 yckopeHusi (B), yanoeol ckopocmu
kpeHa (C) u maHzaaxa (D) nepedHeli HernodpeccopeHHOU Macchbl
Cnuka 6 — AymokopenalyuoHa ¢yHKkyuja 6oyHoz ybp3ara (B), yezaoHe bp3uHe garbara
(C) u yaaoHe 6p3uHe 2anonupara (D) npedHe HeocrowkeHe mace
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Figure 7 — Autocorrelation function of the longitudinal acceleration (B), the lateral
acceleration (C) and the pitch (D) of the rear unsprung mass
Puc. 7 — AemokoppensiyuoHHas ghyHKUuUs npodosibHO20 ycKopeHus (B), nonepeyHo2o
yckopeHusi (C) u waea (D) 3adHel HernodpeccopeHHOU Macchl
Cnuka 7 — AymokopenayuoHa ¢yHkyuja boyHoz ybp3arka (B), yeaoHe bp3uHe garbar-a
(C) u yeaoHe b6p3uHe zanonuparsa (D) npedHe HeocowkeHe mace

Data identification in the frequency domain

Frequency analysis was performed using Analsigdem software
(Demic et al, 2001) with 8192 points and a discretization step of 0.02 s,
which enabled a reliable analysis in the region of 0.061 to 25 Hz (Bendat
& Piersol, 2000).

The analysis of random and bias errors, for the number of data used,
showed that a sufficient number of averaging is 100 for one signal and 138
for two signals, which achieves a minimum reliable frequency of 0.049 Hz
(this is acceptable in this experiment because it is lower than the one that
is obtained based on the length of the signal (Bendat & Piersol, 2000).
Bearing in mind that the phases of the calculated spectra do not allow the
analysis of the energy carried by the signal, it was considered expedient
to observe only the magnitudes of the calculated spectra, which are
partially shown in Figs. 8, 9 and 10.
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Figure 8 — Spectra magnitude of the sprung mass: Longitudinal (B), lateral (C) and
vertical acceleration (D)
Puc. 8 — AMnnumyOHsili criekmp nodpeccopeHHoU maccsl: npodosnbHoe (B), nonepeyHoe
(C) u sepmukansHoe yckopeHue (D)
Crniuka 8 — MaegHumyda criekmpa ocrioeHe mace: nodyxHo (B), 6oyHo (C) u
sepmukaiHo ybp3ame (D)
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Figure 9 — Spectra magnitude of the front unsprung mass: Lateral Acceleration (B), Roll
(C) and pitch (D)
Puc. 9 — AMnnumyOHsIl criekmp repedHeli HernodpeccopeHHOU mMacchl: 6okogoe
yckopeHue (B), kpeH (C) u maraax (D)
Cnuka 9 — MaeHumyda criekmpa npedre HeocriokeHe mace: 604HO ybp3ame (B),
yeaoHa 6p3uHa easbara (C) u yeaoHa bp3uHa 2anonupara (D)
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Figure 10 — Magnitude spectrum of the rear unsprung mass: vertical acceleration (B), roll
(C) and pitch (D)
Puc. 10 — AMnnumyOHsbIl criekmp 3a0Hel HernodpeccopeHHOU Maccehl: 8epmuKanbHOe
yckopeHue (B), kpeH (C) u maHeax (D)
Cnuka 10 — MaeHumyOda criekmpa 3adHe HeOC/IOkeHe Mace: eepmukairHo ybp3ame (B),
yeaoHa 6p3uHa sasparba (C) u yeaoHa bp3uHa 2anonuparsa (D)

Identification of data in the amplitude domain

After all data analysis previously mentioned and given in (Bendat &
Piersol, 2000; Demi¢ et al, 2001; Vukadinovi¢, 1973; O Connor & Kleyner,
2012), more amplitude analyses were carried out for all registered values.
More precisely, the probability of occurrence of the observed quantity was
calculated by levels (Probability density-histogram, %), with the use of a
specially developed program in Pascal, Statistdem. The calculated values
are, for the sake of illustration, partially shown in Figs. 11-17.

Histogram, %
”

T T T T T 1
60 40 20 0 20 40

Sprung mass longitudinal acceleration, m/s”

Figure 11 — Density of the distribution of the longitudinal accelerations of the vehicle
sprung mass
Puc. 11 — lNnom+Hocme pacnpedeneHusi npodosibHbIX YCKOPeHUU nodpeccopeHHOU
maccbl mpaHcrnopmHoeo cpedcmea
Cnuka 11 — lN'ycmuHa pacriodene nodyxHux ybp3ara ocriobeHe Mace 8o3usna
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Figure 12 — Density of the distribution of the lateral accelerations of the sprung mass of
the vehicle
Puc. 12 — lNnomHocmb pacripederneHusi 60Ko8biX yCKopeHuUl NodpeccopeHHOU Macch!
mpaHcrnopmHoao cpedcmea
Cnuka 12 — l'ycmuHa pacrioderne 604HUX ybp3arba 0C/I0keHe Mace 8o3urna
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Figure 13 — Density of the roll angle distribution of the sprung mass of the vehicle
Puc. 13 — lNnomHocmb pacnpedeneHusi MOOPeCcCopPeHHOU MaccChl MpaHCrnopmMHO20
cpedcmea o yary KpeHa
Cnuka 13 — N'ycmuHa pacnoderne yena earbarba OC/I0H-EHe Mace 803una

658




Histogram, %

-1 T T T T T T
-5 0 5 10 15 20

Front unsprung mass vertical acceleration, m/s’

Figure 14 — Density of the distribution of the vertical accelerations of the front unsprung
mass of the vehicle
Puc. 14 — lNnomHocmp pacnpedesieHUs: 8epmukaribHbIX YCKopeHul nepedHel
HernodpeccopeHHOU Macchbl mpaHcriopmHyo2o cpedcmea
Cnuka 14 — N'ycmuHa pacrniodene eepmukanHux yop3ara rnpede HeOC/I0HhEeHe Mace
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Figure 15 — Density of the yaw distribution of the front unsprung mass of the vehicle
Puc. 15 — lNnom+Hocmb pacripedernieHus ya2rio8bix ckopocmel pbICKaHus nepedHel
HernodpeccopeHHOU Macchbl mpaHCrnopmHo2o cpedcmea
Cnuka 15 — lN'ycmuHa pacnoderne yeaoHe 6p3uHe sujyearba rnpedH-e HeoCoHheHe Mace
eosurna
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Figure 16 — Density of the distribution of the lateral accelerations of the rear unsprung
mass of the vehicle
Puc. 16 — lNnomHocme pacnpedeneHusi 60Ko8bIx ycKkopeHul 3adHell HeroopeccopeHHoU
macchl mpaHcrnopmHoeo cpedcmea
Cnuka 16 — l'ycmuHa pacrnoderne 604HUX ybp3arba 3a0H-e HEOCIOHkEeHEe Mace 803urna
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Figure 17 — Density of the yaw distribution of the rear sprung mass of the vehicle
Puc. 17 — lNnomHocmb pacnpederneHusi yernosbix ckopocmel pbicKaHusi 3a0Hel
HernodpeccopeHHOU Macchbl mpaHCropmHo2o cpedcmea
Cnuka 17 — 'ycmuHa pacriodene y2aoHe bp3uHe sujy2arba 3adH-€ HEOC/IOH-EHE Mace
eosuna
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Discussion of the analyzed data

Based on Tables 1-3, it is obvious that there are differences in the
levels of the registered values for both unsprung and sprung masses,
which indicates the necessity of performing more detailed analyses.

Analyzing all the calculated values of the autocorrelation functions,
partially for the sake of illustration, shown in Figs. 5-7, it was determined
that they decrease with increasing time delay, or slightly oscillate around
the zero value (the exception is the case of velocity). Bearing in mind
(Bendat & Piersol, 2000), it can be concluded that all the values, except
the vehicle velocity, can be considered as stationary and the theory of
stationary random processes can be used for their identification.

The analysis of all calculated spectrum modules, partially shown in
Figs. 8-10, showed that the largest amplitudes are not unique: they depend
on the measuring place (sprung and unsprung mass), as well as on the
registered value.

In the spectrograms, there are usually three areas where extreme
values are expressed, approximately in 1-2, 9-11 and 17-24 Hz. Based on
(Simi¢, 1980), it can be argued that the resonances in the 1-2 Hz range
originate from the sprung mass, 9-11 from the drive group, and in the range
of 17-24 Hz from the unsprung masses. This statement is important for
programming the test of the observed vehicle in laboratory conditions. It
should be noted that, in practice, the vehicle suspension system is usually
designed according to the resonance of the vertical vibrations of the
sprung and unsprung masses of the vehicle (Mitschke, 1972), which will
not be discussed here.

It is usual to start the initial statistical analysis by applying the so-
called Null hypotheses (Vukadinovi¢, 1973; O Connor & Kleyner, 2012). In
this particular case, the normality of the distribution of the mean value of
the measured quantities was tested, in relation to the basic set (with an
infinite number of members), with a significance level of 5%.

Namely, for the adopted significance level of 0.05, the value gr was
calculated according to the expression (Vukadinovi¢, 1973; O"Connor &
Kleyner, 2012):

gr :T 1)

where
o - standard deviation, and
n - number of samples in the set.
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The hypothesis is confirmed if the absolute value of the mean value
of the registered quantity is smaller than the size gr (Vukadinovi¢, 1973;
O Connor & Kleyner, 2012).

More precisely, using the Statisdem program, an analysis of the
correctness of the adopted Null hypothesis (in the specific case for the
mean value of 0) was performed for all measured quantities (Tables 4, 5
and 6).

Table 4 — Normality test-Null hypothesis-Dependent mass: significance level of 0.05
Tabnuua 4 — Tecm Ha HOpMaslbHOCMb - Macca, 3asucsilasi om Hyseeoul aurnomesbl-
rnodpeccopeHHasi Macca: yposeHb 3Haqumocmu 0,05
Tabena 4 — Tecm HopmanHOCMU — Hy/ima xuromesa — OC/lokeHa mMaca: HUgo
3Ha4ajHocmu 0,05

Long. Lat. Vert. Roll Pitch | Veh.
acc. acc. acc. angle, | angle, | velocity,
m/s? m/s? m/s? 0 0 km/h
Abs. val. of 0.311 0.186 9.798 1.550 | 2.283 | 25.428
middle val.
of sample
Value gr 0.065 0.071 0.062 0.089 | 0.061 | 0.228

Table 5 — Normality test-Null hypothesis-Front unsprung mass: significance level of 0.05
Tabnuya 5 — Tecm Ha HopmansbHocmb - Hyneegas eunome3sa - lNepedHss
HernodpeccopeHHasi Macca: yposeHb 3Haqdumocmu 0,05
Tabena 5 — Tecm HopmanHocmu — Hysima xuriome3sa — rpedra HeoCIOHkeHa Maca: HuUgo
3HayajHocmu 0,05

Long. Lat. Vert. Roll, Pitch, | Yaw, o/s
acc. acc. acc. ols o/s
m/s? m/s? m/s2

Abs. val. of 0.0879 | 0.223 7.248 2.310 | 0.998 | 3.185
middle val. of
sample

Value gr 0.012 0.012 0.048 0.062 | 0.037 | 0.1026

Table 6 — Normality test-Null hypothesis-Rear unsprung mass: significance level of 0.05
Tabnuua 6 — Tecm Ha HopMmanbHOCMb - Hyneeas sunomesa - 3adHss
HerloOpeccopeHHas macca: yposeHb 3Hadumocmu 0,05
Tabesna 6 — Tecm HopmanHoCMu — Hynima xuriome3a — 3a0ka HeOC/IOEeHa Maca: HU8o
3HayvajHocmu 0,05

Long. Lat. Vert. Roll, Pitch, | Yaw, o/s
acc. acc. acc. ols ols
m/s?2 m/s?2 m/s2
Abs. val. of 0.211 0.194 7.337 1.473 0.713 | 1.641
middle val.
of sample
Value gr 0.021 0.020 0.047 0.127 | 0.079 | 0.183
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By analyzing the data from Tables 4, 5 and 6, it can be concluded that
the Null hypothesis was not satisfied in any case, for the significance level
of 0.05 (Vukadinovi¢, 1973). Therefore, alternative hypotheses must be
used, which will be discussed later.

In statistics, there is often a task to define intervals that satisfy the
probability of 0.95 (the significance level of 0.05). The calculations were
performed using the Statisdem program, and the values are shown in
Tables 7, 8 and 9.

Table 7 — Value limits of the measured values of the sprung mass for the significance
level of 0.05
Tabnuya 7 — lNpedernbHble 3Ha4YeHUs1 U3SMEePEeHHbIX 8eTUYUH Mo0pecCcopeHHOU Macchl o
yposHto 3Haqumocmu 0,05
Tabena 7 — paHU4YHe 8pedHOCMU U3MEPEHUX 8e/TU4UHA OC/IOHEHE Mace 3a HUBO
3Ha4ajHocmu 0,05

Long. Lat. Vert. Roll Pitch | Veh.

acc. acc. acc. angle, | angle, | velocity,

m/s? m/s? m/s? ° ° km/h
Min. -7.43 -7.97 -6.90 -8.19 | -6.92 | 0.61
Max. 6.40 8.23 7.04 12.13 | 8.19 28.14

Table 8 — Limits of the values of the measured sizes of the front unsprung mass for the
significance level of 0.05
Tabnuya 8 — lNpedernbHble 3Ha4YeHUSI U3MePEHHbIX 8e/TUYUH nepedHel
HernodpeccopeHHOU Macchl 1o yposHr 3Hadumocmu 0,05
Tabena 8 — paHUYHe 8pedHOCMU U3MEPEHUX 8e/TUYUHA NPedH-e HEOCIIOkEHE Mace 3a
Hueo 3Ha4yajHocmu 0,05

Long. Lat. Vert. Roll, o/s | Pitch, | Yaw,
acc. acc. acc. ols ols
m/s? m/s? m/s2
Min. -1.68 -1.43 -4.24 -6.81 -4,19 | -17.67
Max. 1.20 1.58 3.17 6.60 4,72 15.98

Table 9 — Threshold values of the measured sizes of the rear sprung mass for the
significance level of 0.05
Tabnuuya 9 — lNpedesibHble 3HaYeHUSsT UBMEPEHHbIX 8eJTU4UH 3a0Hel nodpeccopeHHoU
maccbl 1o yposHio 3Hadumocmu 0,05
Tabena 9 — paHu4Ye 8pedHOCMU U3MEPEHUX BENIUYUHA 3a0H-€ HEOCTIOHEHE Mace 3a
Hugo 3HayajHocmu 0,05

Long. Lat. Vert. Roll, Pitch, Yaw,
acc. acc. acc. ols o/s ols
m/s? m/s? m/s?
Min. -2.12 -2.01 -4.16 -10.3 | -7.27 -22.8
Max. 1.66 2.19 4.33 11.61 | 7.92 14.03
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The data from Tables 7, 8 and 9 can be useful when defining the test
conditions of an observed test vehicle in laboratory conditions.

A very important step in amplitude identification is hypothesis testing.
There are several tests for that purpose, but the so-called The
Romanovsky test was used as a simple test and as a superstructure for
the test. x2 which will be briefly explained. The x2 test (Vukadinovi¢, 1973)
is defined as:

N _f 2
7= Z—( ! f_f“) @)
1 ti

where

fi - frequency of the i-th class,

fti - theoretical frequency of the i-th class, and
N - number of classes.

In (Vukadinovi¢, 1973), a simple Romanovski criterion is given, which
is defined by the expression:

172K

J2k

K=N-1-1 (4)

®3)

where

In expression (4):

— N - number of additions in (1) and

— | - the number of unknown parameters in the assumed probability
distribution.

The hypothesis is accepted if R<3, and rejected if R>3.

Bearing in mind that the mean values of the registered values are not
always positive, it was considered expedient to perform hypothesis tests
with Gaussian and Laplace distributions (Vukadinovi¢, 1973; O'Connor &
Kleyner, 2012). Previously, based on experimental and theoretical
distribution functions, using the method of minimizing the square of the
difference, the parameters of the Laplace distribution were identified (this
procedure is based on the application of the Hooke-Jeves method and is
covered in detail in (Demié¢, 1997), so it will not be discussed further). Using
Statistdem software, the values for R were calculated and given in Tables
10, 11 and 12.
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Table 10 — Values of the Romanovsky criterion for the sprung mass
Tabnuua 10 — 3HayeHus kpumepusi PomaHogcko20 01151 1o0peccopeHHOU Macchl
Tabena 10 — BpedHocmu kpumepujyma PomaHO8CKO2 3a OCIIoHeHy Macy

Long. Lat. Vert. Roll Pitch Veh.
acc. acc. acc. angle,® | angle, ° velocity,
m/s? m/s? m/s2 km/h
Gaussian 2.0867 | 5.2975 | 1.5914 | 6.846 6.792 6.841
distribution | E+41 E+12 E+6
Laplace 6.890 6.941 6.922 6.904 6.859 6.920
distribution

Table 11 — Values of the Romanovsky criterion for the front unsprung mass
Tabnuua 11 — 3HayeHusi kpumepusi PomaHoackozo 0risi nepedHeli HernodpeccopeHHOU
maccebl
Tabena 11 — BpeGHocmu Kpumepujyma PomaHogckoe 3a npelHy HEOC/IOHkEHY Macy

Long. Lat. Vert. Roll, Pitch, o/s | Yaw, o/s
acc. acc. acc. ols
m/s? m/s? m/s2
Gaussian 5.668 2.160E | 3.207 2.2769 | 7.970E+0 | 6.838
distribution +02 E+35 4
Laplace 6.836 6.680 6.813 1.967E | 6.861 6.514
distribution +03

Table 12 — Values of the Romanovsky criterion for the rear unsprung mass
Tabnuuya 12 — 3HayeHusi Kpumepusi PomaHogckozo 0r1s1 3adHel HernodpeccopeHHOU
maccebl
Tabena 12 — BpedHocmu kpumepujyma PomaHo8cKoz 3a 3a0tby HEOC/IOHEHY Macy

Long. Lat. Vert. Roll, Pitch, o/s | Yaw, o/s
acc. acc. acc. ols
m/s? m/s? m/s2
Gaussian 9.016E | 4.404E | 7.708E | 1.059E | 2.324E+1 | 6.807
distribution | +08 +03 +12 +10 9
Laplace 6.734 6.741 6.889 6.935 6.929 4.862
distribution

By analyzing the data from Tables 10-12, it can be determined that
not a single registered value is subject to the Gaussian and two-parameter
Laplace distribution. Moreover, in most cases, there is a better match with
the Laplace distribution. Bearing this in mind, it was considered expedient
to perform an additional check using the Kolmogorov-Smirnov test
(Vukadinovi¢, 1973; O Connor & Kleyner, 2012), the idea of which will be
briefly explained.

First, the difference between theoretical and experimental cumulative
probability is formed, and its maximum absolute value is calculated, i.e:
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D, = max|R (x) - R.(x)|, X € (- oc, + ) ©)

where

P. and P. — theoretical and experimental cumulative distributions,
respectively, and

x — the variable whose probability is being analyzed.

The criterion for testing the hypothesis is given by the expression:
LImP(Dn\/ﬁ < /1) = Q(/l) = Z(_l)k e—2k2/12 ()

where

A — evaluation parameter,
k —index, and

Q — probability function.

The procedure consists of calculating the size D,v/n and then for the
adopted significance level, e.g. a=0.05, it is calculated by the desired
probability, i.e.:

Qis=1-a=1- 0.05=0.95 )

Based on expression (7), from the series of the values calculated for
Q as a function of A (calculated using Statistdem software, and there are
also Tables in (Vukadinovic, 1973; O 'Connor & Kleyner, 2012), the
guantity corresponding to the probability of 0.95 is determined, i.e. Aogs. In
this specific case, for the probability of 0.95 (the significance level of 0.05),
Ao.9s=1.363. Now comparing the sizes p,vn with Ao.gs. If D,,v/n is bigger than
1.363, then the hypothesis is rejected.

For further analysis, a value was calculated for all registered sizes
D,\/n and shown in Tables 13, 14 and 15.

Bearing in mind the data from Tables 13, 14 and 15, as well as the
Kolmogorov-Smirnov criterion, it can be claimed that not a single
registered quantity is subject to the Gaussian and Laplace distribution (as
well as in the case of applying the Romanovsky criterion). It was
considered expedient to show some of the approximate results in Figs. 18-
23 for the sake of illustration.
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Table 13 — D,+/n max values for the Kolmogorov-Smirnov test for the sprung mass
Ta6nuua 13 — 3HayeHusi Dy\n Makc. no mecmy Konmozopoea-CmupHosa 0r1si
rnodpeccopeHHoU macchbl
Tabena 13 — BpedHocmu Dp\/n makc. 3a Konmozopos-CMUpHO8 mecm 3a OCroH:eHy

macy
Long. Lat. acc. | Vert. acc. | Roll Pitch Veh.
acc. m/s? m/s2 angle, © angle, °© velocity,
m/s? km/h
Gaussian 70.075 119.973 | 1115.042 | 135.715 423.314 665.677
distribution
Laplace 491.399 | 196.510 | 247.475 542.993 506.152 254.032
distribution

Table 14 — D,.v/n max values for the Kolmogorov-Smirnov test for the front unsprung

mass

Tabnuua 14 — D,\/n makc. sHayeHusi no mecmy Konmozoposa-CmupHosa dnsi nepedHet
HernodpeccopeHHoU Macchl
Tabena 14 — BpedHocmu D,\/n makc. Error! Bookmark not defined.3a Konmozopos-
CmupHO8 mecm 3a rpedrby HEOCIIOHEHY Macy

Long. Lat. acc. | Vert. acc. | Roll, o/s Pitch, o/s | Yaw, o/s
acc. m/s? m/s2
m/s?
Gaussian 113.691 | 255.286 | 1034.683 | 577.797 378.897 491.697
distribution
Laplace 1084.63 | 724.010 | 652.474 404.340 268.824 139.788
distribution | 9

Table 15 — D,,»/n max values for the Kolmogorov-Smirnov test for the rear unsprung

mass

Tabnuua 15 — D,\/n makc. no mecmy Konmozoposa-CmupHosa 0ns 3adHell
HernodpeccopeHHoU Macchl
Tabena 15 — D,\/n makc. 3a Korimo2opos-CMupHo8 mecm 3a 3adkby HEOCIIOHEHY Macy

Long. Lat. acc. | Vert. acc. | Roll, o/s Pitch, o/s | Yaw, o/s
acc. m/s? m/s2
m/s?
Gaussian 139.528 | 208.358 | 958.797 225.617 941.660 475.060
distribution
Laplace 484.170 | 625.340 | 246.347 225.691 279.450 152.903
distribution
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Histogram, %

Sprung mass lateral acceleration, m/s’

Figure 18 — Gaussian approximation of the lateral accelerations of the sprung mass
(B-Experiment, C-Theory)
Puc. 18 — layccosa annpokcumayusi 60K08bIX yYCKOPeHUl MoOpeccopeHHol mMacchl
(B-akcnepumeHnm, C-meopusi)
Cnuka 18 — Naycosa anpokcumauyuja 604HUX ybp3arba OC/IoHEHe Mace
(B —ekcriepumeHm, C — meopuja)

—|
—C

Histogram, %

Sprung mass lateral acceleration, m/s®

Figure 19 — Laplace approximation of the lateral accelerations of the sprung mass
(B-Experiment, C-Theory)
Puc. 19 — Annpokcumauyus Jlannaca nonepeyvHbix yCKOPeHUl nodpeccopeHHoOU mMacchbl
(B-akcriepumeHm, C-meopusi)
Cnuka 19 — Jlannacoea anpokcumayuja 604HUX ybp3ar-a OC/IoOHeHe Mace
(B —ekcriepumeHm, C —meopuja)
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Figure 20 — Gaussian approximation of the rolling angular velocity of the front unsprung
mass (B-Experiment, C-Theory)
Puc. 20 — Mayccoea arnnpokcumayusi y2r1080l CKOpocmu KavyeHusi nepedHel
HeroOpeccopeHHoU maccel (B-akcnepumenm, C-meopus)
Cniuka 20 — [aycoea anpokcumauyuja y2aoHe 6p3uHe earbarba nPedH-e HeOCTIOHEHE
mace (B — ekcriepumeHm, C —meopuja)

Histogram, %

T T T T T T LI
-20 -15 -10 -5 0 5 10 15 20

Roll velocity of front unsprung mass, o/s

Figure 21 — Laplace approximation of the rolling angular velocity of the front sprung mass
(B-Experiment, C-Theory)
Puc. 21 — Annpokcumayusi Jlannaca yanogol ckopocmu KadyeHusi nepedHel
HenodpeccopeHHol macchl (B-akcriepumeHm, C-meopusi)
Cnuka 21 — Jlannacoea anpokcumauyuja y2aoHe 6p3uHe 8arbara rpedHe HeOC/IOHEeHe
mace (B — ekcnnepumeHm, C — meopuja)
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Vertical acceleration of rear unsprung mass, m/s’

Figure 22 — Gaussian approximation of the vertical accelerations of the front unsprung
mass (B-Experiment, C-Theory)
Puc. 22 — ayccosa annpokcumayusi 8epmukarbHbIX yCcKopeHul nepedHel
HernodpeccopeHHoU maccel (B-akcnepumenm, C-meopus)
Crnuka 22 — Naycosa anpokcumayuja eepmukanHux ybpsara npedre HeoC/IomeHe Mmace
(B — ekcriepumerm, C — meopuja)

Histogram, %
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Figure 23 — Laplace approximation of the vertical accelerations of the front unsprung
mass (B-Experiment, C-Theory)
Puc. 23 — Annpokcumayus Jlarnnaca eepmukarnbHbIX ycKopeHul nepedHel
HenodpeccopeHHol macchl (B-akcriepumeHm, C-meopusi)
Cnuka 23 — Jlannacosa anpokcumayuja eepmukasnHux ybp3arba npedre HeoC/10HeHe
mace (B — ekcnnepumeHm, C — meopuja)

670




Based on the data from Tables 13-15, as well as on illustrative Figures
18-23, it can be considered useful to accept the position that the obtained
results can be approximated by the Laplace distribution, in the initial
stages of designing laboratory research of heavy motor vehicles.

We note that the Gaussian distribution is defined by two parameters:
the mean value and the standard deviation given in Tables 1-3. In this
paper, the two-parameter Laplace distribution was used, the parameters
of which were identified by the optimization method and given in Tables 16
and 17.

Table 16 — Parameters of the Laplace distribution for the sprung mass: xi/xz
Tabnuua 16 — lNapamempsi pacnpedeneHusi Jlannaca 01151 NOOPECCOPEHHOU Macchl: X1/Xz2
Tabena 16 — lNapamempu Jlannacose pacriodesne 3a OCroHkeHy Macy: Xi/Xz

Long. Lat. Vert. Roll Pitch Veh.
acc. m/s? | acc. acc. angle,® | angle, ° velocity,
m/s? m/s2 km/h
3.9/2.79 | 5.1/0.62 | 5.7/0.007 | 15.1/1.5 | 9.6/0.016 | 14.6/5.96
6 7

Table 17 — Parameters of the Laplace distribution for the unsprung masses: xu/Xz
Tabnuua 17— MNapamempsi pacripedeneHusi Jlannaca dnsi HernoGpPeCccopeHHbIX Macc:
X1/X2
Tabena 17 — MNapamempu Jlannacose pacrnodesie 3a HEOCIOkEHE Mace: Xi/X2

Long. acc. Lat. acc. Vert. acc. | Roll, o/s | Pitch, Yaw,
m/s? m/s? m/s2 ol/s ols
Front 14.1/0.19 6.2/0.0047 | 6.70/2.63 | 1.90/0.8 | 4.30/- 3.20/1.
5 0.23 07
Rear 6.60/0.0026 | 6.0/-0.042 | 3.50/0.21 | 4.80/- 3.30/1.2 | 3.4/2.8
2.81 4 9

The values from Tables 16 and 17 make it possible to generate the
Laplace distribution during laboratory tests.

Based on the results of the performed analyses (the time identification
parameters - mean values and autocorrelation function, the amplitude
identification parameters - probability density, and the frequency
identification parameters - spectra) it is possible to program research in
laboratory conditions - on shakers. At the same time, depending on the
available types of pulsators, the size that will be reproduced should be
selected. Most often, these are vertical oscillations, but it can be some
other oscillatory movements (it should be noted that pulsators which can
simultaneously generate six excitations are rare).
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Conclusion

In order to understand the possibility of creating conditions for testing
oscillatory loads of sprung and unsprung masses of heavy vehicles in
laboratory conditions, tests were carried out on the FAP 1118 vehicle with
4x4 drive, where the oscillatory parameters were measured in the
operating conditions of the vehicle. The measurements for this research
and the analysis of the change in vehicle velocity, longitudinal, lateral and
vertical acceleration of the front and rear unsprung masses as well as in
the roll, pitch and yaw of the front and rear unsprung masses of the vehicle
showed that the observed measured values belong to the group of random
processes which were identified using time, amplitude and frequency
parameter identification. Mean values, autocorrelation functions,
amplitude spectra and probability density and mean probability were
calculated in the time domain. Frequency analysis was performed using
Analsigdem software, observing the magnitude of the calculated spectra
of longitudinal, lateral and vertical accelerations and roll, pitch and yaw.
Amplitude analysis, i.e. the probability of occurrence of the observed
guantity by levels, was performed for all registered quantities.

After the performed analyses, it was determined that there are
differences in the levels of the registered sizes for both unsprung and
sprung masses. By analyzing all the calculated values of autocorrelation
functions, it was determined that they decrease with increasing time delay,
or slightly oscillate around the zero value (the exception is the case of
velocity), so it can be concluded (Bendat & Piersol, 2000) that all variables,
except the vehicle velocity, can be considered stationary and for their
identification the theory of stationary random processes can be used. The
analyses of all calculated spectrum modules have shown that the highest
amplitudes are not unique, but depend on the measurement location
(sprung or unsprung mass), as well as on the registered size. In
spectrograms, there are usually three areas where extreme values are
expressed; therefore, based on (Simi¢, 1980), it can be claimed that the
resonances in the area of 1-2 Hz originate from the sprung mass, the
resonances in the area of 9-11 originate from the drive group, and those
in the area of 17-24 Hz originate from the unsprung masses. The statistical
analysis of the data began with the analysis of the correctness of the
adopted Null hypothesis, after which the intervals that meet the probability
of 0.95 (the significance level of 0.05) were defined. After this, the
hypothesis was tested using the Romanovski test which represents the
superstructure for the test x2. The analysis of the obtained data found that
not a single registered quantity is subject to the Gaussian and two-
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parameter Laplace distribution, and in most cases, the agreement with the
Laplace distribution is better. With an additional check using the
Komogorov-Smirnov test, one can accept the position that the obtained
results can be approximated by the Laplace distribution, in the initial
stages of designing laboratory research of heavy motor vehicles. The
values of longitudinal, lateral and vertical acceleration, roll, pitch and
vehicle velocity were obtained as the parameters of the Laplace
transformation for sprung and unsprung vehicle masses.

Depending on the available types of pulsators in laboratories, but also
on the necessary analyses of oscillatory load parameters of sprung and
unsprung vehicle masses, it is necessary to choose an adequate size that
will be reproduced. Most often, these are vertical oscillations, but it can
also be some other oscillatory movement. Values of vertical oscillations
are most commonly used since they can be reproduced relatively easily
on pulsators with a single excitation. Such laboratory tests in most cases
give high-quality results of oscillatory loads of supported and unsupported
masses of freight vehicles and are used most often.

For more complex research and experiments, data were obtained for
longitudinal and lateral accelerations as well as for angular speeds of
rolling and galloping of the supported and unsupported mass of a vehicle.
However, the use of all the mentioned quantities in laboratory conditions
can be realized by using special pulsators which can generate six
excitation types. Such pulsators are rare and are used for complex tests in
laboratories.
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Bknag B nccnegosaHve konebaTenbHbIX HAarpy30K NOAPECCOPEHHbIX U
HenogpeCcCOPEHHbIX Mace C Lernbio CO34aHns ycnoBun ang
nabopaTopHbIX UCNbITaHWUI PY30BbLIX aBTOMObMNEn

Mupocnae [. Oemny?, Anekcardp C. [xypu4®, KOppecnogeHT,
AnexcaHdp P. Mpkuue, Momup M. [Opakynuu®, [Cnasko Myxaeka®|
a Akapemunst uHxeHepHbix Hayk Cepbun, r. Benrpag, Pecny6nuka Cepbus

6 YuueepcuteT 060poHb! B I. Benrpaa, BoeHHasa akagemus, aenapTameHT
BOEHHOr0 MalLMHOCTpoeHus, . benrpaa, Pecny6nuka Cepbus

& ABToMoTO (hbepepaumsi Cepbuun, LieHTp aBTOTpaHCcnopTa,
r. benrpag, Pecnybnuka Cepbua

PYBPUKA TPHTW: 55.43.00 ABTomobunectpoeHne
BWO CTATbW: opurmHansHas Hay4Has ctaTbd

Pesrome:

Beederue/uyenb:  Aemomobunu  npedcmaensom  cobol  CrIOXHble
OuHamu4veckue cucmembl, 00YCrI08/1EHHbIE  MPOCMPAHCMBEHHbLIMU
rnepemeuwieHUsIMU, U3MeHeHUeM Xxapakmepucmuk demareli 8 npoyecce ux
aKcrinyamauyuu, 6onbwum Korudecmeom eo3delicmeuli U 803MyueHuUd,
rosiernieHUeM  loghmos,  mpeHusi, eucmepe3uca U m. 0.
BoiweynomsiHymble  QuHamuyeckue siereHusi, 0cobeHHo eubpauuu,
8bI3bI8AIOM yCmasiocmb 800UMeris U MaccaXupos, Cokpaujarom CpOoK
cnyx6bl asmomoburis u e2o cucmem u m. 0.

Memodkl: B ocHo8HOM Q8UXeHUe asmompaHcriopma ocyulecmersiemcsi
10 HeposHbIM Gopo2aM U KpUuBOSIUHEUHbIM y4yacmkam. KonebamernbHbie
08UXXEHUS 8bI3blgalom ycmarnocmb Mamepuasia oemasel MawuHbl, a
makxxe OKasblearom Hez2amueHoe esiusHue Ha 300posbe ritodel. Bom
royeMy ewje Ha amarie rPoeKMmMuUpPo8aHusi agmomobursisi ocoboe sHUMaHue
Heobxodumo ydensamb coeriacosaHur0 e3aumoodelicmausi O8UXeHUU
noocucmem, U 8 YyacmHocmu, cucmembl rnoosecku asmomobuns. [ns
amux ueneld Mmoeym Obimb  UCMOMb308aHbI  MeopemuYecKue,
9KCriepuMeHmarsibHble  Unu  KOMOUHUpPO8aHHble ~ Memoldbl.  VIMEeHHO
103MOMY OYE€Hb [10J/IE3HO UMEeMb 3KCrepuMeHmarbHble pe3yrbmamal
KonebaHuli rodcucmembl asmoMoburid 8 yCriogusix 3Kcryamauuu.
Llenbto OaHHO20 uccriedosaHusi ObI10  UCMOIb308aHUE OBLXKEHUS
epy3oe8o20 asmomoburnsa @Al 1118 ¢ nonHbIM rpueodoM 8 ycro8usiX
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3Kcrlyamayuu (u3-3a 6osiee 8bICOKOU CKOPOCMU 6 QOPOXHBIX YCI108USIX)
017 onpedeneHusi ycrnosul ucnbimaHull KoebamesbHbIX Hazgpy30K 6
1abopamopHbIX yCrI08USIX.

Pesynbmambi: Omo cmano 603MOXHbIM 651a20dapsi peaucmpauuu u
uéeHmuchbukayuu cmamucmu4YecKux napamempoe
3apeaucmpupoBaHHbIX 8eTUYUH.

Bbi1800bi1: OCHO8bIBasICb Ha U3MEPEHHbLIX OaHHbIX, UCC1ed08aHUE MOXHO
3anpoepamMmuposame Ha ryrscamopax 8 labopamopHbIX yCrio8usiX U rpu
3mowm ebibpamp 3Ha4YeHUs1, Komopabie 6yOym 80CrpouU38oOUMLCS.

Kntoyesble crosa: epy3oeoli asmomobusb, [M0OPecCopPeHHble U
HernodpeccopeHHble macchbl, KkonebamersibHble Hazpy3Ku,
Jn1abopamopHbIe ucnbimaHUsi.

Mpunor nctpaxunsarwy ocunnaTtopHmx ontepehera oCnoreHe 1
HeOoCrnoweHMX Maca pagu cTBapara ycrnosa 3a naboparopujcka
UCNMTNBaHa TEPETHMX MOTOPHMX BO3WUNa

Mupocnae [. Oemvh?, AnekcaHdap C. ypuh®, ayTop 3a npenucky,
AnekcaHdap P. I'pkuh?, Momup M. Opakynuh®| Craeko Myxpeka®|
@ Akagemuja nHxenepcknx Hayka Cpbwje, beorpaa, Peny6nuka Cpbuja
6 Yuueepautet onbpare y Georpany, BojHa akagemuja,

Kateppa BojHOMaLLMHCKOT UHXekepcTBa, beorpaa, Penybnuka Cpbuja,

B Ayto-moTO caBe3 Cpbuje, LieHTap 3a MoTOpHa BO3una,
Beorpapg, Penybnuka Cpbuja

OBJIACT: MalmnHcTBO
KATETOPUJA (TUM) YIAHKA: opyruHanHu Hay4Hu paa

Caxemak:

Yeod/yurb: MomopHa eo3uria cy CrioxeHuU OuHaMu4Yku cucmemu 3602
MPOCMOPHUX IOMeparba, MPOMEeHe Kapakmepucmuka KOMIOHeHmMu
MOKOM >KUBOMHO2 B8eKa, eesluko2 bpoja ymuuaja u cMemrsu, rojase
3a3opa, mpema, xucmepesuca umod. [lomeHyme OuHamuuke rnojase,
rnocebHo subpayuje, uszasusajy 3amMop eosadya U MymHuKa, CMaryjy 6eK
803uria U He208UxX cucmema.

Memode: MomopHa eo3urnia 4Yecmo ce Kpehy o HepasHOM nymy u
KPUBOSUHUJCKUM Mymarama y pasHu rnyma. OcyuramopHa Kpemara
u3asueajy 3amMop Mamepujana 0esioga eo3uria, asau He2amugHO ymudy u
Ha 30paerbe sbydu. 3602 moaa ce, jow y gha3u rpojekmosar-a MOmMopPHoO2
eo3uria, Mopa rnoceemumu rnocebHa rnaxrba ycaanawasary melycobHoe
Kpemarsa rnodcucmema, a nocebHo cucmema 3a oc/iaHar-e 803una. Y me
cepxe Moey Cce Kopucmumu meopujcke, €eKCcriepuMeHmarnHe umnu
KombuHosaHe mMemode. 3602 moza je seoMa KopucHO rocedogsamu U
eKcriepuMeHmar+e pesynmame ocuyunosarka rnodcucmema eosuna y
ekcrinoamauyuoHuMm ycrosuma. Cmoeaa je yurb oeoe pada buo Oa ce
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Kpemare eo3una @Al 1118, copmyne moykoea 4x4, y
eKcriioamayuoHUM ycrioguma (36oe eefiux bp3uHa — y ycrioguma Ha riymy)
uckopucmu 3a OegbuHucarbe ycrio8a 3a UCMUMUBaHe OCUUMaMOPHUX
onmepehera y nabopamopujckum ycroguma.

Pesynmamu: To je omozyheHO peaucmposarseM u udeHmuguKkauujom
Cmamucmuy4Kux rnapamemapa peaucmposaHux 6elu4uHa.

Sakrbyyak: Ha ocHosy u3amepeHux nodamaka ucmpaxueare ce MoXe
npozpamupamu Ha rysncamopuma y fabopamopujckum ycrosuma, a
ucmospemeHo je moayhe usabpamu eenudquHy koja he ce
pernpodykosamu.

KrbyyHe pedu: mepemHo MOMOPHO 803UJS10, OC/IOHEHE U HEOC/IOH-EHE
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Abstract:

Introduction/purpose: Thin plates made of high—strength steel are
frequently used both in civil and military ballistic protection systems. In order
to choose an appropriate type of alloy, it is necessary to fulfil a number of
criteria, such as the condition of use, the desired ballistic performance,
weight, dimensions, and price. This paper presents a numerical analysis of
the penetration of a 30mm armor-piercing projectile with a velocity of
750m/s into steel alloy Weldox 460 plates of different thicknesses at a
distance of 1000m .

Methods: The analysis has been performed using numerical methods and
finite element modeling to calculate stresses and deformation caused by
the penetration effect. For defining material characteristics, the Johnson-
Cook material model and the fracture of materials model have been used.
In this paper, the software packages FEMAP and LS Dyna have been used
for defining models and performing numerical calculations.

Results: The results of the performed numerical analysis as well as the
obtained stress and displacement values are presented for four different
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armor plate thicknesses: 30mm, 33mm, 34mm, and 40mm. The results
show a penetration effect and an interaction between the projectile and the
armor plate.

Conclusion: Modeling the impact on armor-piercing obstacles is very
complex, extensive, and demanding, and the formed models approximate
the real problem of projectile penetration in a very successful way (or with
a certain deviation). In recent times, the analysis using the finite element
method has proven to be one of effective approaches to solving such and
similar problems. The material and the dimensions of the obstacle, as well
as the material and the ballistic parameters of the projectile have the
greatest influence on projectile penetration. Keeping all the input
parameters at the same level and increasing the thickness of the target
leads to its increased resistance to penetration.

Keywords: armor, projectile, penetration, Weldox 460, numerical methods.

Introduction

Studying the effect of impact loads and, as a consequence, the
resulting damage in a structure, is very demanding and complex. This
stems from the very nature of the process, which is a dynamic event, as
well as from the problem of defining the resulting damage.

Ballistic penetration is an extremely complex mechanical process that
has been researched for more than 200 years. Today, three different
directions of research into the problem of penetration can be defined:
empirical, analytical, and numerical.

The empirical approach is based on the formation of appropriate
relationships between relevant quantities on the basis of experimentally
established dependencies. In contrast, analytical methods are
characterized by the development of relatively simple models of the
penetration process and the application of relevant equations of movement
and material behavior, while the numerical approach is characterized by
the discretization of the structure into smaller elements and the application
of the fundamental laws of physics to each element individually. Each of
the three methods for studying penetration has advantages and
disadvantages. Numerical analysis has proven to be capable of
determining exact solutions for very complex problems, but it is necessary
to invest a lot of time for the required calculations. In most cases, it is best
to use a combination of all three approaches. Due to the need for
computing resources and the costs of performing a large number of
parametric studies, there is a considerable interest in transitional solutions
or approximate engineering modeling.
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Armor-piercing projectiles are intended to destroy armored targets.
They penetrate armor thanks to the enormous kinetic energy they have at
the moment of collision with an obstacle and the great endurance of their
bodies. The importance of the study of penetration is reflected in its
application, which has two aspects. The basic field of application is military
technique, considering that penetration is one of the most important
mechanisms involved in projectile construction, i.e., terminal ballistics.

The consideration of the penetration process is of fundamental
importance for the optimization of projectiles with a penetrating effect, as
well as for the design of armor protection. On the other hand, there are
also numerous civilian applications of the penetration process, such as the
protection of facilities (e.g., nuclear power plants), as well as applications
in mining and construction.

In this paper, a numerical simulation of the penetration process of a
30mm anti-aircraft armor projectile into plates made of Weldox 460 alloy
of different thicknesses have been done. The drawing of the projectile
design used in this analysis is shown in Figure 1.

]
]

2314
2296
@ 30

=
b

044

23 , 84
139

Figure 1 — 30mm projectile, drawing
Puc. 1 — CHapsd 30mm, pucyHoK
Cnuka 1 — lNpojekmun 30 mm, upmex

The projectile body is made of three different materials:
- Steel AISI4340 - projectile core,

- Steel AISI1006 — ballistic cap, and

- Copper — driving ring.

The plate is made of armor steel Weldox 460. A 3D model of the
projectile design is shown in Figures 2 and 3.
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Figure 2 — 30mm projectile, 3D model
Puc. 2 — CHaps0 30mm, 3/ modesnb
Crniuka 2 — lpojekmurn 30 mm, moden 34

Figure 3 — 30mm projectile parts, 3D model
Puc. 3 — Yacmu cHapsida 30mm, 3] modenb
Cnuka 3 — [Jenosu npojekmuna 30 mm, moden 34

The ballistic characteristics of the projectile are presented in Table 1.

Table 1 — Ballistic characteristics of the 30mm projectile
Tabnuua 1 — bannucmuyeckue xapakmepucmuku cHapsida 30Mm
Tabena 1 — banucmuuyke kapakmepucmuke rpojekmuna 30 mm

Caliber dxl 30 x 165 mm
Projectile weight m 0,4 kg
Projectile velocity (at a distance of 0 m) Vo 970 m/s
Projectile velocity (at a distance of 1000 m) | Viooo 750 m/s
Max pressure at 15°C Pmax < 3500 bar
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Theoretical basis

Penetration process

All bodies filled with explosives or some other substance capable of
causing a certain effect on the target are called by a common name —
ammunition. Today, a large number of different types of ammunition are in
use and are distinguished from each other by purpose, shape, structural
parameters, launch method, effect on the target, etc.

This type of projectile is used in cannons from 20mm caliber up to the
heaviest ones, that is, in all cannons where it is possible to give the
projectile such an initial speed that the trajectory is flat, and the impact
speed is such that the kinetic energy of the projectile is sufficient to
overcome the resistance of a hard obstacle — body armor.

The armor-piercing projectile penetrates the armor thanks to the
kinetic energy it has at the moment of collision with the armor and the great
endurance of its body.

Penetration, i.e., breaking through, is the process of movement of the
penetrator through an obstacle. Every movable body designed for
penetration is called a penetrator, and the target body exposed to the
influence of a moving penetrator is called an obstacle. The study of the
penetration process is of great importance both in the field of civilian
application and in the field of military technology.

Terminal ballistics is one of the basic disciplines that deals with the
definition of penetration mechanisms, which significantly contributes to the
optimization of the design of projectiles with a penetrating and destructive
effect, as well as to the design of armor protection.

On the other hand, there are also numerous civilian applications of
the penetration process, such as the protection of buildings, etc.
Applications for military purposes are certainly a priority and the most
important driver of research in the field of penetration (Elek, 2018).

The basic types of penetration processes characteristic of armor-
piercing ammunition are shown in Figure 4.
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Figure 4 — Basic types of penetration processes
Puc. 4 — OcHO8HbIe murbl MPOYECCO8 MPOHUKHOBEHUSI
Cnuka 4 — OcHo8HU munosu neHempayuoHUX rnpoueca

Depending on the outcome of the penetration process, four different
cases are distinguished:

- Penetration —implies the passage of the entire penetrator through the
obstacle, whereby a regular, approximately cylindrical opening is
formed in the obstacle,

- Limited penetration — represents the borderline case of penetration
because the opening in the obstacle is irregularly shaped and has a
smaller area than the area of the cross-section of the penetrator, in
contrast to a breakthrough, i.e. only parts of the broken penetrator
pass through the opening,

- Semi penetration — characterized by stopping (jamming) of the
penetrator in an obstacle or breaking it during penetration, and

- Ricochet — represents the repulsion of the penetrator due to sliding
on the surface of the obstacle if it is inclined.

The penetrating power of a penetrator is the ability to break through
an obstacle. Increasing penetrating power of the penetrator can be
achieved by increasing the length and density of the penetrator, as well as
by reducing its diameter. Conversely, the ability to resist penetration
represents the resilience of an obstacle. Increasing the resistance of the
obstacle is achieved by increasing its thickness and density, as well as by
improving the mechanical characteristics of the material (Elek, 2018).

In the last few years, a large number of papers in the field of ballistic
penetration have been published. Some of them contain detailed
descriptions and give certain recommendations for various engineering
models and numerical techniques, and there are also activities on the
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development of new models of the penetration process. In addition, great
efforts have been made to obtain models and algorithms for simulating the
actual response of materials under high-velocity loading. Equations of
state and the calculation of strength effects require the definition of
constitutive models.

Johnson-Cook material model

Johnson and Cook proposed a semi-experimental constitutive model
for metals characterized by high stresses, high strain rates and high
temperatures. Each of the phenomena (strain hardening, strain hardening
rate and thermal softening) is represented by an independent factor.
Taking all factors into account, yield stress is obtained as a function of
effective plastic strain, rate of plastic strain and temperature (Wang & Shi,
2013; Liu et al, 2012).

Johnson and Cook represent yield stress by equation 1:

o, = (A+Bg,")(1 + clné")(1 —T*™) (1)

where A is the initial yield stress, B is the reinforcement coefficient, n is the
amplification exponent, ¢ is the deformation rate constant and m is the
thermal softening exponent.

&, Is the effective plastic deformation and ¢* is the effective plastic strain

rate for §, = 1s~! given by equation 2:

g=22 )
€o
Temperature is given by equation 3:
T* = T — Troom (3)

Tmelt - Troom

where T,,,m IS the room temperature and T,,.;; is the material melting
temperature.

The constants for materials are determined by various types of tests,
such as tensile test, Hopkinson rod test, etc.

The deformation of the material during damage is given by equation
4:

el =[Dy + D, exp(D30*)](1 + Dy Ilne*)(1 + DsT) (4)

where D;,i = 1,...,5 are the parameters that define the material damage
criteria and ¢*is the ratio of the pressure divided by the effective stress.

Material failure occurs when the parameter (equation 5):
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€
p=) £ (5)
reaches the value of 1.

Mie-Grlneisen equation of state

The Mie—Grlneisen equation of state represents the relationship
between pressure and volume of a solid at a given temperature. It is used
to determine the pressure in solids exposed to high pressure for a short
period of time. There are several different relations that define a given
dependency. Grineisen's model can be presented in the form given by
equation 6 (Heuzé, 2012; Wilkins, 1999):

dp
fo= V(dE)V ©
where [, is the Grineisen parameter which represents the thermal
pressure arising from a set of vibrating atoms, V is the volume, p is the
pressure and E is the internal energy.

If it is assumed that I, does not depend on pressure and internal

energy, it can be written (equation 7):

I
p—po =7 (E— Eo) (7)

where p, is the reference pressure at a temperature T = 0K and E, is the
reference internal energy at a temperature T = 0OK.

In that case, p, and E, are also independent of temperature, so the
values of these parameters can be estimated from Hugoniot's equation-
equation 8, 9 and 10 (Heuzé, 2012; Wilkins, 1999).

One version of the equation of state is

I7
pOCOZX (1 - 70)()

(1-sy)?

p
x=1-= ©9)
dUs (10)

S =
du,

where C, is the speed of sound through the material, p, is the initial density
of the material, p is the current density of the material, I, is the Griineisen
parameter, s is the linear slope coefficient of Hugoniot's line, U; is the
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shock wave speed, U, is the particle velocity and E is the internal energy
per unit of reference volume.

Material characteristics

The Johnson-Cook's parameters for different types of materials used
in the numerical simulation of the penetration of a 30mm armor-piercing
projectile are defined in Table 2 and the temperature parameters are given
in Table 3. In Table 4, the damage parameters for the same materials are
defined. These parameters are defining the Johnson—-Cook material model
used in numerical simulations (Murthy & Santhanakrishnanan, 2020;

Bataev et al, 2019; Champagneet al, 2010; Rezasefatet al, 2018).

Table 2 — Johnson—Cook parameters for different materials
Tabnuuya 2 — Napamempsi [JxoHcoHa—Kyka dns pa3nu4Hbix Mamepuanos
Tabena 2 — [loHcoH—KyKkoeu napamempu 3a pasfuqyume Mamepujane

Material A [MPa] | B [MPa] n C M
Steel AISI 4340 792 510 0.26 0.014 1.03
Steel AISI 1006 350 275 0.36 0.022 1
Copper 90 292 0.31 0.025 1.09
Weldox 460 490 807 0.73 0.0114 0.94

Table 3 — Thermal characteristics for different materials
Tabnuya 3 — Ternosble xapakmepucmuKku pasfuyHbIX Mamepuasnos
Tabena 3 — Tepmuyke Kapakmepucmuke 3a pa3nu4yume Mamepujarne

Material Theit [K] Cp [J/kgK]
Steel AISI 4340 1793 477
Steel AISI 1006 1811 450
Copper 1356 383
Weldox 460 1800 452

Table 4 — Damage parameters for different materials
Tabnuua 4 — MNapamempsbi nogpexx0eHuUs1 pa3nuyHbIX Mamepuasios
Tabena 4 — lNapamempu owmehera 3a pasnuyume mMamepujane

Material D, D> D3 Da Ds
Steel AISI 4340 0.05 3.44 —-2.12 0.002 0.61
Steel AISI 1006 —0.8 2.1 -0.5 0.0002 0.61
Copper 0.54 4.89 -3.03 0.014 1.12
Weldox 460 0.0705 1.732 —0.54 —0.015 0
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Table 5 defines the parameters of the equation of state for different
materials used in the numerical simulation.
Table 5 — Equation of state parameters for different materials

Tabnuya 5 — Napamempbl ypagHeHUs COCMOSIHUS Pa3/iuYHbIX Mamepuasnos
Tabena 5 — lNapamempu jeGHa4yuHe cmakrsa 3a pasnudume Mamepujane

Material Co [mm/s] S Iy

Steel AISI 4340 3.850-10° 1.354 1.707
Steel AISI 1006 3.075:10° 1.294 1.587
Copper 3.940-10° 1.489 1.990
Weldox 460 3.574-10° 1.920 1.690

Finite element modeling

The creation of the model using the finite element method is
performed on the basis of the existing projectile 3D model. Since the
analysis system has two symmetry planes (along the projectile axis), a
guarter model is created to obtain faster calculation results. In accordance
with the shape and construction of the tested projectiles and the plate, in
order to properly define the network, a 3D eight-nodes element type hexa
is used. The projectile and plate models are shown in Figures 5, 6 and 7.
The finite element model of the projectile is modeled using 141000 nodes
and 127000 elements, while the 10mm thick plate is modeled using
1275000 nodes and 1200000 elements. The average size of the elements
is 0.5mm.

Figure 5 — FEM model of the projectile and the plate, isometry
Puc. 5 — MK3-mo0enb cHapsida u nnacmuHbl, U30Mempusi
Cnuka 5 — MKE moden npojekmuna u nsiode, usomempuja

687

Pantovi¢, P. et al, Numerical analysis of the penetration process of a 30mm armor-piercing projectile, pp.678-710



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 3

Figure 6 — FEM model of the projectile and the plate, side view
Puc. 6 — MK3-modenb cHapsida u nnacmuHbl, 8Uud cb6oKy
Cnuka 6 — MKE moden npojekmuna u nnoyve, 604Hu noaned

Figure 7 — FEM model of the projectile elements
Puc. 7 — MK3 modenb anemeHmos cHapsida
Cnuka 7 — MKE moden ennemeHama ripojekmurna

After creating the projectile model and the plate model, the initial and
boundary conditions are defined.

Numerical simulation of the penetration process is performed for the
value of the projectile impact speed of 750m/s. The reason for choosing
this velocity value is that, for 30mm armor-piercing ammunition,
penetration is defined at a distance of 1000m from the mouth of the cannon
barrel, and the defined velocity of the projectile is a table value at that
distance.

Results and discussion

In this chapter, the results for four different cases are presented.
Every case represents one plate thickness: 30mm, 40mm and two
additional cases for determining the projectile maximum penetration:
33mm and 34mm.

By increasing the thickness of the armor plate, probability that the
projectile will have full or partial penetration decreases, and vice versa.

In each case, the constant parameter is the projectile velocity and it
has a value of 750m/s.
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Case 1 — Plate thickness of 30mm

Figures 8-13 show the Von Misses equivalent stress and penetration
effect for armor plate Weldox 460 with a thickness of 30mm.

Penetration - Weldox 460, e=30mm, Vo=750m/s

Time= 0 Effective Stress (v-m)

Contours of Effective Stress (v-m) 5.204e-18

min=0, at elem# 92069

max=5.20417¢-18, at elem# 169376 4.554e18 _|
3.903e-18 _|
3.253e-18 _
2.602e-16 _|
1.952e-18 _|

1.301e-18

6.505e-1 B:I
0.000e+00

f.

Figure 8 — Von Misses equivalent stress, step 1 — case 1
Puc. 8 — OksusaneHmHoe HanpsixeHue ®oH Musuca, waz 1 — cnyyal 1
Crniuka 8 — BoH Mucecos ekgugsanieHmHU HaroH, kopak 1 — cryyqaj 1

Penetration - Weldox 460, e=30mm, Vo=750m/s

Time = 4.2586€-005 Effective Stress (v-m)
Contours of Effective Stress (v-m) 1.257e403
min=0.0891641, at elem# 235919 100kt
max=1256.68, at elem# 147366 100e+03_|

9.425e402 _|
7.855e402 _
6.284e402
4.713e+02_|
31426402

1.572e+02

8.916e-02 |

£

Figure 9 — Von Misses equivalent stress, step 2 — case 1
Puc. 9 — OkeusaneHmHoe HanpsixeHue ®oH Musuca, wae 2 — cnydal 1
Cnuka 9 — BoH Mucecoe ekgugarnieHmHU HarloH, Kopak 2 — ciyqaj 1
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z;r:gu:\)t;&r; 3;3Weldox 460, e=30mm, Vo=750m/s Effective Stress (v-m)

Contours of Effective Stress (v-m) 1.371e403

min=0.216398, at elem# 92163 1.2000+03

max=1371.48, at elem# 225752 ‘
1.029e403 _

85736402 __
6.858e+02

5144402 ]

3.430e+02

1.716e+02 ]
2.164e-01

Figure 10 — Von Misses equivalent stress, step 3 — case 1
Puc. 10 — 3ksusaneHmHoe HanpsikeHue ®oH Mu3uca, wae 3 — cryqali 1
Cnuka 10 — BoH Mucecoe exksuganeHmHu HaroH, kopak 3 — criyyqaj 1

Penetration - Weldox 460, e=30mm, Vo=750m/s

Time = 0.00025989 Effective Stress (v-m)
Contours of Effective Stress (v-m) 1.389e403
min=13.352, at elem# 1201008 o
max=1388.98, at elem# 200549 1.217e403
1.045e403 _
87316402 _
7.012e+02
5.292e+02 |
3573402
1.853e402 ]
1.335e+401

£

Figure 11 — Von Misses equivalent stress, step 4 — case 1
Puc. 11 — OkeusaneHm+oe HanpsixeHue @oH Mu3suca, wae 4 — ciydal 1
Cnuka 11 — BoH Mucecoe eksuganeHmHuU HaroH, kopak 4 — crydaj 1
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Penetration - Weldox 460, e=30mm, Vo=750m/s
Time = 0.00039027

Contours of Effective Stress (v-m)

min=7.85427, at elem# 253331

max=1246.89, at elem# 214705

Effective Stress (v-m)
1.247e+03
1.092e+03 ]

- 9.371e402 |
. 7.823e+02 _
P, 6.274e402

. 4.725e+02 :ﬂ
3.176e+02
1.627e+02 ]
7.854e+00

£

Figure 12 — Von Misses equivalent stress, step 5 — case 1
Puc. 12 — 3ksusaneHmHoe HanpsikeHue ®oH Mu3uca, wae 5 — cnyqali 1
Cnuka 12 — BoH Mucecoe ekguganeHmHu HaroH, kopak 5 — criyyaj 1

Penetration - Weldox 460, e=30mm, Vo=750m/s
Time= 00005

Contours of Effective Stress (v-m)

min=2.99138, at elem# 377376

max=1231.99, at elem# 258650

Effective Stress (v-m)
1.232¢403
1.078e+03_M
0.247e+02_\\

- 77116402 _

6.175e+402__

e 46308402 1|

- 31020402

1.566e+402 ]

2.991e+00

f.

Figure 13 — Von Misses equivalent stress, step 6 — case 1
Puc. 13 — 3ksusaneHmHoe HanpsykeHue ®oH Mu3suca, wae 6 — criyqal 1
Crnuka 13 — BoH Mucecoe ekguganeHmHu HaroH, kopak 6 — criyyaj 1

As the results from Figures 8-13 show, the projectile has sufficient
kinetic energy to achieve a full penetration effect in the plate of a thickness
of 30mm. A large number of fragments are created behind the armor plate
as separated parts of both the projectile and the plate.

691

Pantovi¢, P. et al, Numerical analysis of the penetration process of a 30mm armor-piercing projectile, pp.678-710



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 3

Figure 14 shows the projectile velocity from the moment when it starts
penetration into the plate until the moment of passing through the plate.
The projectile velocity after penetration is 220m/s.

0.8 Penetration - Weldox 480, e=30mm, Vo=750m/s

Velocity [mm/s] (E+6)

04

Time [s] (E-03)

Figure 14 — Projectile speed as a function of time — case 1
Puc. 14 — Ckopocmb cHapsiGa Kak QoyHKUUsI epemeHu — cryydal 1
Cnuka 14 — Bp3uHa npojekmurna y QoyHKYuju epemeHa — criydaj 1

Figure 15 shows plate displacement as a function of time. It shows
that the first movement of the plate occurs after 0.1ms. The maximum plate
displacement is 1.4mm.

i% Penetration - Weldox 460, e=30mm, Vo=750m/s

Displacement [mm]

0 01 02 03 ‘ 04
Time [s] (E-03)

Figure 15 — Plate displacement as a function of time — case 1
Puc. 15 — CmeuweHue nnacmuHbl Kak QoyHKUUSI epeMeHu — cry4dal 1
Cnukal5 — lNomepatbe nnoye y hyHKUuju epemeHa — criyyvaj 1
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Case 2 — Plate thickness of 40mm

Figures 16-21 show the Von Misses equivalent stress and penetration
effect for armor plate Weldox 460 with a thickness of 40mm.

Penetration - Weldox 460, e=40mm, Vo=750m/s

Time= 0 Effective Stress (v-m)
Contours of Effective Stress (v-m} 5.204e-18
min=0, at elem# 92069 ey |
max=5.20417¢-18, at elem# 169376 .554e-18 _|

3.903e-18 _
3.25%€-18 _
2.602e-18 _
1.052e-18 __

1.301e-18

E.ﬁUEE-ﬂ]
0.000e+00

£

Figure 16 — Von Misses equivalent stress, step 1 — case 2
Puc. 16 — 3ksusaneHmHoe HanpsikeHue ®oH Mu3suca, wae 1 — cryval 2
Cniuka 16 — BoH Mucecoe exkgueaneHmHuU HaroH, kopak 1 — criyyaj 2

Penetration - Weldox 460, e=40mm, Vo=750m/s

Time = 4.2662e-005 Effective Stress (v-m)
Contours of Effective Stress (v-m) 1.254e403
min=0.0836077, at elem# 1238918 s
max=1253.94, at elem# 147704 =+
9.405e+02 _|
7.837e402 _
6.270e+02 _|
4.703e402 _
31350402
1.568e+02

8.361e-02 _|

f.

Figure 17 — Von Misses equivalent stress, step 2 — case 2
Puc. 17 — OksusaneHmHoe HanpsixeHue ®oH Mu3suca, wae 2 — crydad 2
Cnuka 17 — BoH Mucecoe exksusaneHmHuU HaroH, Kopak 2 — crnyyaj 2
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P - Weldox 460, e=40mm, Vo=750m/s
Time = 9.4904e-005 Effective Stress (v-m)

Contours of Effective Stress (v-m) 13750403

Min=0.212496, at elem# 160308

Max=1374.74, at elem# 208805 12000803
10316403 _
8503402 _
6.875¢402

5.157e+02 _|

3.438e+02

1.7202002]
2.125e-01

f.

Figure 18 — Von Misses equivalent stress, step 3 — case 2
Puc. 18 — 3ksusaneHmHoe HanpsikeHue ®oH Mu3suca, wae 3 — criyqal 2
Cnuka 18 — BoH Mucecoe eksuganeHmHuU HaroH, kopak 3 — cryyaj 2

censtiation go;aWelﬂo)( 480, , Vo=750m/s Effective Stress (v-m)

Contours of Effective Stress (v-m) 1.360e+03

min=0.213818, at elem# 93008

max=1360.17, at elem# 103552 1.190:«7:!
1.020e403_|
85028402 __
68026402 __
51020402 ]

3.402e+02

1,7023‘02]
2.138e-01

£

Figure 19 — Von Misses equivalent stress, step 4 — case 2
Puc. 19 — OkeusaneHm+oe HanpsixeHue @oH Mu3suca, wae 4 — ciydal 2
Cnuka 19 — BoH Mucecoe ekguganeHmHu HaroH, Kopak 4 — criydaj 2
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Penetration - Weldox 460, e=40mm, Vo=750m/s
Time = 0.00039094 Effective Stress (v-m)

Contours of Effective Stress (v-m) 1.263e+03

min=0.228608, at elem# 221295 11056403

Max=1262.89, at elem# 205706 3 5
9.472¢402 _
7.804e402 _

6.316e402 _|
arsresoz ||
31596402
1.581e402
2.286e-01

f

Figure 20 — Von Misses equivalent stress, step 5 — case 2
Puc. 20 — 3ksusaneHmHoe HanpsikeHue ®oH Mu3suca, wae 5 — criyqal 2
Crniuka 20 — BoH Mucecoe ekeueaneHmHu HaroH, Kopak 5 criyyaj 2

Penetration - Weldox 460, e=40mm, Vo=750m/s
Time=  0.0005 Effective Stress (v-m)

Contours of Effective Stress (v-m) 1271403

min=4.19658, at elem 880779 Se5its

max=1271.36, at elem# 218865 b
0.546e402 _|
7.9626402_
6.378+02_|

"

arodes02 ||
32106402
1.626e+02

4.197e+00
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Figure 21 — Von Misses equivalent stress, step 6 — case 2
Puc. 21 — 3ksusaneHmHoe HanpsixkeHue ®oH Mu3uca, wae 6 — cryqal 2
Crnuka 21 — BoH Mucecoe eksusaneHmHuU HaroH, kopak 6 — criyyaj 2

As the results from Figures 16-21 show, the projectile does not have
sufficient kinetic energy to achieve a penetration effect in the plate of a
thickness of 40mm. After collision, the projectile jams into the plate.
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Figure 22 shows the projectile velocity from the moment when it starts
penetration into the plate until the moment when it jams into the plate after
0.24ms.

i Weldox 460, , Vo=750m/s

0.4

0.2

Velocity [mm/s] (E+6)

Time [s] (E-03)

Figure 22 — Projectile speed as a function of time — case 2
Puc. 22 — Ckopocmb cHapsifa Kak QoyHKUUSI 8peMeHuU — cryydall 2
Cnuka 22 — bp3uHa npojekmurna y ¢hyHKUUju epemeHa — criyqaj 2

Figure 23 shows plate displacement as a function of time. It shows
that the first movement of the plate occurs after 0.1ms. The maximum plate
displacement is 1mm. It is lower than in case 1 because the plate thickness
in case 2 is higher.

3 Penetration - Weldox 460, e=40mm, Vo=750m/s

08

0.6

Displacement [mm]
°
e

0.2

Time [s] (E-03)

Figure 23 — Plate displacement as a function of time — case 2
Puc. 23 — CmeuweHue nnacmuHbl Kak QoyHKUUSI 8peMeHU — cry4dall 2
Cnuka 23 — lNomeparse nnoye y hyHKUUju epemeHa — cry4aj 2
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Additional cases

After numerical simulation and result analysis, the conclusion is that
a 30mm armor-piercing projectile at an impact speed of 750m/s achieves
the full penetration effect on 30mm thick plates while in the case of a 40mm
thickness, it jams into the plate.

For different purposes, it is of great importance to determine the limit
(maximum) plate thickness for which the projectile with defined ballistic
and material characteristics is able to achieve the full penetration effect.

For the additional simulation cases, the same input parameters are
used for the projectile, and the only difference is the armor plate thickness.

Additional numerical simulations are carried out in accordance with
the previously defined models using the same initial and boundary
conditions. It is found that the full penetration effect is achieved on plates
with a thickness of up to 33mm, and after increasing the thickness to higher
values, a limited penetration effect then occurs.

Case 3 — Plate thickness of 33mm

Figures 24-29 show the Von Misses equivalent stress and penetration
effect for armor plate Weldox 460 with a thickness of 33mm.

Pi:!r;"ka“q" -Weldox 460, e=33mm, Vo=750m/s Effective Stress (v-m)

Time =

Contours of Effective Stress (v-m) 5.204618

min=0, at elem# 92069

max=5.20417e-18, at elem# 169376 4.554¢-18 |
3.003e-18
3.253e-18
2.602e-18
1.952e18
1.301e-18

6.505¢-19 :I
0.000e+00

f

Figure 24 — Von Misses equivalent stress, step 1 — case 3
Puc. 24 — OksusaneHmHoe HanpsikeHue ®oH Mu3suca, waz 1 — crydad 3
Cnuka 24 — BoH Mucecoe eksusaneHmHu HaroH, kopak 1 — cnyyaj 3
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- Weldox 460, e=33 , Vo=750m/s

Time = 4.5374e-005 Effective Stress (v-m)

Contours of Effective Stress (v-m)
min=0,165139, at elem# 225066
max=1260.2, at elem# 147710

(.

Figure 25 — Von Misses equivalent stress, step 2 — case 3
Puc. 25 — OksusaneHmHoe HanpsixeHue ®oH Musuca, wae 2 — crydal
Cnuka 25 — BoH Mucecoe eksugsaneHmHu HarnoH, Kopak 2 — criy4aj 3

Penetration - Weldox 460, e=33mm, Vo=750m/s
Time = 8.3186e-005

Contours of Effective Stress (v-m)

min=0.18794, at elem# 161333

max=1385.53, at elem# 216754

(.

Figure 26 — Von Misses equivalent stress, step 3 — case 3
Puc. 26 — OkgusaneHmHoe HanpsixeHue ®oH Musuca, wae 3 — criydal
Cnuka 26 — BoH Mucecos eksuganeHmHuU HaroH, kopak 3 — cnydyaj 3
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Penetration - Weldox 460, e=33mm, Vo=750m/s
Time = 0.00016722 Effective Stress (v-m)
Contours of Effective Stress (v-m) 1.383e+03
min=0.220455, at elem# 161315 12100408
max=1383.19, at elem# 197325 -

1.037¢+03 _|

£

Figure 27 — Von Misses equivalent stress, step 4 — case 3
Puc. 27 — 3ksusaneHmHoe HanpsikeHue ®oH Mu3uca, wae 4 — cryqali 3
Crnuka 27 — BoH Mucecoe eksuganeHmHuU HaroH, Kopak 4 — cryyaj 3

Penetration - Weldox 460, e=33mm, Vo=750m/s = i

Time = 0.00031007 Effective Stress (v-m)
Contours of Effective Stress (v-m) " 3 1.351e403
min=6.50263, at elem# 1985518

max=1350.79, at elem# 203691 < . '\ el “.v e 1.183e403

bk S 1.015e+03 _|
N 8.467e+02 _
6.786e+02_
! 51060402 ]
3426402
1.745e402
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£

Figure 28 — Von Misses equivalent stress, step 5 — case 3
Puc. 29 — OksusaneHmHoe HanpsixeHue ®oH Mu3suca, waa 5 — crydal 3
Cnuka 29 — BoH Mucecos eksuganeHmMHuU HaroH, kopak 5 — cnyyaj 3
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Penetration - Weldox 460, e=33mm, Vo=750m/s
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Figure 29 — Von Misses equivalent stress, step 6 — case 3
Puc. 29 — 3ksusaneHmHoe HanpspkeHue ®oH Mu3uca, wae 6 — cryqali 3
Cnuka 29 — BoH Mucecoe eksusaneHmHu HaroH, kopak 6 — cryyaj 3

As the results from Figures 24-29 show, the projectile has sufficient
kinetic energy to achieve the full penetration effect in the plate of a
thickness of 33mm. A large number of fragments are created behind the
armor plate as separated parts of both the projectile and the plate.

Figure 30 shows the projectile velocity from the moment when it starts
penetration into the plate until the moment of passing through the plate.
The projectile velocity after penetration is 70m/s.

08 Penetration - Weldox 460, e=33mm, Vo=750m/s

Velocity [mm/s] (E+6)

0 0.1 0.2 03 0.4

Time [s] (E-03)

Figure 30 — Projectile speed as a function of time — case 3
Puc. 30 — Ckopocmb cHapsiGa Kak QoyHKUUsI 8peMeHuU — crydall 3
Cnuka 30 — bp3uHa npojekmura y (hyHKyUju epemeHa — criyqaj 3
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Figure 31 shows plate displacement as a function of time. It shows
that the first movement of the plate occurs after 0.1ms. The maximum plate
displacement is 1.2mm.

Penetration - Weldox 460, e=33mm, Vo=750m/s

Displacement [mm)]

Time [s] (E-03)

Figure 31 — Plate displacement as a function of time — case 3
Puc. 31 — CmeuwjeHue nnacmuHbl Kak QoyHKUUSI 8peMeHU — criydall 3
Cnuka 31 — Nomeparse nnoye y chyHKUUju 8pemeHa — crnydaj 3

Case 4 — Plate thickness of 34mm

Figures 32-37 show the Von Misses equivalent stress and penetration
effect for armor plate Weldox 460 with a thickness of 34mm.

Fenet f - Weldox 460, , Vo=750m/s Ertectve stress (vm)

Contours of Effective Stress (v-m) 5.204e-18

min=0, at elem# 02060

max=5.20417e-18, at elem# 169376 455418 |
3.903e-18
3.253e-18
2.602e-18
1.952e-18
1.301e-18
6.505e-19 :I
0.000e+00

f.

Figure 32 — Von Misses equivalent stress, step 1 — case 4
Puc. 32 — OksusaneHmHoe HanpsixeHue ®oH Musuca, waz 1 — deno 4
Cnuka 32 — BoH Mucecos eksuganeHmHuU HaroH, kopak 1 — criydaj 4
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P Weldox 460, , Vo=750m/s
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Figure 33 — Von Misses equivalent stress, step 2 — case 4
Puc. 33 — OksusaneHmHoe HanpsixeHue ®oH Musuca, wae 2 — cnyyad 4
Cnuka 33 — BoH Mucecoes exksuganeHmHuU HaroH, Kopak 2 — cryyaj 4

- Weldox 460, 4 , Vo=750m/s
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Figure 34 — Von Misses equivalent stress, step 3 — case 4
Puc. 34 — OksusaneHmHoe HanpsixeHue ®oH Musuca, wae 3 — criydad 4
Cnuka 34 — BoH Mucecoe eksusaneHmHu HaroH, Kopak 3 — cryyaj 4
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- Weldox 460, e=34 , Vo=750m/s

Time = 0.00012538 Effective Stress (v-m)
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Figure 35 — Von Misses equivalent stress, step 4 — case 4
Puc. 35 — 3ksusaneHmHoe HanpsikeHue ®oH Mu3suca, wae 4 — cnyqali 4
Cnuka 35 — BoH Mucecoe eksuganeHmHuU HaroH, Kopak 4 — criyJyaj 4

Penetration - Weldox 460, e=34mm, Vo=750m/s
Time = 0.00020113 ENsctive Stress (vim)
Contours of Effective Stress (v-m) 1.366e+03
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Figure 36 — Von Misses equivalent stress, step 5 — case 4
Puc. 36 — OksusaneHmHoe HanpsixeHue ®oH Musuca, waa 5 — cnydal 4
Cnuka 36 — BoH Mucecoe exkgusaneHmHu HaroH, Kopak 5 — cryqaj 4
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Figure 37 — Von Misses equivalent stress, step 6 — case 4
Puc. 37 — OkeusaneHmHoe HanpsixeHue ®oH Musuca, wae 6 — crydad 4
Cnuka 37 — BoH Mucecos exksuganeHmHuU HaroH, kopak 6 — cry4yaj 4

As the results from Figures 32-37 show, the projectile does not have

sufficient kinetic energy to achieve the penetration effect in the plate of a
thickness of 34mm. After collision with the plate, the projectile jams into
the plate. But, differently from case 2 with the 40mm plate, in this case
projectile’s semi penetration creates a number of fragments, which can
also have a big impact on potential targets behind the plate. Figure 38
shows the projectile velocity from the moment when it starts penetration
into the plate until the moment when it jams into the plate after 0.3ms.

Velocity [mm/s] (E+6)

08 Penetration - Weldox 460, e=34mm, Vo=750m/s

Time [s] (E-03)

Figure 38 — Projectile speed as a function of time — case 4
Puc. 38 — Ckopocmb cHapsiGa Kak QbyHKUUSI 8peMeHuU — criyyqall 4
Cnuka 38 — bp3uHa npojekmurna y (hyHKUUju 8pemeHa — criyqaj 4

704



Figure 39 shows plate displacement as a function of time. It shows
that the first movement of the plate occurs after 0.1ms. The maximum plate
displacement is 1.4mm.

Penetration - Weldox 460, e=34mm, Vo=750m/s
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Figure 39 — Plate displacement as a function of time — case 4
Puc. 39 — CmeweHue nnacmuHbl Kak QoyHKUUSI 8peMeHuU — criyqall 4
Crniuka 39 — Nomepare noye y hyHKUUju 8pemeHa — criyyaj 4

Conclusion

Armor-piercing projectiles are designed to penetrate either body
armor or vehicle armor. Due to their high kinetic energy at the time of
impact with an obstacle and their body’s exceptional endurance, they are
able to penetrate armor.

It is extremely difficult to represent the impact of an armor-piercing
projectile, but the models created successfully describe the real issue of
projectile penetration (or with a certain deviation). In recent times, analysis
using the finite element method has proven to be one of effective
approaches to solving such and similar problems.

In this paper, a numerical simulation of the penetration process of a
30mm anti-aircraft armor projectile into Weldox 460 alloy plates of different
thicknesses was performed. Spasi¢ (2018) has also taken into account the
analysis of Weldox 460 armor steel during numerical modeling of a
projectile impact on metal structures and shown its behavior when it is in
collision with projectiles of different shapes.

Based on a detailed review of the literature, it is found that
deformation, strain rate, temperature, and pressure are the key factors that
have the greatest influence on the penetration process.

In order to correctly describe these phenomena, it is necessary to
define equations of state and models of material behavior. The Johnson—

705

Pantovi¢, P. et al, Numerical analysis of the penetration process of a 30mm armor-piercing projectile, pp.678-710



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 3

Cook material model and the Mie—Griineisen equation of state were used
to define the models.

To determine the maximum penetrating ability of the projectile, four
simulation cases with different plate thicknesses were performed.

In case 1, with a plate thickness of 30mm, and case 3, with a plate
thickness of 33mm, the projectile had the full penetration effect into the
defined plates, because the projectile's impact velocity and kinetic energy
were higher than needed for the full penetration effect. The projectile
velocity behind the plate in case 1 is 220m/s, and in case 3 the velocity is
70m/s.

In case 2, the projectile jammed into the plate with a thickness of
40mm, while in case 4, the projectile jammed into the plate with a thickness
of 34mm, but its semi-penetration generated a larger number of fragments
behind the plate. In all four cases, the first plate displacements occur after
0.1ms of the analysis.

The projectile with the defined ballistic material and characteristics
has the ability to fully penetrate the Weldox 460 plate with a maximum
thickness of 33mm.

The calculated ballistic armor steel plate thickness of 33mm is not
produced as a standard monobloc plate, but in reality, this thickness can
be achieved as a sandwich armor plate with one thicker (e.g., 30mm) and
one thinner plate (e.g., 3mm), or with one 30mm plate placed at some
angle to the vertical axis.

When defining the ballistic protection of an armored vehicle against
projectiles of defined characteristics, it is necessary to use armor steel with
a thickness greater than the calculated one in order to neutralize a
potential effect of separate fragments from the other side of the plate.

Despite the fact that analytical and numerical methods of calculation
can provide correct data about the character of certain phenomena, it is
always desirable and necessary, first of all, to carry out experimental tests
on the training ground and, after obtaining certain results, to make the
necessary corrections and examine the given phenomenon with numerical
methods in order to solve the problem more easily and economically.
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YucneHHbIn aHanusa npoLecca NPoOHUKHOBEHMS 6poHeBONHOro cHapsiaa
kannbpa 30-Mm

lpedpae P. MaHToBU4Y?, kOpeccnoaeHT, Mupocnas M. XKnskosu4?@,
Briadumup TN. MunosaHosu4?, Henad M. Munopagoemy®

aKparyeBaukuii yHUBEpPCUTET, (hakynbTeT UHKEHEPHBIX HAYK,
r. Kparyesau, Pecny6nuka Cep6bus

5 MuHmuctepcTBo 06opoHbl Pecnybniviku Cepbus,
r. benrpag, Pecnybnuka Cepbus
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PYBPUKA TPHTW: 78.25.00 BoopyxxeHune 1 BoeHHast TeXHWKa
B[O CTATbW: opurmHanbHas Hay4YHas ctatbsl

Pesome:

BeedeHue/uenb: ToHKUE nnacmuHbl U3 8bICOKOMPOYHOU cmarnu Yacmo
UCronb3yomces Kak 8 2paxOaHCKUX, maK U 8 B0EHHbIX cucmemax
bannucmudeckol 3awumel. [pu ebibope suda crinasa, Komopabili bydem
ucrionb308amecsi, HE06X00UMO cobsrodame psi0 KpUMepUES, MaKux Kak:
ycrosusi  UCMOMb308aHUsl,  coomeemcmsyouwue  bannucmuyeckue
Xapakmepucmuku, 8ec, pasmepbl U cmoumocmb. B daHHOU cmambe
npoeedeH YUCMEHHbIU aHanu3 MPOHUKHOBEHUST 6poHebolUH020 cHapsida
kanuépa 30 mm co ckopocmbro 750 m/c ¢ paccmosiHusi 1000 M 8 rirnacmuHsbl
pasnuyHol monuuHbI U3 neauposaHHou cmaru Weldox 460.

MemoObl: AHanu3 O6bis1 8bIMNOMIHEH C UCMO/Ib308aHUEM YUCIEHHbIX
mMemodo8 u MolenupogaHusi MemoOOM KOHEYHbIX 3rieMeHmos Orisi
pacyema HanpspkeHul u Oechopmayuli, ebi3eaHHbIX ecriedcmeue
NPOHUKHOBeHuUs. [lns onpedeneHusi xapakmepucmuk mamepuarna
ucrnonb3oeanuce usudyeckas modesnb [pkoHcoHa-Kyka u moderib
paspyweHusi mamepuasnos. B OGaHHoU cmambe 0na ymeepx0eHusi
molenell U BbIMOSIHEHUST YUCIIEHHbIX pacyemos UCrob308asuch
npoepammHbie nakems! FEMAP u LS Dyna.

Pesynbmambi:  [ns  onpedeneHusi pe3ynbmamos  npog8edeHHo20
YUCMIEHHO20 aHanu3a UCrofb308arucCb 3Ha4YeHUsi HarnpsbkeHul U
Oegbopmayuti. [NpedcmaeneHbl makxe pesynbmambsl M0 Yembipem
pasuYHbIM mosuuHam 6poHesbix nucmos: 30mMm, 33mm, 34mm u 40Mm.
Pe3synbmamsi rokasbiearom ahgpekm MPOHUKHOBEHUSI u
83aumodelicmaue Mexdy cHapsidoMm u 6poHernacmuHou.

Bbigodbi: ModenuposaHue eo3delicmeusi 6poHEbOLIHbIX npeapad O4YeHb
CrioxHoe, obbeMHoe U mpebosamesibHoe, a cchopMUPOBaHHbIE MOOesU
oyeHb ydayHO (Uru C HEeKOMOPbIM OMKIIOHEeHUEM) arnpoKCUMUpYyom
pearsbHyr 3adady nMPOHUKHOBEHUSI cHapsida. B nocnedHee sepemsi aHanus
C UCIMOb308aHUEM Memoda KOHEYHbIX 3[1eMEHIMOo8 S8r1semcsi 0OHUM U3
Haubonee aghghekmusHbIx Mo0xo008 K peuleHUro MoOobHbIX 3aday.
Haubornbwee enusiHue Ha 6poHernpobusaemMocmb CcHapsida oKkasbieatom
Mamepuan U pasmMepbl rfpezpadbl, a makxke bannucmudyeckue
rnapamempbl CHapsida u Mamepuarsb! u3zomoerneHusi. [lpu coxpaHeHuu
8cex 8X00HbIX rapamempos Ha OOHOM YPOBHE U y8esluHeHUU MOIUUHbI
MUWEHU y8esiu4u8aemcsi ee CornpomuenieHue K rnpoHUKHOBEHUIO.

Kntouesbie cnoesa: 6poHsi, cHapsd, rnpoHukHoseHue, Weldox 460,
YucrieHHbIe Memookil.
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Hymepuuka aHanu3a npoueca neHeTpaumje naHumpHor npojektnna 30 mm

lpedpaz P. MaHToBMN?, ayTOop 3a npenucky, Mupocnas M.>Knskosuh?,
Briadumup M. MunosaHosuh?, HeHad M. Munopagoeuh®

a¥YHuBepanteT Y Kparyjesuy, PakynTeT UHXeHepCcKkux Hayka,
Kparyjesau, Peny6nuka Cp6buja

5 MunmuctapcTteo oabpare Penybnnke Cpbuje, Beorpaa, Peny6nuvka Cpbuja

OBJIACT: MaLUMHCKO MHXeHePCTBO, MaTepujanmu
KATEITOPUJA (TWUIM) YITAHKA: opurnHanHu Hay4Hu paj

Caxemak:

Yeod/yurb: TaHke nnode 00 Yesiuka 8UCOKe Yspcmohe Yecmo ce Kopucme
y UusUSIHUM U 80jHUM cucmemuma banucmuyke 3awmume. 3a o0abup
epcme riegype Koja he ce kopucmumu nompebHO je ucryHUmMU Hu3
Kpumepujyma, Kao wmo cy ycriosu yrompebe, xesfbeHe banucmuydke
nepgbopmaHce, mexuHa, OuMeH3uje u ueHa. Y paldy je ypaheHa
HymMepu4ka aHanu3a npobojHocmu naHUUpHO-pobojHoz rpojekmuria
kanubpa 30 mm, 6p3uHe 750 m/s, Ha ydarbeHocmu od 1000 m, y noye
pasnudume debrbuHe 00 neaype vesuka Weldox 460.

Memode: AHanu3a je u3epweHa HyMepudkum memodama U
MoOesiupabeM KOHa4YyHUX efleMeHama 3a [popadvyyH HarioHa U
Oeghopmayuja y3pokosaHUX eghekmom rnpobojHocmu. 3a OecbuHucar-e
Kapakmepucmuka  Mamepujana  kopuwheH  je  LloHcoH-Kykos
mMamepujaniHu molen u mModen fioma Mamepujana, a 3a OeghuHucCaH-e
modena u u3gohere HyMepu4Koa rpopadyHa KopuwheHu cy cogomeepcku
nakemu FEMAP u LS Dyna.

Pesynmamu: 3a OJdeuHucare pedynmama u3sgpuieHe HymMepudke
aHarnu3se KkopuwheHe cy epedHocmu HarloHa u 0echopmauuja. NpukasaHu
cy pe3ynmamu 3a Yemupu pasnudume 0ebrbuHe OKIIoNHUX raoda: 30 mm,
33 mm, 34 mm u 40 mm. [lokazaH je eghbekam neHempauyuje u
UHMepakyuja usmer)y npojekmuria U OKI1oMnHe rroye.

Sakrbyyak: Modenosare ymuuaja OKIIOMHUX rperipeka je eeoma
CI10XkeHO, 06UMHO U 3axmesHo, a ghopMupaHu Moderu Ha eeoma ycrielwaH
HayuH (unu ca odpeheHum odcmyrnarbeM) arnpoKcumupajy cmeapHU
npobnem npodopa npojekmusia. AHanusa MemodoM  KOHa4YHuX
efieMeHama ce, y Hosuje epeme, rokasana kao jedaH 00 egbukacHujux
fpucmyrna 3a pewasare 08akeux U CIUYHUX rpobrema. Mamepujan u
OuMeH3uje npernpeke, Kao U MamepujanHu U banucmuyku rnapamempu
npojekmuna, umajy Hajeehu ymuuaj Ha npodop npojekmursna.
Odpxxasam-eM c8UX yna3Hux rapamemapa Ha UCMOM HUBOY, U
nosehan-em 0ebrbuHe meme, rnogehasa ce u HeH omrnop Ha fMpPooop.

KrbyuHe peuyu: oknon, npojekmur, ripodop, Weldox 460, Hymepuyke
memode.
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Abstract:

Introduction: Due to climate change, scientists around the world,
including specialists in the road construction industry, are forced to take
into account the need for regular monitoring of the low-temperature
properties of both individual building materials and the properties of
multicomponent road composites based on them. Therefore, the
possibility of developing new approaches and methods for evaluating
these properties is being studied.

Methods: For these purposes, Dr. Kim Sang-Soo proposed a new
method for evaluating the low-temperature properties of road binders,
which was called the ABCD (Asphalt Binder Cracking Device) method.
The use of the device does not require special skills and knowledge and
auxiliary equipment is widely available in laboratories of road
construction organizations. The duration of the test does not exceed 4-
5 hours.
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Results: The possibility and effectiveness of regulating the cracking
temperature of bitumen-containing binders by introducing styrene-
butadiene thermoplastics of various topologies into the composition is
shown using the example of industrially produced batches of petroleum
road viscous oxidized bitumen and applying the ABCD methodology.
Conclusions: In Russia, where winter temperatures in the vast majority
of the country fall below minus 30 degrees Celsius, it is extremely
important to control the behavior of bitumen binders and
multicomponent mixtures of different compositions (asphalt concrete
mixtures). The national standard GOST R 58400.11-2019 has been put
into effect and the production of appropriate measuring equipment has
been established. At the same time, the ABCD method can be used both
to study the properties of mixtures of binders with polymers of various
topologies and to select a commercial binder that meets the
requirements of a specific region of highway operation.

Keywords: cracking temperature, polymer-modified bitumen, ABCD
method, styrene-butadiene thermoplastics of various topologies.

Introduction

Low-temperature cracking of asphalt pavement is understood as
transverse cracks occurring at approximately equal distances at right
angles to the direction of travel (Flory, 1985). It is assumed that binders
with higher stiffness will crack at higher temperatures than softer
bituminous binders (Gokhman, 1977; Nazzal et al, 2014; Petersen et al,
1994; Plewa, 2019).

To date, no sound methodology or direct measurement method has
been developed in the world that can accurately determine the low-
temperature properties of binders based on tests performed at much
higher temperatures, such as under normal conditions.

That is why of great practical interest are the so-called direct
measurement methods which reproduce the loading conditions of
materials or structures as close to reality as possible. The data obtained in
the course of such tests are a reliable basis for predicting the real
performance properties of both raw material components and
multicomponent materials based on them.

An example is the ABCD (Asphalt Binder Cracking Device) method of
evaluating the low-temperature properties of road bitumen, developed
during many years of research by Dr. Kim Sang-Soo, a professor in the
Department of Civil Engineering at Ohio University (Kim, 2005, 2007;
Petersen 1994).
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The feature of this fundamentally new for the Russian road industry
test method is the ability to determine the potential of low-temperature
cracking of bitumen binders without prior analysis or knowledge of the
rheological properties of bitumen binders (Nebratenko, 2022).

When the temperature of the pavement decreases under actual
operating conditions, shrinkage and cracking of the asphalt concrete
pavement as a whole and, above all, of bituminous binders, takes place.
In this case, the binder acts as a glue in the composition of the pavement
and, under certain conditions, the monolithic adhesive layer between the
particles of stone aggregate is broken.

The ABCD test is carried out as follows: a sample of a bituminous
(often polymer-bitumen) binder is placed in a cryochamber and the
temperature of the air surrounding the tested sample is gradually reduced,
causing similar thermal compression until a transverse crack is formed
(Nebratenko & Nikolaevsky, 2023).

Methodology for assessing the properties of mixtures
based on semi-blown road bitumen and SBS polymers

Let us illustrate the possibility of assessing the low-temperature
properties of mixtures based on semi-blown (oxidized) oil road bitumen
and SBS-polymers of different molecular structures by the ABCD method.
This will make it possible to evaluate the advantages of a number of
modifiers used to improve the low-temperature properties of road binders.

Bitumen basic compositions were industrially produced oil oxidized
road bitumen BND 70/100, conforming to GOST 33133-2014 (Table 1).

Table 1 — Physical and mechanical properties of semi-blown viscous road petroleum
bitumen
Tabnuya 1 — ®u3uko-mexaHu4eckue ceolicmea bumyma HeghmsiHO20 GOPOKHO20

8513K020 OKUCIIEHHO20
Tabena 1 — @u3u4YKo-MexaHU4YKa ceojcmea HaghmHoz nymHoea 8UCKO3HO2 OKcudosaHo2

bumymeHa
Ne Name of the indicator Actual values Test methods of bitumen
for BND 70/100| (Interstate standard, GOST)

1 Penetration at the temperature of 90 GOST 33136

25°C, [0.1 mm]
2 Penetration at the temperature of 34 GOST 33136

0°C, [0.12 mm]
3 Ductility at 25°C, [cm] 90 GOST 33138
4 | Softening point (ring and ball), [°C] 50 GOST 33142
5 Fraass breaking point, [°C] -18 GOST 33143
6 | Flash point (Cleveland open cup), 271 GOST 33141

[°C]
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Polymers in the amount of 3% wt. were introduced in equal portions
into the base bitumen heated to a temperature of 140-160°C. During the
first 15 minutes, the mixture was mixed with a laboratory dispersant IKA
Ultra-Turrax T25 digital at a rotor speed of about 10,000 revolutions per
minute. Then the aging stage (swelling) took place for 2.5 hours at a rotor
speed of 3,000 revolutions per minute and a temperature of 60-80°C.

The ABCD cracking machine is one of the few devices that determine
the indicator of the binder not indirectly, but by a direct method. This
significantly differs, for example, from the well-known method “Ring and
Ball” according to GOST 11506 or GOST 33142.

The measuring part of the device consists of a metal ring of Invar,
equipped with temperature and deformation sensors, The metal ring with
sensors is placed in an elastic silicone rubber shell (Fig. 1). After the
heated bitumen binder is poured into the gap between the ring and the
casing and solidifies, the samples (one control and three test samples) are
placed in a cryochamber (Kim, 2007; Nebratenko & Nikolaevsky, 2023).

Figure 1 — ABCD sensors during (left) and after (right) testing of binders
Puc. 1 - Jamuyuku ABCD &0 epewms (criega) u rocrie (cripasa) npogedeHus ucrbimaHul
8SKYUUX
Cnuka 1 - ABC/[] ceH3opu mokom (neeo) u HakoH (0ecHo) mecmupara ee3usa

When the temperature drops, the bitumen binder shrinks more than

the metal ring of Invar. Invar is a specially selected alloy composed of
nickel (Ni, 36%) and iron (Fe, 64%) and has a uniquely low coefficient of
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thermal expansion. This makes it possible to keep its geometrical
dimensions unchanged in the widest temperature range from minus 90 up
to plus 250°C. Invar's coefficient of thermal expansion is only 1.2:10-6 °C
(Nebratenko, 2022).

When bitumen or the binder cools, thermal deformations lead to
changes in the strength, stiffness and thermal compression coefficient.
The temperature and stress level at which the continuity of the test
samples is broken are recorded automatically. This makes it possible to
determine the degree of suitability of the investigated binder type for its
use in the course of construction or repair of road surfaces in the natural
and climatic conditions of subsequent operation expected in a particular
region of Russia as reliably as possible.

The results of measurements of the studied parameters reflecting the
low-temperature properties of road bitumen binders of different types,
including those containing SBS-polymers, are presented in Table 2.

Table 2 shows the low-temperature values determined by the ABCD
method for several binders, including SBS-polymer-based PMBs of

different structures.
Table 2 — Low-temperature indicators of bituminous binders
Tabnuya 2— HuzkomemnepamypHbie nokaszamesu 6umyMHbIX 8SKYULUX
Tabena 2 — HuckomemnepamypHu rnokazamesbu bumyMeHCKUX ee3usa

Binder Cracking Fraass Deformation Breaking
temperature of |breaking point,| spike, pe stress, MPa
ABCD, °C °C
BND70/100 -36.41 -18 16.58 2.61
PMB 60 to SBS-330L -44.96 -24 31.27 5.05
PMB 60 to SBS-330B -41.14 -22 20.05 3.48

The 15-30% decrease in the cracking temperature for ABCD polymer-
bitumen compared to the data for basic bitumen can be explained by the
presence of a three-dimensional elastomeric mesh in the volume of
polymer-bitumen binder. There is, due to its presence, a dissipation of
deformations resulting from temperature stresses during cooling of the
binder.

The graph in Fig. 2 shows that when the temperature drops below
minus 30°C, excessive residual temperature deformations accumulate in
the volume of the PMB, the dissipation of which even in elastic blocks of
SBS polymers is prevented by the low rate of relaxation. It should be noted
that cooling of the system is carried out at rather low speeds corresponding
to the requirements of GOST R 58400.11-2019 “Public Roads, Petroleum
Bituminous Binder Materials, Method for Determining the Cracking
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Temperature Using the ABCD Device” and corresponding to the actual
operating conditions in the regions of the Russian Federation.

40 -
30 -

PHE
o o
1 1

o
1

Defor'Lnation
o
1

Deformation spike

'50 T T T T T T 1

-60 -50 -40 -30 -20 -10 0
Temperature, °C

Figure 2 —Temperature dependence of deformation for polymer-modified bitumen
PMB 60 in case of using SBS-330L as a modifier
Puc. 2 —TemnepamypHas 3agucumocms 0eghopmayuu nouMepHoO-6umymMHO20
ssxywezo 6B 60 rpu ucrnonb308aHuu 8 kadyecmae modugukamopa SBS-330L
Cnuka 2 —TemnepamypHa 3agucHocm Oeghopmauiuje rnoaumepHoO-bumyMeHcKo2 eesusa
MB 60 kada ce kopucmu CBbC-330J1 kao modughukamop

When the critical temperature reaches minus 44.96°C, there is a
sharp spike in deformation and destruction of the binder film, and the
stress of its destruction is 5.05 MPa. Therefore, the subsequent decrease
in temperature has no significant effect on the deformation properties of
the destroyed binder sample, and the PMBs behave as conditionally solid
bodies (Mieczkowski et al, 2021; Nebratenko & Nikolaevsky, 2023).

It should be noted that the above figures are given for the case of
using linear SBS-polymer as a modifier. In the case of using the brand of
branched polymer SBS-330B, the cracking temperature of the binder is
higher and the strain jump is noticeably, almost 45%, lower. This correlates
well with the previously presented theoretical justifications and practical
data on the effectiveness of butadiene styrene thermoplastic elastomers
as modifiers of bitumen binder properties (Nebratenko, 2022; Hesp, 2004).
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Results

Thus, as a result of the direct determination of the cracking
temperature of polymer-bitumen and bitumen binders of various
compositions, the influence of the topology of the SBS polymer on the low-
temperature properties of a multicomponent road binder was established.
Polymers of linear structure, with the same percentage content in a mixture
with viscous road petroleum bitumen, provide a lower cracking
temperature. For the case of using a radial grade, this indicator is
noticeably higher. Traditional bitumen has the lowest absolute value of
fragility. This is in good agreement with the theory and practice of road
construction (Nebratenko et al, 2022).

Conclusion

The practice of applying the ABCD method in Russian road science
and practice does not yet have that broad level of application, which is
inherent in the idea of the ABCD device.

And even the seemingly excessive duration of tests (about 4-5 hours),
due, as noted earlier, to the reasonable requirements of the national
standard GOST R 58400.11-2019, cannot prevent the expansion of its
application for direct assessment of one of the most important
performance indicators of polymer-bitumen binders - cracking
temperature, because if the track or wear in the upper layers are formed
gradually over a long period of time, the cracking during cooling develops
spontaneously and the growth of the crack opening width increases even
more when the temperature of the surface layer of the pavement passes
through the zero mark, which in winter conditions in Russia happens with
notable regularity.

The conducted studies have shown the practicality of using the ABCD
method even in the case of traditional technologies since it gives reliable
data on frost resistance and working capacity of binders and,
consequently, of coatings based on them, in severe natural and climatic
conditions of Russia. A simple hardware design, high-quality domestic
software and the safety of the testing process provide this method of
assessing the properties of bitumen binders with excellent prospects of
development in the near future.
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OueHka metogoM ABCD HuskoTemnepaTypHbIX CBONCTB CMECH
6utymoB 1 CEC-nonnumepoB pasnnM4yHon ToNonorumn

Bnadumup E. Hukonaesckuii?, Masen A. Oyxuin®,
Omumputi KO. HebpaTeHko?5, koppecnoHaeHT
a PoccuiACKUin yHMBEpCUTET TpaHcnopTa, kadeapa:
«ABTOMOGUIBbHBIE JOPOrK, a3pOAPOMbI, OCHOBaHMWS U (hyHOAMEHTbI»,
r. Mocksa, Poccuiickas ®egepaums
5 MUPOA-PocCHnCKuii TEXHOSMOMMUYECKMIA YHUBEPCUTET,
Kadbeqpa XMMuu 1 TexHonorun nepepaboTkm anacToMepos,
r. Mocksa, Poccuiickas ®egepaums

PYBPUKA TPHTW: 61.01.81 VamepeHus, ncnblTaHUs, KOHTPOSTb U
ynpaBneHue Kka4ecTBOM,

61.51.37 MapaduHbl, GUTYMbI M NpoYne HedpTENPOAYKTHI,

61.61.39 Kneu n repmeTnku,

67.15.00 TexHonormsa NpomM3BoacTBa CTPOUTENBHbIX
MaTepuarnoB 1 U3genumn,

67.15.49 MNMpon3BOACTBO MaTepnarnoB Ha OCHOBE
opraHMyeckux BsxXyLwmx. [NponssoacTso
acanbtobeToHa

BWO CTATbW: opuruHanbHas Hay4Has ctaTbs

Pesrome:

BeedeHue: B c85i3u C UBMEHEHUEM KrluMama y4YeHble 8ce2o Mupa, 8 mom
yucne crieyuanucmsl OOPOXHO-CMPOUMesibHOU 0mpacsiu, 6bIHyXOeHb!
npuHUMamb 8 pacyem Heobxo0UMOCmb pez2yrisipHO20 KOHMPOSIs
HU3KomemrnepamypHbIX €80lUCME8 KaK OmOesibHbIX CMpPOUMesbHbIX
Mamepuarnos, mak U C8olcme8 MHO20KOMIOHEHMHbIX OOPOXHbIX
Komrno3umos. [1oamomy udydaemcsi 803MOXHOCMb pa3pabomKu HOBbIX
nodxo008 u Memod08 OUEHKU yKa3aHHbIX ceolicme.

Memoder: [ns ykasaHHbIx ueneld 0Ookmop Kim Sang-Soo npednoxuin
HO8bIl Memod OUEHKU HU3KomemMrepamypHbIX C80UCME OOPOXHbIX
8SKYUUX, KOmMOpbIU nory4dun HassaHue memod ABCD (Asphalt Binder
Cracking Device). Ucrnionb3osaHue npubopa He mpebyem creyuasbHbIX
HaebIKo8 U 3HaHul, a ecrioMoz2amesibHoe 060pydo8aHUE WUPOKO
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docmyrnHo 6 nlabopamopusix OOPOXHO-CMPOUMESIbHbLIX opaaHu3ayudl.
lpodormkumernsHocmb UcbImaHusi He fpesbiluaem 4-5 Jacoe.

Pesynbmambi: Ha npumepe MpoMbILUNIEHHO 8blrlyCKaeMbIX napmuu
bumymos HegbmsiHbIX O0POXHbBIX BSA3KUX OKUCEHHbIX Mapku BH/L] 70/100,
c npumeHeHuem memodonoauu ABCD no F'OCT P 58.400.11-2019,
flokazaHa  B03MOXHOCMb U  3QhgheKmusHOCmb  peayruposaHusi
memrepamypbi pacmpeckugaHusi bumymocodepkauiux 8KyULUX ymem
8e00a 8 cocmas Komno3uyuu b6ymadueH-cmuporibHbIX
mepMOo3/1acmoniacmos pa3/au4dHoU morosoauu.

Bbigodbi: B Poccuu, 20e 3umHue memriepamypbl Ha rodaessowel
meppumopuu cmpaHbl onyckatomess Huxe -30° C, KkpaliHe eaxHa
docmyrnHoCmb  KOHMPOssi  10eedeHuUss  bumyMHbIX — 8sKyWux U
MHO20KOMIOHEHMHbIX cMecel pa3Ho20 cocmasa (acqharbmobemoHHbIX
cmeceli). BeedeH 8 Oelicmeue HayuoHasnbHbill cmaHdapm [OCT P
58400.11-2019 u  HanaxeHo POU3BOOCMEO  U3MEPUMESTbHO20
obopyodosaHrusi. [Npu amom memod ABCD moxxem 6bimb UCMONMb308aH Kak
01 u3y4YeHusi ceolicme cmecell 8sKyUUX € ronumepamu pasiudHou
moroniceuu, mak U Onsa eblbopa  MOBapHO20  BSKYUE20,
coomeemcmayu,e2o mpeboeaHusiM KOHKPEMHO20 peauoHa
aKcrilyamauyuu asmomoburibHol dopoaul.

Kntoyesble criosa: memnepamypa pacmpecKkusaHusi, MofuMepHo-
bumymHble  eskyuue, Memod ABCD, 6ymadueH-cmuporsibHble
mepmoanacmonniacmsl pa3fnu4yHoU morosioauu.

MpoueHa HuckoTeMnepaTypHMX CBOjcTaBa cmelle dbutymeHa n SBS
nonMMmepa pasnuuuTux Tononoruja metogom ABCD

Bnadumup E. Hukonajescku?, Masen A. Qyxuj®,

Amumpuj J. He6paTeHko®®, ayTop 3a npenucky

@ Pyckun yHuBep3uTeT 3a TpaHcnopT, KaTeapa 3a ayto-nyTeBe, aepoapome,
6ase n temerbe, Mockea, Pycka ®eagepauuja

5 MUPEA - Pycku TexHomnoLk1 yHuBepauTeT, Kateapa 3a xemujy 1
TexHornorvje npepage enacrtomepa, Mocksa, Pycka ®enepauuja

OBJIACT: xemujcke TexHOMOrnje, XeMujcka uHaycTpwuja, rpaheBrMHapcTBoO,
apxuTekTypa
KATETOPWUJA (TUM) YIAHKA: opyruHanHu Hay4Hu pag

Caxemak:

Ye00d: Y ee3u ca knumamckuMm fpoMeHama, HayYHUUU WUpoM ceema,
YKIbydyjyhu cmpydrbake u3 obriacmu udzgpalre rnymeea, rnpumMmopaHu cy
Oa ysmy 'y obsup nompeby 3a pedoBHOM  KOHMPOSIOM
HUCKomemMriepamypHUX ceojcmasa rojeduHuUx epalje8uHCKUX Mamepujana
U ceojcmaea 8UWEKOMIIOHEHMHUX KOMIo3uma Ha Huxosoj 6asu. 3602
moea ce npoydYasa mocyhHocm pasgoja Hosux rpucmyna u memoda
npoueHe HagedeHUX ceojcmasa.

720



Memode: Kum CaHe-Cy je npednoxuo Hogy Memoly 3a rpOUEHy
ceojcmasa 8e3UBHUX Mamepujana 3a u3depaltby Mymesa npu HUCKUM
memnepamypama, Kojy je Hazeao ABCD memoda (Asphalt Binder Cracking
Device). Ynompeba ypehaja He 3axmesa nocebHe gewmuHe U 3Hak-a, a
riomohHa ornpema je WuUpoKo 3acmyrsbeHa y ilabopamopujama KoMnaHuja
3a usepadmy nymesa. Mcriumuearbe He mpaje Oyxe 00 4 0o 5 camu.

Pesynmamu: Ha npumepy rnpou3godHe UHGYCmpUjCKUX cepuja HagbmHUX
MymHuUxX B8UCKO3HUX OKcudosaHux 6bumymeHa mapke BHL 70/100, y3
npumeHy ABCD memode y cknady ca cmaHdapduma FOCT P 58.400.11-
2019, npukasaHa je mMoayhHocm U ecbukacHocm  pezyrnucarba
memriepamype nyyarba eesusa y bumymeHy ygofjersem y h-e208 cacmas
cmupeHcKo-bymadueHCKUX mepMorIacmuyHuUX enacmomepa
pasnu4umux moriosnoauja.

Sakbyyuu: C ob3upom Ha mo Oa 3umu y eehem Odeny Pycuje
memnepamype nadajy ucrod -30°C, eeoma je 6axHO omoeyhumu
peaynucarbe roHawara bumyMEeHCKUX 8€3UBHUX U 8ULUIEKOMITOHEHMHUX
cMewa pasfnuyumoe cacmasa (acchanmHo-6emoHcke cmewe). YmepheH
Jje HayuoHanHu cmarOapd NOCT P 58400.11-2019 u ycriocmaerbeHa je
npousgodra mepHe ornpeme. ABCD memoda ce moxe ucmospemeHo
Kopucmumu Kako 3a fpoy4yaseare ceojcmasa 8e3uUsHUX cMewa Ha 6a3u
riofiuMepuMa pasfuyumux mororoeuja, mako u y od0abupy eesusa y
KomepuyujasiHe cepxe, Koja Mopajy 3a0ogosrbasamu rporuce 3a uszpadry
aymo-rymeesa KOHKpemHoa peauoHa y Kojem he ce kopucmumu.

KrbyyHe pedu: memnepamypa fyuarba, oauMep-mooughuKkosaHu
6umymeH, ABCD memoda, cmupeHcku 6ymadueH mepmornnacmuyHUX
enacmomepa pasuyumux morosioauja.
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Abstract:

Introduction/purpose: The theory of direct firing of armored units deals with
the calculation of the probability of hitting the target depending on the
number of projectiles fired, in certain combat circumstances as well as
under certain meteorological conditions. Successful performance of the
combat task of armored units in defensive actions against stationary targets
depends to the greatest extent on the effectiveness of fire of tank weapons.
Under the tactical assumptions that define real combat conditions, i.e., that
the attacking formation opens fire from small arms and anti-tank weapons,
that the defense is organized in a timely manner on maneuvering ground
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and in optimal meteorological conditions, and that the tank squad opens fire
while stationary, the scientific goal of the research is to determine the
probability of hitting and destroying the target as closely as possible
depending on the method of determining the distance to the target and the
number of projectiles fired.

Methods: Mainly applying the method of situation modeling in scientific
research, the authors try to determine, as precisely as possible, the
percentage of the probability of hitting (destroying) a stationary target, with
the first, second, or third projectile.

Results: The main scientific contribution of the research would be the
determination of various quantitative indicators as significant parameters
necessary for a successful design of defense operations of ground army
units.

Conclusion: By creating an appropriate model for a specific situation in
order to solve a problem (combat task), it is possible to precisely determine
the probability of hitting and the probability of destroying the target in relation
to the number of projectiles fired, as well as the expected consumption of
ammunition.

Key words: firing theory, tank, tank squad, modeling.

Introduction

An attack is a decisive type of combat operations and the most
frequently applied type of combat operations of tank units; however, tank
units can be used very successfully in defensive operations. Tank units
are the basic maneuver formations of the Serbian Armed Forces, which
are primarily characterized by armor, maneuver, and firepower. When
carrying out defensive operations, armored units most often use direct fire.

Direct fire is achieved by directly aiming at the target and it is a basic
way of firing from a firearm characterized by laid trajectories. In principle,
it is carried out at distances of one to two cleared ranges while the
observation of the target and the hits - correction and assessment of
shooting efficiency - is performed from the firing position. During direct fire,
there is an increased risk that the weapon opening it will be more easily
discovered and exposed to enemy fire (Kokelj & Randelovi¢, 2018).

The most significant advantages of direct compared to indirect fire
are: simpler, faster, and more accurate determination of firing elements;
faster and more accurate aiming of the weapon at the target and opening
fire; simpler, faster, and more accurate execution of correction; high hit
probability within the limits of the cleared range, as well as greater speed,
efficiency and economy of task execution.
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One of the most important elements in the process of developing
firepower of armored units was the modernization of sighting and
observation equipment and fire control systems, which is a direct
prerequisite for the successful exploitation of weapons. Also, due to the
development of armored combat vehicles, well-trained personnel are
necessary so that the technique can be used as correctly and efficiently
as possible, and this was best proven in the Arab-Israeli war when Israel
won victories over much more powerful Arab countries.

The method of modeling is a research procedure that generates a
sign system, a model, that can replace a real phenomenon and by which
we can, experimentally or by simulation, investigate and transfer the
obtained data from the model to the real phenomenon (BeSi¢, 2019).
Considering all the above mantioned, the method of modeling is very
applicable in various scientific fields (Nikolic & Kostic-Stankovic, 2022;
Stojkovi¢ et al, 2022; Jankovi¢, 2004; Varecha & Majchut, 2019; Drakuli¢
et al, 2023; Projovi¢ et al, 2014), as well as in firing theory and warfare in
general. The basic characteristic of the modeling method is the close unity
of theory and scientific practice.

Model of the situation

The modeled situation of the M-84 tank conflict against artillery
weapon was carried out under the following assumptions (Jankovi¢, &
Nikoli¢, 2009):

— Tank is well protected and camouflaged in a squad defense area,;

— Tank and artillery weapon have observation and aiming devices
which are used for observation and fire control;

— Tank and artillery weapon can hit the enemy with probabilities as a
function of distance. Average weapon preparation times, projectile
flight speeds to the target, and ammunition combat kit sizes are not
taken into account;

— Conflict begins when the tank crew spots the enemy using their
observation-aiming device;

— Atrtillery gun return fire is not considered until the end of the conflict;
and

— Conflict ends when the third projectile is fired by the tank crew.

An M-84 tank squad occupies the defense area designated by the
platoon commander. The commander of the tank squad opens fire, with
the fire control system turned on, from the artillery weapon observed at
landmark number 1 (distance 1800 meters), left 0-30, further 100 meters
(Fig. 1). Ammunition produced in the Republic of Serbia (high explosive
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shell -TFP M86) is fired by the decision of the tank commander based on
the characteristics of the target.

The dimensions of the target, which is provided by the model (artillery
weapon), are: width: 1.8m and height: 1.75m.

The following parameters are necessary to be determined: initial
elements for firing, the probability of hitting and destroying the target with
three projectiles (given the well-camouflaged firing position, the enemy is
not expected to detect the tank before the third projectile is fired), and the
mathematical expectation of ammunition consumption.

The already known data:

— average number of hits to destroy the target w = 1.1 (Kokelj &
Randelovi¢, 2016);

— target shape coefficient k 1=0.81( \/k_f: 0.9) (Kokelj & Randelovié,
2016);

— radius of the explosion cloud r=10m (Medija centar ,Odbrana®,
2017).

D,=1900m

~_ TFP M-86

Figure 1 — Sketch of the modeled situation
Puc. 1— 3ckus modenupyemoti cumyayuu
Cnuka 1 — Ckuya modeniogaHe cumyauuje

Firing while not on the move is the most effective way of firing. It
enables the highest speed of firing and the probability of hitting the target
because all actions of preparation and execution of shooting are done on
the spot. The weakness of this firing method is that only fire is used from
the combat characteristics of the armored fighting vehicle. Firing from a
stationary tank is mainly used in: defense, ambush, repelling
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counterattacks, and when shooting at long distances, but firing from a halt
is possible and very applicable when performing offensive actions.
The firing theory considers this shooting as basic:
— because the distance and direction to the target do not change,
and
— the data obtained when considering this firing mode is used to
explain the other firing modes.
Firing preparation
It aims to obtain the maximum probability of hitting the target with the
first projectile. The firing preparation includes:
— preliminary preparation and
— immediate preparation.

Preliminary preparation is done before the combat and includes:

— preparation of weapons and aiming devices,

— ammunition preparation,

— determination of ballistic and meteorological conditions,

— terrain study, selection of landmarks and determination of the
distance to individual lines, points and local facilities, and

— preparation of the crew.

Immediate preparation includes:

— the choice and arrangement of the firing position,

— observation of the battlefield and detection of targets,

— determining the distance, direction and speed of the target,

— target display,

— choice of target, weapon, projectile and igniter,

— choice of the firing mode,

— determining the direction and speed of own combat vehicle
movement,

— determination and adjustments due to the deviation of firing
conditions from the firing tables conditions,

— determination of the initial elements, and

— issuing the fire command.

Even with the most careful fire preparation, random errors occur.
These errors are subject to the normal law of errors and are characterized
by certain mean probable errors affecting the flight of the projectile in
height, distance and direction.

Firing preparation errors include:
— errors of technical preparation,
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— errors in determining the distance to the target,
— rounding errors,

— meteorological preparation errors,

— ballistic preparation errors, and

— errors due to tank leaning.

e Errors of technical preparation (Ey) - primarily include errors in checking
and adjusting aiming devices and weapons, as well as tolerance errors in
the manufacture of aiming devices (NS) and the application of scales.
Technical preparation errors affect the distance error Exp, direction Ezp,
and height Ey.

Table 1 — Technical preparation errors (Savic, 1996, p.103)

Tabnuya 1 — Owubku mexHuveckol nodzomosku (Savic, 1996, p.103)
Tabena 1 — pewke mexHu4ke npunpeme (Savic, 1996. p.103)

TYPES OF MEAN PROBABLE ERRORS

ERRORS By direction, Ezp By distance, Exyp By height, Eytp

Errors in checking
weapons and
aiming devices
(milliradians)

0.3 0.3 - Ax 0.3

¢ Errors in determining the distance to the target (Eq)

Determining the distance to the target must be done quickly and as
accurately as possible. Errors in determining the distance are subject to
the normal law of errors and are characterized by the mean probable error
Eq, which depends on the means and the method of determining the
distance to the target, and whose values are determined empirically and
experimentally.

Table 2 — Errors in determining the distance to the target (Savi¢, 1996, p.103)

Tabnuya 2 — Owubku onpedeneHus ducmaHyuu 0o uyenu (Savié, 1996, p.103)
Tabena 2 — pewke y odpehusamy darbuHe 00 yusrba (Savié, 1996, p.103)

MEANS AND METHODS OF DETERMINING THE MEAN PROBABLE ERROR
DISTANCE TO THE TARGET Ed
By evaluating the output from the tank, day and night 15-20%
By rating from the outside of the tank, day and night 10-15%
Using the scales of the aiming device 10%
According to the mean angle of the target 10%
In relation to a landmark whose distance was

. ) 4-6%
measured with a rangefinder
According to the map or by cutting with dome 4%
protractors
With a range finder 2-4%
With a tape measure 0.2%
Laser rangefinder 2.5m (+£5m)
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¢ Rounding errors (Exzx)

The rounding of elements is subject to the law of equal probability
whose parameters are: 2l =Ax milliradians, and since E=0.39, it follows
that

Exzke = 0.2 -Ax (milliradians).

e Errors of meteorological preparation (Exm,Ezm)

The size of the meteorological preparation errors is affected by the
direction of crosswind and by the distance of longitudinal wind, barometric
air pressure and air temperature, so the mean probable errors are:

— along the direction: E;m =0.6 milliradians, and
— by distance: Exn=0.6%.

¢ Ballistic preparation errors (Exs,Ezb)

The magnitude of the ballistic preparation error is affected by the
derivation in direction and by distance: the initial velocity Vo, the
temperature of the powder charge, and the weight of the projectile for one
weight mark.

The mean probable errors are:

— by direction: Ez, =0.25 milliradians, and
— by distance: Ex, =0.7%.

e Tank leaning errors (Ezni)
In terms of height and distance, the errors are negligible, and in terms
of direction, they amount to:
Eznt=0.2 milliradians.
Summarized mean errors in target preparation

Errors by distance:

Esxp =+ Extp’ + Ed® + Esn? + Esp 2 + Esckr 2 (1)
Errors by direction:
Ezxp = \/Eztp2 +Ezm? +Ez? + Emt” @)

If we calculate the values of the total error by distance E,, and by
direction E.p, for different distances and different degrees of distance
determination accuracy, we will get the following values:
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Table 3 — Summarized errors by distance (Savic, 1996, p.105)
Tabnuya 3 — CymmapHbie owubku rno paccmosiHutio (Savic, 1996, p.105)
Tabena 3 — CymapHe epeuwke o GasbuHu (Savic, 1996, p.105)

Shooting | Partial values of SVG in the preparation of Summarized Exy at Eain %D

distance shooting in meters
in determination of

meters E N S = D in %E ¢« 5 10 15
(m) | x| om | e T [ 15 mi% m/% m/%

74.31 114.11 159.75

1000 45 7 6 | 30.2| 50 | 100 | 150 7 4% 11.41% | 15.75%

91.98 159 231
1500 43 | 10 | 9 | 284 | 75 | 150 | 225 6.1% 11% 15.5%
40. 112.73 206 304.48

2000 5 14 | 12 | 27 | 100 | 200 | 300 5.6% 10.3% 15%

E.p - the size of the mean probable error by direction and firing
preparation is always 0.74 milliradians and is calculated in meters.
Ezp (meters) = 0.74 - 0.001 D 3)

Analyzing the table, we can conclude that the size of errors in
preparation, and the preparation and accuracy of long-range shooting,
depends mainly on the accuracy of determining the distance to the target
and the accuracy of technical preparation, to a lesser extent on rounding
errors, while the errors caused by meteorological and ballistic preparation
are almost negligible.

Assessment of efficiency of firing at stationary targets

a) the distance to the target was measured with a laser rangefinder

The initial elements:
— Starting distance: 1880m (determined with a laser rangefinder),
— Sight mark: the tip of the main arrow, and
— Aiming point: the center of the target.

The data from the firing tables for the 125mm HE M86 round (Medija
centar ,Odbrana®, 2017, p.56):
Table 4 — Data from the firing tables for the 125mm gun

Tabnuua 4 — JaHHbie u3 mabnuybl cmpenbbbl 0ns 125-mm opydusi
Tabena 4 — Nodayu u3 mabnuue 2aharba 3a mon 125 mm

Parameters Value Units
Dwmr 1900 meter
V4 21.69 meter
Vp 0.4 meter
Ve 0.41 meter
Oc 18 milliradians
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First projectile

= Preparation error by direction:
Ezp= \/Ezt2 +Ep° +Em? +Emi? =0.74milliradians

Ezp (meters)=0.74-0.001Dy=1.3912
= Remote preparation error:

Evp =VEx 2 +Ed? +Esm? +Ey 2 +Exalc 2
Exp =5 m (mean error of the laser rangefinder)

= Total errors for the 1st firing:

— by direction:
Vpp, =+ En’ +V,° =1.447m (4)
— by distance:
Vep, = Ex’ +Vy° =22.26m (5)

= Hit probability with the 1st projectile:

Pc1=Pp1'Pdl=F-(m’ ka.F-[I"/EJ (6)

Vopt Vdpt

2m=1.8m = m=0.9m

_ H.-1000

2l =97.22m 7

P, = 0.2402
P, = 24.02%

= For the second and the third projectile, the distance is only checked
again with the laser rangefinder, which implies that the hit probabilities
are approximately the same as for the first projectile.

»Precise probability of destroying the target with:

— 1st projectile:
P

Wi=—2=0.2184 (8)
o

— 2nd projectile:
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P p
Wz=ﬁ-( —ﬁ]:o.lm )
()] ()]

— 3rd projectile:

W3=%{1—&J~[l—ﬁJ=0.1334 (10)
) ) )

> Full target destruction probability:

We=W1+W2+ W3 (11)
W, =0.5225

W, =52.25%

»Mathematical expectation of ammunition consumption (Tomovi¢, 1998):
MOnpr= 1W1+2W2+3W3+(3+1.5)W s (12)
Wost= 1-W=0.4775 (13)
MOnpr= 3.11

MOnpr= 4 projectiles

b) fire control system on - cannot enter range to the target manually, a
faulty laser rangefinder. The distance to the target determined by eye,
during daylight from a combat vehicle.

The initial elements:
— Starting distance :1900m,
— Sight mark: the 3rd lower auxiliary dash (table angle 0-14), and
— Aiming point: top of the target.

The data from the firing tables for the 125mm HE M86 round (Medija
centar ,Odbrana®, 2017, p.56):

Table 5 — Data from the firing tables for the 125mm gun
Tabnuya 5 — JaHHble u3z mabnuuybl cmpensbbl 0ns 125-mm opydus
Tabena 5 — lNodayu u3 mabnuye eaharba 3a mon 125 mm

Parameters Value Units
Dwmr 1900 meter
Vd 21.69 meter
Vp 0.4 meter
Ve 0.41 meter
Oc 18 milliradians
Ax 105.55 meter
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Exzr = 80 meters

First projectile

Esp= \/ Equt® + Ezp? + Egm® + Ezne® = 0.74 milliradians

Preparation errors by direction:

Ezp (meters)=0.74 - 0.001- Dyg= 1.406

Preparation errors by distance:

Exp = \/Ext2 + Ed2 + Exm2 + Exb2 + Exzkr2
E,, =209.31m

Total errors for the 1st firing:
by direction:

Vo, =y Ex” +V,> =1.462m

by distance:

V(jp1 = *\, Expz + de - 21043m

Hit probability with the 1st projectile:

m-./k -k
o= ol
PPy Vap,
P, = 3.26%
Second projectile
Vi
Ee _g 65y,
V4

k 2=0.5135; k 3=0.3235

Total errors for the 2nd firing:
by direction:
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J =0.0326

(14)

(15)

(16)

17)

(18)

(19)

(20)



Vop, =\/(0-1-r)2 +2-V,2 =1.15m (21)
— by distance:
Vdpz = \/(kZ : Exp)2 + de =109.65m (22)

= Hit probability for the 2nd projectile:
m- ke | L1k
PCZPpZ.PdZF( J.F[

Vip,
P, = 1.72%

(23)
pp2

Third projectile

= Total errors for the 3rd firing:

— by direction:

Vpp, ® Vpp, =1.15M (24)
— by distance:

Vdp3 = \/(k3 : Exp)2 + Vd2 =71.1m (25)

= Hit probability with the 3rd projectile:

Pe, =Py, P, —F[m'*/k_fj-F(l'*/k—f)—oal??

PP3 Vdp3

(26)
P, =11.77%

»Target destruction probability as mentioned in equations (8-11):
We=19.42 %

»Mathematical expectation of ammunition consumption:

MOnpr= IW1+2Wo+3W3+(3+1.5)W st 27)
Ws= 1-W=0.8058 (28)
MONpF 4.08

MOnpr= 5 projectiles
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Analysis

It should be taken into account that the target hit and destruction
probability is calculated for a direct hit of the projectile on the target. With
each hit of a projectile within a diameter of 14 meters from the target
(surface of strong impact — 80 percent of the manpower destroyed), it is
considered destroyed (Medija centar ,,Odbrana®, 2017).

Table 6 — Comparative analysis of firing at a stationary target from a stationary tank
Tabnuua 6 — CpasHumersnbHbIl aHanu3 cmpesnbbbl N0 HENOO8UXHOU yesnu
Tabena 6 — YnopedHa aHanu3a eaharka ca Mecma HerokpemHoe yusba

Method of determining the distance to with a laser without a laser
the target rangefinder rangefinder
Shooting distance (meters) 1880
With _the_ 1st 24.02 396
projectile
. - With the 2nd
0,
Hit probability (%) projectile 24.02 7.72
With _the_3rd 24.02 11.77
projectile
Total probability of target destruction 52.25 19.42
Mathematical expectation of ammunition 4 5
consumption (projectiles)

A comparative analysis of the obtained results leads to the conclusion
that the probability of destroying the target with three projectiles is 2.7
times higher when using a laser rangefinder to obtain the distance to the
target. The probability of destruction of the target when determining the
distance to the target by eye, during daylight from a combat vehicle and
due to the impossibility of entering the distance manually into the
computer, is 19.42%.

The probability of destroying the target is small because the error of
preparation for distance shooting (Ex,) is much higher when the laser
rangefinder is defective and, in this case, it is 209.31 meters, while when
determining the distance with a laser rangefinder it is 5 meters.

The biggest impact on the distance firing preparation error (Exp) is the
error in determining the distance to the target (Eq) and the rounding error
(Exzkr) due to the absence of a target mark for the given firing distance, so
the marksman is forced to take approximate values.

The importance of a correct laser rangefinder is also reflected in the
consumption of ammunition, which is directly related to the probability of
destroying the target (Jankovi¢ & Nikoli¢, 2009).
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The low values of the probability of destruction of the target, shown in
Table 6, are explained, in addition to the reasons mentioned in the analysis
of the results, by the small dimensions of the target, which at a given
distance is considered a target of small dimensions.

Conclusion

By applying the method of modeling to calculate the probability of
hitting a stationary target, during the fire action of a tank squad in defense,
we can provide relatively precise numerical indicators expressed by a
certain mathematical probability. In the paper, by applying exact
mathematical calculations, the probabilities of hitting (destroying) the
target are obtained, depending on the number of fired projectiles, while
their comparative analysis provides an additional quality of scientific
research.

The scientific paper specifically points to some possibilities of
applying the method of modeling, which is inherent in the research of social
phenomena, in a specific case applied to the firing theory as one of the
scientific sub-disciplines of the art of war.

This way of modeling combat operations of armored, as well as other
ground units to which tanks have been added, is a research procedure by
which a sign system, a model, is generated in order to replace a real
phenomenon and by means of which we can experimentally or by
simulation research and transfer the obtained data from the model to areal
combat situation, i.e., solve a specific combat task. The method provides
the possibility of a better prediction of the development of the operation
and, therefore, the possibility of a better assessment, which is the basis of
guality planning of combat operations of tank units.

We can consider it a special benefit that a similar model, almost in its
original form, can be applied to other real problems and situations that
arise when designing combat operations of armored units.

The assumptions of the above-discussed model and calculations are
limited by the initial assumption and represent the basis for expanding the
research in the direction of determining the possibility of survival of the
tank crew on the battlefield in more complex conditions than those
described in this paper.
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[MpumeHeHne meToga MOAENMPOBAHNS NPU pacdeTe BEPOSTHOCTM
OrHEBOIo nopaxeHud HGI‘IOABVI)KHOVI Luenn TaHKkoBbIM nogpasaeneHnem
B 06opoHe

3opaH B. O6paposny? , bpaHucnas b. Hukonny?, koppecnoHOeHT,
lopar M. Monosuu®, Hukonad [. Mamkanos®, Kpacmeto W. Kpactes®
@ YHusepcuteT 060poHsbl B I. benrpaa, BoeHHas akagemus,
r. benrpag, Pecnybnuka Cepbus
6 MuHucTepcTBo BHYyTpeHHUX aen Pecny6nvkn Cepbus,
Monuuenckoe ynpaeneHue ropoga benrpaaa,
r. benrpag, Pecnybnuka Cepbus

® HaumoHanbHbIV BOEHHbIV YHUBEpCUTET nmeHu Bacuns Jlesckoro,
r. Benuko TeipHOBO, Pecnybnuvka Bonrapus

PYBPUKA TPHTW: 78.21.47 Bannuctuka. Teopusa cTpensosl,
27.43.00 Teopus BepoATHOCTEN U
mMaTemaTmyeckas cTaTucTumka,
27.43.51 NpuMeHeHne TeOPETUKO-BEPOSATHOCTHbLIX U
CTaTUCTUYECKMX METOO0B

Pe3swome:

BseedeHue/yenb: Teopusi cmpenbbbl npsiMol HagoOKOU MaHKO8bIX
rnodpa3sdenieHull OCHO8aHa Ha pacyeme 8epOsSIMHOCMU MOPaXeHUs1 Uesu,
Komopasi 3asucum om Konu4Yecmea  8blryWeHHbIX CcHapsdos 8
onpedernieHHbIX 60esbIXx, a makKKe MemeoporioauUYecKUX YCrIo8USIX.
YcnewHoe sbinonHeHue 6oeeoll 3adaqyu maHKo8bIMU odpasdesieHusmMu
npu ebinosnHeHUU 6oesbix delicmeuli rpomue HernodsuxHoU uenu 6
Haubosnbwel cmerneHu 3agucum om 3ghgheKmuUBHOCMU O2HS MaHKO8020
g8oopyxeHusi. Mcxols u3 makmudeckol euriomesbl, onpedenstouel
pearbHble boesble ycrosusi, Komopas rpedronazaem, 4YImo amakyuee
rnodpasdesieHUe OMKPbIBAEM 020Hb U3 CMPEsIKo8020 OpyXus U
IpPOMUBOMaHK0B8020 BOOPYXKEHUS, Mpu 3moM 0b6opoHa Xopowo U
CB0EBPEMEHHO Op2aHuU308aHa Ha MaHeepPeHHoU MecmHocmu U 8
onmumarsibHbIX MemeoposI02UYECKUX YCII08USIX, @ MakXke 4mo maHKogoe
rnodpa3sdeneHue docmuzaem 3aghgheKmuUBHOCMU O2HS C Mecma, Hay4Hasi
uenb QaHHO20 uccriedogaHusi cocmoum 6 onpedenieHUU Haubonee
MOYHOU  8ePOSIMHOCMU  MOPAaXeHUs1 U YHUYMOXeHuUs: uenu, 8
3asucumocmu om mMemoda ornpedeneHusi paccmosiHuss 00 uenu u
Konu4ecmea 8bIyUu,eHHbIX CHapsi0os.

Memodebi: [NpeumyujecmeeHHO npuMeHsis mMemod cumyayuoHHO20
MoOenuposaHuUsi 8 Hay4HOM UCC/1e008aHUU, asmopbi CMapatomcs Kak
MOXHO moYyHee orpedenums MPOUEeHmM BePOSIMHOCMU MOPaXeHUsI
(YHUYMOXeHUs1) Hermod8UXHOU uenu rnepebiM, 8MopbIM UMU mpembum
CHapsiOom.

Pesynbmamabl: OCHOBHbIM Hay4HbIM 8K1adoM OaHHO20 uccrie0o8aHusi
sensiemcsi onpedesnieHue pasnuyHbIX KOUYeCcmeeHHbIX rnokasamernel
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U 3Ha4yuMbix  rapamempos, HeobxoOumbix Ol yCreuwHo20
nnaHuposaHuss ~ 06OPOHUMEsbHbIX — onepayul,  cosepliaeMbiX
nodpa3denieHuUsIMU CyX0ormymHbIX 80UICK.

Bbigodbi: bnazodapsi coslaHuo coomeemcmsyroweli modesnu Ons
KOHKpemHol cumyauyuu C Uuesnbto peweHuss npobnemsl (6oeeol
3adayqu), MOXHO C MOYHOCMbIO ofpedesiums  8epPOsIMHOCMb
nopaxeHus1 U yHUYMOXEHUST Yesiu 8 3asucumMocmu om Kosudecmea
8bIMYyUeHHbIX CHapsidos, a makxe coeslams MOYHbIU NPo2HO3 pacxoda
boenpunacos.

Knwouesbie criosa: meopusi cmpenbbbl, maHK, maHKoeblie 60lCKa,
modenuposaHue.

MNpvmeHa MeTode MoJenoBaka Ha u3padyHaBawe BepoBaTHohe
MoroTka HEMOKPETHOr Lurba NPUIMKOM BaTPEHOT AgjcTBa TEHKOBCKOT
oferbewa y ogbpaHu

BopaH b. Obpaposuh?, bpaHucnas b. Hiukonvh?, aytop 3a npenucky,
lopar M. MNonosuh®, Hukonaj . Mayanos®, Kpacmuy W. KpacTtes®

2 YHuBepauteT oabpaHe y beorpagy, BojHa akagemuja,
Beorpag, Penybnuka Cpbuja
6 MuHucTapcTBo yHyTpaluksux nocnosa Peny6nuke Cpbuje,
YnpaBa nonuuuje 3a rpag beorpaa, beorpaa, Peny6nuka Cpbuja
® HaumoHanHu BojHu yHuBep3uTeT ,.Bacun JleBckn”,
Benwuko TpHoBo, Penybnuka Byrapcka

OBJIACT: Teopuja rahama, Teopuja BepoBaTHoNe, BOjHE HayKe
KATEITOPWUJA (TWUIM) YJTAHKA: opyrinHanHu HayyHu pag

Caxxemak:

Yeod/uurb: Teopuja HerlocpedHoz 2aljarba OKIIOMHUX jeduHuya 6asu ce
uspadyyHaear-eM eeposamHohe no2omka yusba, y 3agucHocmu o0 6poja
ucriarbeHux ripojekmurna, y odpeheHum 6opbeHUM OKOfITHocmuMa, Kao U
rnod odpeheHuUM MemeoposrioWKUM YycriosuMa. YcrnewHocm u3epulera
bopbeHoe 3adamka OKMOMHUX jedQuHuya y u3eohery o006pambeHoe
Ogjcmea Ha HernokpemHu Uurb y Hajeehoj Mepu 3asucu 00 eghukacHocmu
sampeHoz Oegjcmea meHKO8CKoe opyha. Takmu4ykoMm rpemnocmasKom
OegbuHucaHu cy peanHu 6opbeHu ycrniosu — da Harnada4yka ¢hopmauyuja
Hacmyna omeapajyhu eampy u3 cmpesbaykoe U [POMUBOKIIONHO2
Haopyxama, Oa jJje o00bpaHa OpeaHU308aHa [PaBOBPEMEHO, Ha
MaHe8apCKOM 3eMIbULIMY U y ONMUMasiHUM MemeopOoIOWKUM yCrio8uUMa,
Kao u da meHKo8CKO oderber-e ocmeapyje eampeHo dejcmeo ca Mecma.
LHurs ucmpaxueara jecme O0a ce wmo npubnuxHuje odpedu
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seposamHoha rno2odka U yHUWMera yusrba, y 3asucHocmu 00 HaquHa
odpehuesarba darbuHe 00 Uurba U bpoja ucrnarbeHUX rnpojekmurna.

Memode: TexuwHoOM npumMeHom memode cumyayuoHoe moderiogara y
Hay4YHOM ucmpaxkueaky, HacmojaHo je da ce wWmo rnpeyusHuje oopedu
npoyeHam seposamHohe roeomka (yHuwmerba) HerokpemHoa yurba —
npsum, dpyaum, 0OHOCHO mpehum rPojeKmMuIoM.

Pesynmamu: maeHu Hay4yHU QOMpuHOC ucmpaxuearsa rpedcmaessba
odpefusarbe  pasuyuMuUx KeaHmumamueHUX rokKasamesba Kao
3Ha4yajHuUx napamemapa HeOnxoOHUX padu ycriewHoe Mpojekmosara
o0bpambeHux ornepauuja jeduHuUa KOrHeHe 80jcKe.

Sakrbyyak: Kpeuparem odzoeapajyhee modena 3a odpeheHy cumyauujy,
padu pewasar-a npobnema (bopbeHoz 3adamka), mozyhe je npeyusHo
odpedumu eeposamHohy nozafjarba U yHUWMEHa yurba y 00HOCY Ha 6poj
ucrnasbeHux rpojekmura, Kao U 04eKusaHu ympoluak MyHuyuje.

KrbyuyHe pedu: meopuja 2ahijama, MEHK, MEHKOBCKO 00esbetse,
MoOersiosamse.
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Abstract:

Introduction/purpose: The quantization of the electromagnetic field gives
rise to quantum fluctuations which in turn produce a force on macro-
scopic boundaries. This phenomenon is called the Casimir effect.

Method: The second quantization of the electromagnetic field is em-
ployed. The Zeta function regularization technique has been applied.

Results: Because of the electromagnetic field quantization, a force on
macroscopic boundaries is observed.

Conclusions: Vacuum fluctuations due to quantum effects give macro-
scopic results.

Key words: quantum electrodynamics, quantization, vacuum energy,
Casimir effect.

The Casimir effect

We are going to consider an effect arising from the electromagnetic field
quantization. Casimir first observed that, because of quantum fluctuations
of the electromagnetic field, between two neutral parallel conducting plates
separated by a distance d and located in a vacuum, there is a force which
is attractive in this particular geometry. This is known as the Casimir ef-
fect (Casimir, 1948; Casimir & Polder, 1948; Casimir, 1953). Only trans-
verse modes will contribute to the energy, and, assuming the plates are
perpendicular to the direction x of propagation, that component will have

740


https://orcid.org/0000-0003-1645-2071
https://doi.org/10.5937/vojtehg71-41282

nodes on the planes and will take discrete values

k:(kgcznﬁ/d,ky,kz),n:1,2,...;n:<d>k. (1)

™

The zero point energy of this configuration is given by

=1 1
E = ZlQﬁwn = Zihc\kn\ 2)

For the sake of simplicity, we will limit ourselves to a 1 + 1 dimen-
sional space, i.e. 1D, in order not to deal with k£, and k., the components
of the electromagnetic wave vector. Therefore, the modes are given by
sin(nmx/d), where n = 1,2, ... and the corresponding energy is w,, = mn/d.
Plugging all this back into eq. (2), for the vacuum energy in one spatial di-
mension, we obtain the expression

E(d) = fﬁfn. (3)

Of course the term Zj{i‘in is a source of trouble being divergent. In
order to solve this problem, let us introduce the generating function

+o0
e (4)
n=1

for a > 0, this series is, of course, convergent to

®)

1—e@

and has the property that

d +o0o +oo
~a Z:l e = Z_:l ne 4" (6)

so that in the limit « — 0 we recover the sum of eq. (3). Besides its mathe-
matical properties in the series, the parameter a plays a role as a cutoff
for frequencies with a wavenumber n larger than 1/a. We will isolate the
source of divergence for ¢ — 0, obtaining a finite value for the zero point
energy.
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Taking the derivative of eq. (5) with respect to a, we obtain

+0o0
d 1 1
—an _ _ 7 — . 7
nzlne da <1—e—“> e 4 e % —2 (7)

Expanding (7) with Taylor for small a (i.e. taking into account higher
frequencies), we have

i 1 _i _i2 4 _i_i 2
a?1+ La2 4+ O(at)  a? (1 12" +O(a)>_a2 g T O @)

The expression for the zero point energy (3) becomes

_mhe (1 1 9
B =55 (5~ 5 +0) ©)
and we observe that the divergent part goes like 1/a2, while all other re-
maining terms are regular in the limit a — 0. As it stands, £ does not have a
definite value. Remembering that the energy is defined up to a constant, we
should regularize it by subtracting a suitable “counterterm” E-(d) that will
eventually furnish us with a finite value for E. For a discussion of the coun-
terterms in Quantum Electrodynamics, consult (Fabiano, 2021), and for the
various regularization techniques in Quantum Field Theory, see (Fabiano,
2022). Defining the counterterm in the following manner
mhe 1

Ec(d) = 2 d a2 (10)
that is, the sole divergent part of (9) and subtracting it to E£(d), we end up
with a perfectly regularized energy value for a = 0:

m he 1 9
Egr(d) = E(d) — Ec(d) = 54 <—12 + O(a )) (11)

What experimentalists do measure in the Casimir effect is the force
among plates, that is FF = —0F/dd and, of course, this value does not
blow up. The complete expression for the (attractive) force between two
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plates is
_OBM) _ whe (1 10
F=""30 ~ 2 <a2 o >> (12)
whose regular part is just given by Fr = —0FRr(d)/0d:
w he
R = o (13)

as all other terms vanish in the limit « — 0. This is the finite result for the
Casimir force in 1D.

To summarize, while computing the zero point energy, we stumble upon
the divergent term > n. In order to regularize its behavior, we introduce
a parameter o that goes to zero thus discovering the pole 1/a? and other
regular terms.Then we subtract a suitably “infinite” term that cancels the
divergent part and retain the finite value for a = 0.

For the sake of completeness, a more exhaustive expansion of (7) in
powers of a is given by

1 1 a? a? a a® 691 a'?

12
2 12 210 - 14
2 127240 G048 " 172800 522240 ' 11ssroassooo O ) (14)

where the coefficients are related to Bernoulli numbers.

An alternative approach to the generating function, of course completely
equivalent, is the well-known regularization via the Riemann zeta function
defined for R(s) > 1

+oo
((s)=> n* (15)
n=1

and extended on the whole complex plane to a meromorphic function, i.e.
that is holomorphic everywhere except for a simple pole at s = 1 with
residue 1, see for instance (Fabiano, 2020). It is possible to show that

1

(D =-15- (16)

Three dimensional case

In spatial 3D, that is 3 4+ 1 dimensions, we restore the other two com-
ponents &, and k. of the wave vector which of course are not subject to
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boundary conditions due to the presence of the plates. The frequency is
written as

n2m?
wn:C\/ 7 +k:§+k:§ 17)

giving the expression for the energy

h dk,dk, X
E(d):2.2A/ (2%2 ;wn (18)

where A is the area of the conducting plates, the factor 2 accounts for the
two polarizations.

Turning to polar coordinates in two dimensions by setting r? = ki + k2
and performing the angular integration, we arrive at the density of energy
per surface

n27r2

+ 72, (19)

As it stands, this integral is strongly divergent. As a regularization mea-
sure, we multiply everything by w,_* and eventually let « — 0. The expres-
sion we obtain is given by

E(d) hicl—a IR oo n’n? 9 =
A—QWZA‘W'ﬂ+T , (20)
and this integral is well behaved for R(a) > 3. Performing the integration,
we arrive at
E(d)  h 7w 3_a
i) Zn , @1

the sum on the rhs is recognized to be the zeta function, {(a — 3), which
is not singular for a = 0 and assumes the value ((—3) = 1/120. The
complete zero point energy density in three dimensions is therefore given

by the expression:
E(d) 7 he
AT s 22)
It is worth noticing that in 3D a different geometry of the plates in the
Casimir effect could change the sign of the force making it, say, attractive

instead of repulsive.
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As a byproduct, we have just “proved” that

1
-3

The Casimir effect has been explicitly shown here for two parallel plates
in 1D and 3D respectively, and the force is attractive.

There are many more possible situations in which the effect could
be observed. Lifshits (Lifshitz, 1956) studied the case of two paral-
lel dielectric bodies and the effects of finite temperature; the case of
a liquid layer of separation was studied by Dzyaloshinskii, Lifshitz and
Pitaevskii (Dzyaloshinskii et al, 1961). They also showed that, under
certain circumstances, the Casimir force could be repulsive rather than
attractive. Schwinger (Schwinger, 1951, 1975) studied the problem;
in (Schwinger, 1992a) he used a different approach from the effective ac-
tion, and in (Schwinger, 1992b,c), he started the calculations for a spheri-
cally shaped object.

14243+4+45+...= (23)
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Abstract:

Introduction/purpose: The digitization of healthcare has gained particular
importance in the years since the emergence of COVID-19 and also has
become one of the primary goals of the Government of the Republic of
Serbia. Telemedicine is a good solution when the patient cannot come to a
healthcare facility. Mobile healthcare applications are already widely used,
but in both fields the important challenge is data security. The aim of this
paper is to review solutions for data security in mobile healthcare from the
technical side and possible challenges in the process of digitization of the
healthcare system in Serbia.

Methods: This review is based on current papers in this area, on the
available relevant literature and the authors' many years of experience in
this field. Experiences in the process of digitization of healthcare in Serbia
are based on available articles and regulations. Finally, possible challenges
are presented from the authors' perspective based on everything presented
in the field of data security in mobile healthcare.

Results: The analysis of the papers reviewed from the point of view of data
security showed that users are often ready to sacrifice their privacy for the
sake of convenience provided by mobile applications.

Conclusion: Based on the review of the papers and clear data security
requirements that include the presented safeguards, one of the main tasks
of the entire community is to raise awareness of information security and
awareness of the need for cyber hygiene of each individual, which is the
basis for the safe use of e-health services.

Key words: information security, e-health, telemedicine, mobile
healthcare, attacks, attack prevention.

Introduction

Mobile healthcare (mHealth) refers to the application of mobile
technologies in healthcare, including mobile applications, wearable
devices, telemedicine, and other technologies that enable quick and easy
exchange of medical data and information.

Information security in mHealth is of particular importance to ensure
that medical data is stored securely and to maintain the patient's privacy.
It is important to implement all security measures to ensure the data is
protected from unauthorized access or misuse.

When it comes to information security in mobile healthcare, there are
several key factors to consider: data transfer security, user authentication,
device security, regulatory compliance, and software security.

Healthcare mobile applications use data encryption, which means that
all data transmitted is encrypted and protected from unauthorized access.
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Encryption means that data is converted into an encrypted form before it
is transmitted via the Internet, and only authorized persons with the right
key can decrypt the data. Applications may implement other security
measures, such as user authentication by using passwords, biometrics, or
two-factor authentication, access control, and regular software updates to
ensure data security.

Apps often provide privacy settings, allowing users to decide what
data is shared with others and how. This includes sensitive medical data,
such as data on health and medical conditions, as well as other types of
data may be collected, such as data on physical activity, diet, sleep and
other factors that may affect health, which can help users maintain a
healthy lifestyle and improve their health. Depending on the type and
sensitivity of the data, some is stored on servers in accordance with the
law on the protection of personal data, which prescribes obligations and
responsibilities related to the processing of personal data, while some is
stored on mobile devices themselves, so users of these applications
should be aware that they should apply security measures themselves,
such as locking the device's screen, not using unsecured Wi-Fi networks,
and not installing suspicious applications. Therefore, it is important to
emphasize that in the case of mobile healthcare, when it comes to
sensitive medical data, data security does not only refer to data storage on
servers, but also on users' mobile devices. In any case, the data must be
stored securely. This can be achieved by applying encryption or remotely
erasing the data in case the device is lost or stolen. It is also necessary to
comply with laws and regulations to ensure the legality and security of
medical data processing.

Software used in mobile healthcare must be safe and secure. When
developing and testing applications, security standards should be applied
to ensure protection against hacker attacks or other types of cyberattacks.
When creating a database, designers should adhere to the best practices
and security standards, such as the GDPR (General Data Protection
Regulation) and the HIPAA (Health Insurance Portability and
Accountability Act), to ensure user privacy protection and regulatory
compliance in the field of personal and health data protection.

Security of information systems

The term cybersecurity implies the protection of digital information,
devices and resources. John McCumber (McCumber, 2004, pp.99-107)
developed a network security management tool that he named the
Cybersecurity Cube (Figure 1).
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Figure 1 — Cybersecurity Cube
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Like any cube, it has three dimensions that represent one of the tools
for a comprehensive approach to information systems security. The first
dimension of the cube includes the three principles of information security
(CIA triad). The second dimension identifies three data states. The third
dimension of the cube represents protective measures.

Principles of information security

In telecommunications, i.e., computer systems that enable data
transmission, it is necessary to consider three key principles that form the
core of security and represent desired goals when it comes to information
security: confidentiality, integrity and availability, i.e., the so-called CIA
triad (Stallings, 2014).

Confidentiality is assurance that information is neither intentionally nor
accidentally disclosed to wunauthorized persons. Confidentiality
encompasses two related concepts: data confidentiality and privacy. Data
confidentiality ensures that information is not disclosed to or made
available to unauthorized individuals. Privacy means that individuals
control and influence what personal information may be collected and
stored, who may do so, and to whom that information may be disclosed.
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Integrity is a guarantee that the information has not been modified
either accidentally or intentionally, thereby guaranteeing its credibility. In
this sense, data integrity and system integrity should be taken into account.
Data integrity guarantees that information and programs are not changed,
that is, that they are changed only in a specific and authorized way. System
integrity guarantees that the system performs the functions for which it is
intended in an uninterrupted manner, protected from intentional,
unintentional, and unauthorized manipulation of the system.

Availability ensures that the systems work quickly, that is, without
delay, and that the service is not denied to authorized users who should
have timely and secure access to data and other resources.

The use of the CIA triad to define security goals is often supplemented
with two more concepts: authenticity and accountability. Authenticity is the
property of being able to trust the validity of the transmission of messages,
the validity of the message itself, and the validity of the source of the
message. Accountability is a security goal that supports non-repudiation
and allows for the traceability of possible security breaches as truly secure
systems are not yet achievable, so systems must keep activity logs to
enable forensic analysis in the event of a security breach.

Data states

Cyberspace is a domain that contains a significant amount of
sensitive information, and therefore the second dimension of the
Cybersecurity Cube is the state of the data, because it is important to
protect the data in each of the possible states.

Data at rest (storage) is the data which is stored while no user or
process is using it. It can be stored locally on a device or centrally in a
network. Data storage can be directly attached storage (DAS, Direct-
Attached Storage) such as hard disks, USB flashes and similar, as well as
RAID (Redundant Array of Independent Disks) which provide improved
performance and fault tolerance. There are also network storage devices
such as NAS (Network Attached Storage), and storage networks, SAN
(Storage Area Network). A remote data storage option is cloud data. Each
of the mentioned warehouses has specific challenges when it comes to
their protection. Direct-attached storage is the most difficult type to
manage and control, while network systems are a more secure option due
to better performance and redundancy. On the other hand, network
storage systems are more complicated to configure, so proper
configuration, testing, and monitoring of such a system are extremely
important.
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Data in transmission is data transferred from one device to another.
This can be done by using removable media to physically move data from
one device to another (sneaker net) and over a wired or wireless computer
network. Through computer networks, data is transmitted in accordance
with standard protocols that are available to the public. Protecting the
confidentiality, integrity and availability of transmitted data is one of the
most important responsibilities of a cyber security professional. Protection
of data in transmission is implemented through various technologies and
protocols such as VPN (Virtual Private Network), SSL/TSL, IPsec, etc.

Data in processing is the third state of data that refers to data during
initial input, modification, calculation, or during output. Data integrity
protection begins with the initial data entry. Errors during input, data
reading, faulty sensors or mismatched data formats are examples of data
corruption during input. Data modification during encoding/decoding,
compression/expansion, encryption/decryption is a stage where integrity
can be damaged by a malicious code. Data protection during processing
requires well-designed systems. Cybersecurity professionals create
policies and procedures that require testing, maintaining, and updating
systems to keep them functioning with the least amount of errors.

Protective measures

The third dimension of the Cybersecurity Cube defines the skills and
disciplines that can be used to protect cyberspace. These include
technologies, human factors, and security policies.

Technologies for the protection of information systems can be based
on software, hardware, network, or cloud. Software protections include
programs and services that protect operating systems, databases, servers
and end devices. Software firewalls protect remote access to the system.
Hardware protection includes firewall devices that block unwanted traffic.
Protection at the level of network technologies provides protected
transmission such as VPN (Virtual Private Network), protected access to
network devices (NAC Network access control) and authentication and
encryption for wireless access. Cloud service providers use virtual security
appliances that run in a virtual environment with a security-enhanced
operating system running on virtualized hardware.

The human factor is often the weakest link in cyber security.
Protective measures primarily include security awareness programs,
which should be a constant process because new techniques and new
threats are always present. People may not be intentionally malicious, but
simply unaware of the consequences of not following security procedures.
Establishing a culture of cyber security awareness should be implemented
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through formal education from early childhood to active security
awareness programs in work organizations. Cyber security experts are
also included in the protective measures. This is a particular challenge for
education in the IT sector. A cyber security expert must master all
techniques mastered by an attacker and must stay one step ahead of the
attacker. Ethical hacking is a significant process in educating and creating
cyber security professionals.

A security policy is a set of security goals that include rules of conduct
for users and administrators. A comprehensive security policy must be
clearly defined. Security policy usually includes identification and
authentication policy, password policy, network resource usage policy,
remote access policy, computer network maintenance policy, incident
handling policy, etc. Standards help IT staff maintain consistency in
network operation. Guidelines define how standards are developed and
guarantee compliance with general security policies. Some of the most
useful guidelines are good practices from organizations. Procedures are
documents that are more detailed than standards and guidelines and
include details of security policy implementation that usually contain step-
by-step instructions and diagrams.

E-health

E-health is a branch of medical informatics that refers to the
application of information and communication technologies for the
provision of health services and health information. Thus, e-health
promotes the sharing of health information, provides effective health care,
and enables patients to manage their own health. The goal of e-health is
to transform the healthcare system into a patient-centered model.

The COVID-19 pandemic has contributed to the increase in the
research and development of e-health systems. Although there are many
aspects, three areas can be singled out as key areas: the architecture of
e-health, the development of mobile healthcare technologies, and the field
of security of e-health systems (Alenoghena et al, 2022). E-health includes
health informatics, electronic health record, electronic entry of medical
orders, electronic prescriptions, telemedicine, and maobile healthcare.

Telemedicine

Telemedicine involves the use of information and communication
technologies in order to provide health services to remote patients and to
facilitate the exchange of information between the primary service of a
doctor or medical staff and a specialist, or an expert in a subspecialty.
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Distance is the motive for the development of this area, which arose from
the need to facilitate the treatment of patients in rural areas, that is, to
provide adequate first aid in emergency cases (Reljin & Gavrovska, 2013).
Telemedicine is a multidisciplinary field that includes processing,
transmission, storing and searching of data that often include multimedia
and have high requirements related to quality, flow, reliability, and
protection.

There are three basic types of telemedicine: store and forward,
remote monitoring, and real-time interactive services. Store and forward is
a method where the sender has all information, and forwards to the
recipient when it suits them. Remote monitoring implies that the patient's
health is checked using various technical means and thus clinical
indicators about them are obtained remotely. In the case of an interactive
service, the doctor and the patient are online and the transfer of
information is live and two-way between them. Within telemedicine, there
are branches such as telecardiology, teleradiology, telepsychiatry,
telesurgery, etc.

Mobile healthcare

Mobile healthcare is a technology that enables the application of e-
health anytime and anywhere, which implies the use of mobile
telecommunications and new network technologies. The term digital
health, in addition to the already mentioned e-health, also includes the use
of sophisticated computer sciences such as "big data" and artificial
intelligence. The components of mobile health are wireless sensors,
mobile devices, and communication technologies. Wireless sensors are
used in the medical field to collect data on the condition of patients. Mobile
devices enable the transmission of data, sound and images via a wireless
connection, regardless of where they are. Communication technologies
used in mobile healthcare are primarily short range systems (Bluetooth,
Zigbee), WiFi, mobile cellular systems (2G, 3G, 4G, 5G), and satellite
systems.

Mobile healthcare (mHealth) is defined by the World Health
Organization (WHO) as mobile applications and wearable devices that are
used for health care. Mobile apps are software programs used by mobile
phones and tablets, while mHealth App are mobile applications used for
health care.

The growing number of mobile applications including mHealth
applications leads to increased access to health data. Research shows
that many of the most popular mHealth apps for women on the market
have poor data protection and security standards (Alfawzan et al, 2022).
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Although there are regulation, such as the EU GDPR (European Union
General Data Protection Regulation), research shows that the regulations
are not always followed in practice. A large number of medical, health and
fitness applications can collect and potentially share data with third parties
without always being transparently presented (Tangari et al, 2021). Mobile
applications are rapidly becoming a source of information and decision
support tools for both clinicians and patients. Such privacy risks should be
presented to patients and may be part of consent when using a mobile
application. Primarily, mHealth applications help users manage their
health and receive health services. Research shows that people take
responsibility for the risks while evaluating benefits when faced with a
choice (Zhou et al, 2019). The advantages provided by mHealth
applications, such as convenience, real-time health care, time saving and
often free use, may outweigh the security and privacy risks, so users are
willing to sacrifice privacy for the convenience that mHealth applications
provide (Schroeder et al, 2022).

Data security in e-health

The CIA (Confidentiality, Integrity, Availability) triad represents the
basic principle of information security, and it also applies to data security
in e-health. Confidentiality guarantees that data will not be disclosed by
unauthorized persons. This becomes even more important in mobile
healthcare. First of all, information itself is sensitive, i.e., patient privacy
must be protected. Second, wireless transmission and the very
architecture of the network makes that data available to a large number of
users, so there is a risk of its being compromised. That is why data
encryption is necessary. Different types of encryption provide different
levels of protection (Zajeganovi¢ et al, 2019). Integrity refers to the fact
that the data has not been altered, which is of great importance when it
comes to the data sent and recorded within e-health. This is accomplished
using hashes or checksums. If the integrity check fails, the application
must report an error and close without any data processing. And finally,
the availability that allows the data to be always available when needed, is
an extremely important condition because the patient's life can be
threatened if they are denied medical services. The HIPAA (Health
Insurance Portability and Accountability Act) security rule requires the
protection of sensitive health information about a patient, which means that
that information will not be disclosed without the consent or knowledge of
the patient. Authentication processes are varied and standards are
constantly evolving. Biometric methods are involved in that process to a
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great extent (Tot et al, 2021a). The field of development and
standardization of methods for biometric authentication is certainly one of
the most important ones, and there is a large space for research in this
area (Tot et al, 2021b).

In order for the data to be safe, it is necessary to have a secure
computer network. The security of computer networks is a prerequisite for
secure data transmission.

Threats and attacks in the computer network

Threats and attacks in a computer network are very diverse and difficult
to classify. The list of possible attacks is constantly increasing because
different techniques for exploiting system vulnerabilities are continuously
being developed. The specificity of the attack can also be related to the type
of network infrastructure. In case of wireless communications, there are very
specific attack techniques (Stefanovi¢ & Pavlovi¢, 2013). Attacks can be
divided into those that come from outside, from the Internet, and those that
come from inside the network. Cyber attacks in a broader sense can also
be divided depending on which layer of the OSI model they attack (Miti¢ et
al, 2020) so we can classify them into:

- Attacks on the second layer (Layer 2 attacks) - attacks in the LAN

network on one broadcast domain,

- Attacks by protocols (Protocols Attack) - attacks on routing protocols
(RIP, OSPF, EIGRP, BGP), attacks on DHCP (Dynamic Host
Configuration Protocol), HSRP (Hot Standby Routing Protocol), CDP
(Cisco Discovery Protocol), ICMP (Internet Control Message
Protocol),

- Quantitative attacks - attacks where attackers send a large amount of
traffic over the botnet that exceeds the available flow capacity of the
victim, and

- Application attacks - attacks that use vulnerabilities in applications and
operating systems.

The list of frequent attacks on the computer network consists of:
- eavesdropping,

- data modification,

- IP address spoofing attack,

- password-based attacks,

- Denial of Service (DoS) attack,

- Man-in-the-Middle attack,

- compromised key attack, and

- sniffer.
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The above list only represents some of the common computer
network attacks. The tools used by attackers are also diverse and their
sophistication is constantly increasing. The decryption process is definitely
being accelerated by the development of computer technology, but it is
unlikely that it will completely replace the role of humans (Stefanovi¢ &
Srdanov, 2014). In the past, the tools were not so sophisticated and the
attackers had to have a lot of knowledge about networks, while today the
situation is completely different . The user of the attack tools does not need
to have any technical knowledge. Today, even cybercrime is offered as a
service and cybercriminals, malware developers and other participants in
the cybercrime infrastructure sell their services to potential clients.
However, in contrast to cybercriminals (black hat hackers) there are also
benevolent hackers (white hat hackers) who use the same tools, but with
the aim of finding system vulnerabilities in order to improve their protection.
The list of attack tools is not exhaustive and is constantly growing.
However, the following are some of the commonly used cyber attack tools:

- password cracking tools,

- tools for hacking wireless networks,

- network scanning and hacking tools,

- tools for creating fake packages,

- packet capture and analysis tools,

- Rootkit detectors,

- tools for detecting, scanning and exploiting vulnerabilities,

- forensic tools,

- operating systems with hacking tools, and

- encryption tools.

In order for hackers to access the system and apply any of the tools
mentioned above, they need to compromise the respective device, which
is done by some of the malicious software such as:

- different types of viruses,

- different types of Trojans,

- worms,

- adware,

- ransomware,

- spyware, and

- rootkit.

Finally, in order to develop a new attack technique, a good knowledge
of the functioning of the system as well as the vulnerabilities that the
system has in order to exploit these vulnerabilities is necessary. The
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overview of cyber attacks, protection techniques and their recognition is
inexhaustible because with the development of new technologies, new
types of attacks appear as well as techniques for detecting and preventing
cyberattacks. Since there is no perfect protection, it is necessary to
combine different protection techniques and educate users on how to
protect their accounts (Vugdelija et al, 2021). Vulnerability detection is
primarily the task of well-intentioned attackers whose goal is to improve
system security. Ethical hacking is precisely the field of cyber security that
deals with this.

Cyberattack protection techniques

As cyberattack techniques advance, so does the defense, that is, the
response to the attack. To defend a larger network, dedicated protection
devices are used at the Internet exit. Different software solutions such as
antivirus, antimalware and firewall are used for individual defense.
Restrictions are set on routers in the form of access lists. More
sophisticated devices such as dedicated firewalls can filter traffic by
checking the header at higher layers of the OSI model such as Intrusion
Prevention System (IPS) and Intrusion Detection System (IDS) firewalls
such as ASA (Adaptive Security Appliance) devices and ISR (Integrated
Services) Routers), then ESA/WSA (Email Security Appliance/Web
Security Appliance) that filter spam emails and prevent access to
suspicious sites that have malicious software, as well as AAA servers
(Authentication, Authorization and Accounting) that allow access only to
authorized users. As stated earlier, cryptography is one of the basic
methods of data protection and the trend is to encrypt all data. Secure
communication has the following four elements: data integrity,
provenance, data confidentiality, and data non-repudiation. This is
achieved by appropriate techniques such as: symmetric and asymmetric
encryption, hash functions, digital signature, and digital certificates
(Zajeganovi¢ et al, 2019).

Complete protection against cyberattacks is difficult to achieve
because there are many links in that defense chain, of which the human
being is one of the weakest, so the way to improve security is the so-called
zero-trust architecture (Zero-Trust Security Model).

Digitization of healthcare in Serbia

Digitalization program in the healthcare system of the Republic of
Serbia for the period 2022 - 2026 adopted by the Government of the
Republic of Serbia provides recommendations, i.e., measures that should
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be taken in order to digitize and comprehensively modernize healthcare,
S0 as to obtain connected, efficient, and better quality healthcare.

One of the special goals is the establishment of a secure and
integrated information and communication infrastructure and electronic
services. In order to achieve this goal, among other things, legal
frameworks related to the security of sensitive health information that is
used, exchanged and stored, as well as the rights of access to that data,
are necessary. New technologies are introducing solutions that allow
healthcare professionals to communicate with patients remotely and
opening the door to the use of telemedicine devices for remote monitoring
of the patient's condition. The Government of the Republic of Serbia has
foreseen that eHealth provides other possibilities in terms of electronic
regulation of sick leave, renewal of electronic prescriptions, requests for
issuance and renewal of health insurance cards, insight into the costs of
health services provided, participation in the selection of options for
locations for the provision of health services, receiving advice from health
workers about the prescribed therapy and treatment. Certainly, in order to
achieve this, a coordinated activity of adapting already existing software
programs and developing new ones is needed. In Serbia, there is an 1ZIS
(integrated Health Information System) and all data exchanged must
comply with the existing standards, including data security.

A special challenge in terms of data security and privacy is the
establishment of a system for collecting depersonalized data periodically
or in real time for the purposes of analytics and reporting, as well as
operational data on the use of resources in the health system. This would
enable the improvement of a decision-making system based on machine-
readable data, analysis, and reports.

Above all, the basis on which everything rests is the computer
network, technologies for remote data transmission as well as the
availability of network devices and servers. In this sense, all system should
have resources and procedures for back-up so that all data would be
saved in case of failure for any reason, including cyberattacks.

In the Republic of Serbia, the process of digitizing the healthcare
system began several years ago but the COVID-19 pandemic made
people more aware of the need and importance of remote treatment and
the use of mobile applications in healthcare, and accelerated this process
by placing it among the priority tasks on the way to the e-society.

Telemedicine in Serbia

_ The modern telemedicine program started in Europe in 1988 (Reljin
& Cucuz, 2007), and Serbia did not lag behind. Although in the 90s there
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was a difficult situation in the country due to sanctions, hyperinflation and
war actions, 1995 saw the beginning of the digitization of the large library
of classic glass slides at the Military Medical Academy (VMA) at the
Institute of Pathology and Forensic Medicine, and in 1997 Telemedicine
Center was established at the VMA and a permanent telepathological
connection was established between the VMA in Belgrade and the Military
Hospital and Institute of Pathology of the Faculty of Medicine in NiS. The
VMA had several experimental connections with other medical centers: in
Podgorica, Sremska Kamenica, and with KBC Bezanijska Kosa.

Medical institutions in Serbia have been faced with a lack of
professional staff for decades, and for this reason, in 2012, the Project
"Introduction of Telemedicine in Eastern Serbia" was launched. The
Project was implemented by the National Alliance for Local Economic
Development (NALED) and the "Merck Sharp & Dohme" (MSD)
foundation, and within a year, the idea came to fruition. The health center
in Boljevac is connected with the Zaje€ar Health Center and the Clinical
Center in Ni§ by means of telecommunication equipment. The biggest
challenge for the implementation of telemedicine is providing good
equipment and support to patients and doctors.

After these pioneering efforts, subsequent projects in the field of e-
health were supported by the Government of the Republic of Serbia, so
that today, for more than a year, patients can be examined through the
Heliant Telemedicine platform at KBC Zvazdara, in which the service is
intended for patients suffering from inflammatory bowel disease. This kind
of service should take root in other areas of medicine as well.

Mobile healthcare in Serbia

As mentioned earlier, mobile healthcare includes mobile applications
and wearable devices used for health care. The importance of mobile
healthcare is also shown by the fact that since the Apple smart watch was
registered as a medical device, more and more people appeared who did
not know they had cardiac arrhythmias, and received a warning from such
a watch. Of course, there are far more specialized devices used in maobile
healthcare to monitor the health of patients, such as smart pressure
gauges that, in addition to analyzing blood pressure and heart rate,
monitor ECG and heart sounds, and all these results can be made
available to the doctor for further analysis. In addition to specialized
devices, there are also mobile applications that allow monitoring and
saving of recorded health data that can be used for further analysis. The
fact that devices like smart watches and mobile phones can be made into
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medical devices with the right mobile apps makes it easier for people to
get involved in the process of taking care of their health.

Various mobile applications for health care are available in Serbia. In
cooperation with the Multiple Sclerosis Society of Serbia, the Heliant
company developed the mobile application My MS World. The application
is conceptually divided into three units. The first part consists of
educational content, the second part represents support for patients in
fulfilling their daily activities, and the third part contains information about
therapeutic methods, and questionnaires and tests that help self-
assessment of patients' health status. There are a number of mobile
applications whose development was initiated by the corresponding
association, so the MyMelanoma application was prepared by the
Association of Melanoma Patients, while the MojRA application was
prepared by the Association of Rheumatic Diseases of Serbia, and the
HemApp application was prepared by the Association of Hemophiliacs of
Serbia. After successful implementations in Serbia, the same applications
were implemented in Montenegro (MojRA ME, HemApp ME). The ONKO
application was created as part of the "Knowledge Against Cancer" project
of the Institute of Oncology and Radiology of Serbia and is motivated by
the idea of making it easier for patients to access the Institute of Oncology
and Radiology of Serbia and to enable them to have the right information
when it comes to the treatment of malignant diseases. The Open the Blue
Circle (OPK) mobile application, which is part of the Cities Change
Diabetes project, was developed to promote healthy lifestyles and thereby
influence the prevention of diabetes. UNICEF in Serbia and the City Public
Health Institute of Belgrade have developed a Bebbo mobile application to
support parenting and monitor children's development from birth until they
start school, and in addition to reminders for preventive pediatric
examinations and immunisation schedule, it also suggested how to enrich
family routines through games or how to set healthy boundaries for your
child when it comes to behavior. Therefore, mobile applications used in
mobile healthcare, in addition to health data and information, often have
recommendations and activities that are generally related to a healthy
lifestyle, both physical and mental, in order to prevent various diseases.

In mobile applications used for health care, general information is
stored on servers, and personal data is stored on the mobile phone itself
and cannot be accessed by anyone other than that user. For any other
data processing and storage of personal information in a place other than
the phone, it is necessary to give the appropriate consent. Privacy rights
and data security should be respected in all applications.
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Data security

Since the beginning of remote treatment, the security of
communication itself and the security of data are topics that must not be
bypassed. This must be looked at from both technical and legal aspects.
Legal acts related to the security of e-health and e-government in Serbia
have been adopted. There is also the ConsentID application that can be
used when signing up for eHealth and other e-services available to citizens
of Serbia. The ConsentID application enables authentication when
accessing the e-service, which is connected to the citizen's qualified
electronic certificate. The portal for electronic identification, eid.gov.rs,
enables access with different degrees of privileges, as well as the
possibility of having a qualified electronic certificate in the cloud and a
signature in the cloud.

Communication via the Heliant Telemedicine platform takes place via
a video link generated through the Hedex (Heliant Data Exchange)
service. Data servers are e-government servers. The mobile application
"My MS World" stores data on the servers in Kragujevac, and for now there
is much more informative content there than personal data, and work is
being done, in cooperation with Heliant, to improve the application.

Finally, when it comes to data security in e-health, whether it is about
telemedicine services or mobile applications used in healthcare, the
biggest challenge is to design the system well enough from the point of
view of security and privacy of sensitive personal data. Software designers
need precise information about who can or must access which data in
order to keep data systems connected, to properly create roles and access
rights for different types of data. In this sense, in addition to technical, legal
regulation is also necessary based on which requirements would be clearly
defined. The topic of data security, especially when it comes to healthcare
data, must be approached both from a technical and legal perspective.

Conclusion

The aim of this review paper is to present the basic principles of
information security as well as their application in technologies used in
mobile healthcare, given that information security is of great importance in
healthcare in general, and especially in the field of electronic healthcare
due to the challenges that inevitably arise in that process.

Human error is the biggest problem for information security. Although
many companies invest heavily in vulnerability scanning, antivirus
programs, software updates, and more, the problem of undertrained
employees remains. That is why it is of great importance that both
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employees and users are regularly trained in this area and that the
awareness of information security is raised among all individuals. One of
the main tasks of the entire community, above all the state, which has set
the digitalization of society as its strategic goal, should be to raise
awareness of information security and awareness of the need for cyber
hygiene of every individual, either as an employee at the workplace or as
a user of e-services. This is the only way to build an e-society that will
safely use the services of e-government, e-health, etc.
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PYBEPUKA TPHTW: 20.23.25 NHdopMaLMOHHbIE CUCTEMBI C 6a3amm 3HaHWI
28.21.27 CTpyKTypbl CUCTEM Nepeaaydn OaHHbIX
49.33.35 HapgexHoCTb ceTen CBA3U 1 3awmTa
nHdopmaumm
BWO CTATbW: o63opHas ctates

Pesrome:

Beederue/uenb:  Llugpposuszayusi  30pasooxpaHeHusi  rpuobpena
ocoboe 3HavyeHue ¢ MoMeHma Hadasna naHoemuu COVID-19. C mex rop
ee cosepuwieHcmeosaHue sensemcsi OOHOU U3 OCHOBHbIX uyenel
npasumernbcmea Pecnybnuku Cepbusi. TenemeduyuHa — omiu4yHoe
peweHue ocobeHHO 0115l nayueHmos, Komopbkle He Mo2ym roceuwamam
meduyuHckue y4dpexoeHusi. MoburnbHble MeOUUUHCKUE MPUIOXEHUS
yXe WUpOKO ucrnonb3yromcesi, 0o0Hako 8 obeux obnacmsx eaxHou
npobnemotli sAsnsgemcs 6e3onacHocmb OaHHbIX. Lernbo  daHHOU
cmambu sierisiemcsi 0630p mexHU4YecKux peweHul 0nsi obecriedeHus
b6e3onacHocmu OaHHbIX 8 MOOUIbHOM 30pasooxpaHeHuu, a makxe
8bIsIBNIEHUE BO3MOXHbIX MpobreM 8 npouecce yugposusayuu
cucmembl 30pasooxpaHeHusi 8 Cepbuu.

MemoO0bl1: [aHHbIl 0630p OCHOBaH Ha COBPEMEHHbIX UCCIed08aHUsIX 8
amol obnacmu, Ha umerwelcs pernesaHmMHoU snumepamype u
MHO20/1eMmHeM ornbime asmopog 8 amol obnacmu. Onbim npoyecca
yughposusayuu 30pasooxpaHeHuss 8 Cepbuu OCHO8aH Ha UMEHUUXCS
cmambsiX U peanameHmax. B 3aknwodeHuu cmambu  asmopbi
obcyx0arm 803MOXHbIE 8bI308bI HA OCHOBAHUU 8CEX MepeyUCIeHHbIX
akmopos 6 obnacmu 6e3zonacHocmu OaHHbIX 8 MObBUIbHOM
30pasooxpaHeHuU.

Pesynbmamel:  AHanu3 docmynHbix pabom € MOYKU 3peHusi
b6e3onacHocmu OaHHbIX MoKa3alsl, 4mo Mosib308ameriu 4acmo 20moeab|
noxepmeosame ceoell KoHgudeHyuanbHocmblo padu ydobcmea,
rnpedocmasiaemMoeo MObUbHbIMU MPUIOXKEHUSIMU.

Bbigo0bi: Ha ocHosaHuu 0b30opa ucnnedogaHull U Hemkux mpebosaHul K
besonacHocmu  OaHHbIX,  BK/IKYaWUX rpedcmaseHHble  Mepbl
rpedocmopoXXHOCMU MOXHO cdeslamb 8bi800, YmMO 0OHOU U3 OCHOBHbIX
3aday ecez20 coobujecmaa s8nsemcs rnosbiuieHue oceedomieHHocmu 06
UHgbopmayuoHHoU 6e3onacHoCMuU U [OHUMaHUSI mo20, HAacKO/IbKO
KubepauaueHa 8axkHa Orisi Kax0020 4esiogeka, maK Kak OHa s1e/1s5emcsi
¢pyHOameHmom 6e30rmacHo20 UCrOoMb308aHUsT  yCrly2 3f1EKMPOHHO20
30pasooXpaHeHUs.

Kntouesbie crnoga: uHgopmayuoHHasi b6e3onacHOCMb, 3M1EKMPOHHOE
30pasooxpaHeHue, menemeduyuHa, mobusibHoe 30pasooxpaHeHue,
amaku, rnpedomepauieHue amakx.
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Caxemak:

Yeod/yure: Jueumanusayuja 30pascmea O0obuna je nocebaH 3Havaj y
gpeme rnojase KopoHa supyca COVID-19, u nocmana jedaH 00 npumapHuXx
uurbesa Bnade Penybrniuke Cpbuje. TenemeduuyuHa je 0obpo peuwierse y
criyqajy kala nauujeHm Huje y moeyhHocmu Oa dohe y 30pascmeeHy
ycmarosgy. MobunHe annukayuje Koje ce 0OHoce Ha 30pascmeo cy
yeesiuko y yriompebu, anu y oba cryyaja 8axaH usasoe je be3bedHocm
rnodamaka. Y pady cy caenedaHa mexHuU4Ka peuleHa Koja ce 00Hoce Ha
b6e3bedHocm rnodamaka y mMobusiHom 30pascmey U rnpedcmassbeHU cy
moeyhu u3asosu y npouecy duaumarnusayuje 30pascmeeHoe cucmema y
Cpbuju.

Memode: Osaj pad 3acHuga ce Ha akmyerHumM padosuma , Ha AOCMYnHOf
periegaHMHOj iUMepamypu U 8uLwe200ULLHEM UCKyCmay aymopa y 080j
obnacmu. [lpedoyeHa cy u ucKycmea y npouecy Oueumanu3ayuje
30pascmea y Cpbuju, kao u moayhu usasosu y obracmu 6e3bedHocmu
rnodamaka y MoburiHoM 30pascmey.

Pesynmamu: AHanusom npeanedaHux padosa ca cmaHosuwma
6e3bedHocmu noGamaka rokasaHo je 0a cy KopUCHUUU Hecmo CripeMHuU
Oa xpmeyjy ceojy npusamHocm paldu no200HOCMU Koje UM rpyxajy
moburiHe annukayuje.

Bakrbyyak: Ha ocHosy nipeeneda padoea u jacHUX 3axmesa y roenedy
b6e3bedHocmu nodamaka Koju yK/bydyjy npedcmasrbeHe 3awmumHe
Mepe, jeOaH 00 enasHux 3alamaka UErnoKyrnHe 3ajedHuue jecme
nodusarbe ceecmu o besbedHocmu uHgbopmayuja u o nompebu cajbep
XUeujeHe ceakoe rnojeduHya, wmo rnpedcmasrba OCHO8 3a 6e36edHo
Kopulwhere ycryea e-30pascmea.

KmbyyHe  pequ:  6e3bedHocm  UHgopmMmauyuja, e-30pascmeo,
menemeduuyuHa, MObusIHoO 30pascmeo, Hanadu, cripeyasare Harnada.
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Abstract:

Introduction/purpose Reliability and availability are important especially for
military, medical, and other professional equipment. Reliability and
availability management and/or prognostic reliability calculations have
always been data driven. This article focuses on the analysis of the data
impact on reliability and availability.

Methods: This research is based mostly on the articles published by the
author of this work as well as on some other papers.

Results: This paper results in a discussion on the definition of the data-
driven concept, preceded by brief definitions of reliability and availability,
and followed by the analysis of the main impacts of uncertain data on
prognostic reliability calculations as well as by reliability and availability of
data used in reliability calculations.

Conclusions: Reliability and availability are still very important. Reliability
and availability have always been data driven while valid and relevant data
have always been the main problem. Without good data, prognostic
reliability is useless in spite of a good reliability model.

Key words: data driven, reliability, availability, data, equation.

Introduction

Reliability as theory and practice appeared after the Second World
War. It was first applied to hardware, then to software and humans.
Reliability is still very important nowadays (Pokorni, 2014b). Availability is
connected with reliability. Reliability and availability have the same
meaning for unrepairable products while availability is more important for
products intended to be repaired.

NOTE: This work, under a similar title, was presented at 10" International Scientific
Conference on Defensive Technologies OTEH 2022, Belgrade, Serbia, pp.591-594,
October 13-14, 2022.
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We will use the term 'product’ for a device, item, component, system,
etc.

Reliability has always been data driven (Pokorni, 2021a, 2022).
Without good data, prognostic reliability is useless in spite of a good
reliability model. Therefore, input data in a reliability model and in a
decision-making system in reliabilty management are of crucial
importance. The same can be said for availability.

How to obtain good data is a big problem. Regarding relaibility, such
data can be rarely obtained from producers of components or devices
(electronic, mechanical) and/or software. Until the nineties of the last
century, data about failure rates of electronic elements were available from
the well-known military handbook MIL-HDBH-217 (Military Handbook,
1986). However, the latest version of this handbook is from 1995, so these
data are obsolete (Pokorni, 2014b). Since these data are statistical,
reliability (i.e., probability) which is calculated based on these data is valid
only with a certain probability. Some data can be used from other sources
but they are usually not up to date either.

Therefore, there is a question: to calculate reliability or not to calculate
it? From this author's experience (of almost 30 years of teaching (talking
to students that input data is the biggest problem in reliability calculations)
and 40 years of practice in reliability calculations of electronic equipment)
it is better to do calculations even based on obsolete data, especially at
the beginning of designing a device or a system, because this can help to
chose a better solution (alternative) from the point of view of reliability.

Of course, when it is necessary to decide whether such devices,
software or systems satisfy certain reliability requirements, obsolete or
uncertain data should not be relied upon.

In (Pokorni, 2021b), it is concluded that the problem is how to cope
with large amounts of data on the one hand, and with very small amounts
of data on the other hand. Both of these can be the case in reliability and
maintenance, and more often there is a problem of not enough data or no
data at all.

Firstly, the definition of the data-driven concept is given preceded by
short definitions of reliability and availability, and after that the impact of
uncertain data on prognostic reliability calculations is discussed as well as
reliability and availability of data. So, we speak about the availability of a
product, and the availability of the data for this product.

Before analysing the impact of data on reliability and availability, we
will give a brief definition of reliability and availability.
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Definition of reliability

It is enough for this paper to say that reliability is the probability that a
device will meet the intended standards of performance and deliver the
desired results within a specified period of time under specified
(environmental) conditions (Pokorni, 2021a).

Reliability is very important not only in military and professional
products. Reliability nowadays also plays a crucial role in safety and
adoption of driverless cars.

Definition of availability

Availability is the probability whether the product is ready to perform
its function when it is required (Pokorni, 2014a). Availability can be defined
in different ways. It is generally defined as (Pokorni, 2014a):

t

G=—2 (1)

ty, +14

where top ,and t; are the operational time and the down time of a product,

respectively.

This is usually called operational availability. If the operational time
and the down time of a product are recorded, availability can be calculated.
So with carefully recording such data, it is possible to obtain data about
availability. It is not easy to get data about reliability.

Calculating availability is important. If there is a so-called Service
Level Agreement (SLA), then it must be possible to calculate availability in
order to see if that SLA is fulfilled.

Definition of the term 'data driven'

Being data-driven means that all decisions and processes are based
on data. This is most evident in the field of big data (Pokorni, 2021a;
Rouse, 2018). It is in connection with data science, data mining, etc. The
term data-driven is used in many fields, in reliability as well.

Being based on data means using data, and using data means at least
collecting and analysing data. This implies using some kind of
communication. To achieve this, technology products (different devices,
networks, software, Internet of Things, etc.) are used and anything of these
can fail. Of course, it is advisable to avoid failures and resolve them if they
happen, and this is the task of reliability.
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Data-driven as a term describes a decision-making process which
involves collecting data, extracting patterns and facts from these data, and
utilizing these facts to draw inferences that influence decision making
(Northeastern University, 2019).

Making decisions is a fundamental component of business and
personal management. Good decisions lead to success while poor
decisions lead to loss or failure. And this depends on data.

Every organisation today aims to be data driven. Data-driven decision
making is the process of making organizational decisions based on actual
data rather than on intuition or observations alone. This is the case in
reliability as well (Northeastern University, 2019).

Impact of data on reliability and availability

As stated before, reliability has always been data driven (if being data
driven means that all decisions and processes are based on data), while
valid and relevant data have always been the main problem. It is important
if some data are historical (from past experiences on failures) or gathered
from new devices for which we calculate reliability. Of course, data
gathered from new devices for which we calculate reliability are more
valuable than data from past experiences, because data from the past
come from different devices and older components, if data are used from
handbooks, for example MIL-HDBK 217. Data about failure rates of new
components are rarely available from producers.

In Military Handbook 217E (1986), it is stated that "Considerable effort
is required to generate sufficient data on a part class to report a statistically
valid reliability figure for that class. Casual data gathering on a part class
occasionally accumulates data more slowly than the advance of
technology in that class; consequently, a valid level of data is never
attained.”

In Military Handbook 217F (1991), it is stated that “The first limitation
is that the failure rate models are point estimates which are based on
available data.”

Obviously, there are problems to gather sufficient and good data, in
spite of the amount of effort taken. The problem is not only insufficient data,
but also the accuracy of such data.

We will discuss the impact of data on reliability from several aspects:
accuracy, availability, up-to-dateness of data, experience, culture in
organisation, etc. Data are also the basis for reliability test developing.
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Accuracy of data

Reliability calculation (or better to say estimation) is always predictive
(prognostic) i.e., it predicts what will happen in the future, for example what
is a probability that a device will not fail after a certain time of operation.
First let us see how an error or accuracy in input data in a simple reliability
model (a reliability block diagram, RBD) can affect results for prognostic
reliability calculations. In a so-called Parts Count reliability calculation
which is implemented in MIL-HDBH-217, a serial configuration RBD model
is used (Figure 1) (Pokorni, 2014a).

input output

Figure 1 — Serial RBD model
Puc. 1 — lNocnedosamernbHasa MoOesib CmMpyKmMypHOU HadexHocmu
Cnuka 1 — PedHu cmpykmypHuU modes rnoysdaHocmu

Figure 2 shows the reliability of the serial RBD model Rs as a function
of the reliability of an element (all elements are with the same reliability R)
and the number of these elements m. From Fig. 2, it can be seen that an
error in the input data (if we consider the difference in R as an error in the
input data) for the reliability of one element has a bigger impact on the
reliability when a system has more components, which is usually the case.
For example, if a serial RBD has 5 elements, and the reliability of each
element is R=0.8, then an error of +12.5 (it means that we used R=0.9 and
R=0.7) will produce an error in the reliability of the system Rs of + 80% and
— 48.7%. It can be seen from Fig. 2 that errors depend on the reliability of
elements R and the number of elements m, i.e., errors are smaller if the
number of elements is smaller.

Figure 3 shows a parallel RBD model of a system. Fig. 4 shows the
reliability of a parallel RBD model as a function of the reliability of an
element (all elements are with the same reliability) and the number of these
elements n. From Fig. 4, it can be seen that an error in the input data for
one element has a smaller impact on reliability when a system has more
components, but in this case such a system is more costly. Adding the
second element with the mean time to failure (MTTF) will increase the
mean time to failure of the system (MTTFs) for 50%, adding the third
element results in 33% increase, and adding the fourth element leads to
25% increase, as obvious from the equation (Pokorni, 2014)
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MTTF, = MTTF(1+l +...+ l)
2 n @)

So, adding more elements in parallel to increase reliability will
increase rather cost than reliability. Reliability and cost are mutually
dependent. Higher reliability means higher cost, but cost for maintenance
will be lower.

R, reliability of system

0.1 -

m
Rg=R 0607
1 2 3 4 5 g

number of elements m

Figure 2 — Reliability of a serial RBD model
Puc. 2 — HadexxHocmb nocnedosamesibHOU Modesiu cmpyKkmypHoU HadexxHocmu
Crnuka 2 — lNoy3daHocm pedHoz cmpyKkmypHo2 modena rnoy3daHocmu

Availability of data

Availability of good data is a very big problem, especially today when
technology changes very fast, and some components are very reliable (but
we do not know to what extent) and we do not have timely and accurate
data about their failure rates, i.e., reliability. As mentioned before, military
handbooks (e.g. MIL-HDBK-217) can be used (but such data are
obsolete), as well as commercial handbooks, data from producers (but
these data are rarely available), or one’s own data (which are not often
available either).

774



input E— Dutpu't

Figure 3 — Parallel RBD model
Puc. 3 — lNapannenbHas modesib cmpykmypHoU HadexxHocmu
Cnuka 3 — lNapanenHu cmpykmypHU modes noysdaHocmu

1 R ¢ reliability of system

0g A
0.8 A
0.7 A
0.8 A
0.3 A
04 A
0.3 A
12 A~

01 A

n=1 number of
elements

_ - + N
Re1-(1-R)

0 0Z2 = 04 0s 08 1
reliability of element R

Figure 4 — Reliability of a parallel RBD model
Puc. 4 — HadexHocmb napannenbHol Modenu cmpyKkmypHol HadexHocmu
Cnuka 4 — lNoysdaHocm naparnenHoa cmpykmypHo2 moderna rnoy3daHocmu

Experience in the calculation of reliability

The experience of this author has shown that the calculated
prognostic MTBF of electronic equipment, using MIL-HDBK-217, should
be at least or about twice of the required MTBF in order to have operational
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(actual, correct) MTBF equal to the required (original) MTBF and that was
applied as a rule when the Parts Count reliability calculation was made
(Pokorni, 2014b).

The author is not the only one who had the problem of inadequate
input data of electronic elements and inadequate estimation of these input
data in the calculation of reliability (Pokorni, 2014b).

Another problem with data is that when there is a small number of
produced devices, there are not not enough data.

Devices with very high required reliability present additional
chalenges: in this case, real data are obtained only after a long time after
these devices come into use.

One solution to the problem when there is not enough relevant data
is seen in the so-called Physics of Failure, but it is applicable in the wear
area of a failure rate. However, in the Physics of Failure, there is again a
problem not only with relevant data but also with the knowledge of different
processes in component materials (Pokorni, 2014a).

Besides input data in reliability calculation models, data from reliability
analyses of systems or devices can offer more information. For example,
in (Pandian et al, 2020), the Boeing 787 Dreamliner reliability was
analysed using a data-driven approach. From various documents and
trends, it was concluded that Boeing did not adopt an effective Reliability
Program Plan where the best practice tasks are implemented to produce
reliable products. Boeing opted to widen its supplier base and reduce costs
by including manufacturers who were new to the aircraft development
industry. The events that led to delays during manufacturing and failures
during operation are a testament to Boeing’s flawed practices.

Boeing's flawed practices that can serve as valuable lessons were as
follows:

Short development cycle and highly complex supply chains,

Lack of accurate and timely information sharing,

Lack of relevant data,

Lack of valid testing on innovative technologies,

Difficulty in fault detection, and

Lack of balance between autonomy and oversight.

Furthermore, these deficiencies are seldom independent of each
other and can have a compounding effect on product reliability.

Quiality of data

Data quality is only one problem in reliability. In (Elearth & Pecht,
2012), it is stated that there is no standard method for creating hardware
reliability prediction, so predictions vary widely in terms of methological
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rigor, data quality, extent of analysis and uncertainty while the
documentation of the prediction process employed is often not presented.
The IEEE thus created a standard, IEEE 1413 (Standard Framework for
the Reliability Prediction of Hardware), in 2009.

Culture in an organization

Gathering good data is in connection with individual and
organizational culture. The most important part of the development of a
reliability program in an organization is to have a culture of reliability. It is
extremely important that everyone involved in the creation of products,
from the top on down, realize that a good reliability program is necessary
for the success of their organization (Pokorni, 2014b, 2016).

The reliability effort produces and uses a different amount of
information and data.

One possible solution when there is not enough relevant data and an
analytical reliability model cannot be derived is simulation (Pokorni &
Jankovi¢, 2011). An example of not such a complex problem is illustrated
in (Pokorni & Ramovic, 2003).

Reliability is connected with maintainability. Reliability and
maintainability are important factors in the total cost of equipment. An
increase in maintainability can lead to reduction in operating and support
costs. For example, a more maintainable product lowers maintenance time
and operating costs. Furthermore, more efficient maintenance means a
faster return to operation or service, decreasing downtime (Brunton et al,
2021). Again, good and timely data are necessary.

Reliability and availability of data

Reliability of data and their availability can be discussed as well. In
order to build trust in data, it is critical that they are reliable, i.e., complete
and accurate.

Data reliability means that data are complete and accurate, and itis a
crucial foundation for building data trust across any organization. Ensuring
data reliability is one of the main objectives of data integrity initiatives,
which are also used to maintain data security, data quality, and regulatory
compliance (Talend, 2023; Pokorni, 2021a).

Reliability leaders need reliable data to make reliable decisions.
Therefore, in data-driven reliability, data reliability is of crucial importance.
Data reliability is not the same as data validity. Reliability of data is based
on data validity, completeness, and uniqueness (Pokorni, 2021a).

777

Pokorni, S., Data-driven reliability and availability of electronic equipment, pp.769-782



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 3

Nowadays, in the reliability domain, there is not only lack of good data,
but there is lack of any data. People dealing with reliability calculations can
see that clearly.

If the Internet of Things (l0T) is used tto gather data, because of 10T
unreliability, data can be missing, incomplete and/or corrupted (Pokorni,
2021a).

Data for maintainability are usualy gathered from sensors or the IoT -
if these are not reliable, data can also be unreliable. Unreliable 10T can
produce unreliable data as an input in a decision-making system, so
decisions can be wrong.

Similar situation can happen with artificial intelligence incorporated in
a decision-making system. Can artificial intelligence recognize bad data?
Or will we believe in a decision made in such a way?

Reliability equation

Because a data-driven reliability system includes hardware, software,
sometimes humans, and data, we suggest assessing the reliability of a
data-driven reliability system by changing the equation from the (Pokorni,
2019, 2020, 20214a, 2021b) to the following one:

Rs (t)= Ruw ()Rse ()R (t)Ro (t) e

where RHW, RSF, RH and RD are the reliability of hardware, software,
humans and data subsystems, respectively.

Conclusion

Reliability and availability continue to be very important. Reliability
and availability have always been data driven while valid and relevant data
have always been the main problem. Without good data, prognostic
reliability is useless in spite of a good reliability model. This can be the
case with maintainability as well.

In reliability calculations, there is usually a bigger problem with not
enough relevant data than with large amounts of data. The problem is not
only insufficient data, but also the (in)accuracy of data.

In reliability calculations, the data from MIL-HDBK-217 are usually
used, and these are data from the past, obsolete in most cases. Up-to-
date data of failure rates of elements are rarely available. Regarding
availability, it is a matter of accurately recording data about the operational
time and the down time of a product being used.
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HapexHoCTb 1 AOCTYNHOCTb 3NEeKTPOHHOro obopyaoBaHus,
OCHOBaHHbI€ Ha yrnpaBneHnn AaHHbIMU

Cnaeko V. MokopHw
Konnemx nHdopmMaumoHHbIx TexHonorui, r. benrpag, Pecnybnvka Cepbus

PYBPUKA TPHTW: 78.21.49 BoeHHas anekTpoHuka 1 knbepHeTuka
BWO CTATbW: o63opHas ctatbs

Pesrome:

Beederue/uerns: HadexxHocmb u docmyrnHocmb rpedcmasrisiiom ocoboe
3HaveHue Orisi B0EHHO20, MEOUUUHCKO20 U MpoYye20 NpoghecCcloHaIbHO20
obopydoeaHus. YnpaeneHue HadexxHoCmbio U OOCMYrnHOCMbO U/umu
pacyembl PO2HO3UPOB8aHUs HadexxHocmu eceada OCHOBbLIBANUCL Ha
OaHHbIx. [JaHHoe uccriedosaHue rnocesuweHo aHanusy eusiHusi 0aHHbIX Ha
HadexHocmb u docmyrnHOCMEb.

Memodbl: Hacmosiwee uccriedogaHue OCHO8aHO Ha OMybruUKO8aHHbIX
pabomax asmopa daHHOU cmambU, @ makxe Ha uccriedosaHusix Opyaux
asmopos.

Pesynbmamsi: Pedynbmamamu OaHHO20 uccriedosaHusi s8/1sitomcsi: 80
nepsbix, obcyxdeHue orpederneHusi Nodxoda K yrpasneHuro GaHHbIMU
(data-driven), eo-emopbix, onpederneHue HalexHocmu U 0oCmyrnHOCMuU,
8-mpembUX, 8blIsI8/IeHUE 8IUSIHUS HeA0CMamOoYHO HaleXHbIX OaHHbIX Ha
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pac4dem I'IpOZHOCfT?U'-IeCKOlj HadexxHocmu, a makxe Ha HalexHocmb U
OocmynHocmb OaHHbIX, UCTIOoJIb3yeMbIX rpu pac4deme HadexxHocmu.

Bbigoldbl: HadexHocms u docmyrnHOCMb MO-MPEXHEMY OYEHb 8aXHbI.
HadexHocmb u OGocmynHocmb 6ceeda 3asucunu Oom  yrpasereHusi
OaHHbIMU, @ O0CMOBEPHbIE U aKmyaribHble OaHHble ecez0a 8bi3blieasiu
cepbe3Hyto o3aboyeHHocmb. [lpoeHocmuueckass HadexHocmb 6e3
coomeemcmeyrowux GaHHbIXx 6ydem becrione3Hol, daxe ecru mModerib
HadexxHocmu 6e3yripeyHa.

Knrouesbie criosa: yripasneHue OaHHbiMuU (data-driven), HadexHocmb,
docmynHocme, OaHHble, hopmyina.

|_|0y3ﬂ,aHOCT M PacnosioXXKNBOCT €J1IEKTPOHCKUX cuctema BOf]eHVI
nogaunma

Cniasko J. [NokopHu

Bucoka wkona CTpykoBHUX CTyauja 3a MHpOpMaLmoHe TeXHonoruje,
Beorpag, Penybnuka Cpbuja

OBJIACT: enekTpoHuka
KATETOPWJA (TUM) YNAHKA: nperneaHu pag

Caxemak:

Yeod/yurb: Noy3adaHocm u pacronoxueocm cy nocebHo 8axKHU 3a 80jHY,
MeOuUyuHcky U Opyey npogbecuoHanHy onpemy. Yrnpaerbar-e
rnoy3daHowhy u pacronoxueowhy u/unu npopa4vyH pPo2HOCMUYKe
roy3daHocmu yeek cy burnu 3acHo8aHU Ha nodayuma. Y ucmpaxuearby ce
aHanusupa ymuuaj nodamaka Ha roy3éaHocm u 20moegocm.

Memode: Ucmpaxueare je paljeHO yenasHoM Ha OCHogy objagrbeHux
YrlaHaka aymopa 08oe pada, Kao U HeKux Opyaux padosa.

Pesynmamu: AwnanusupaHe cy OeguHuyuje KoHuenma eolhjeHoe
nodayuma, 3amum OecbuHuyuja noysdaHocmu U pacriosfoxueocmu, a
HakoH moea ymuuaj Hedo80srbHO roy3daHux rofamaka Ha rpopayyH
fpoeHocmu4Ke rnoy3daHocmu, Kao U roy30aHoCcm U pacrionioXusocm
roGamaka Koju ce Kopucme y rpopa4yHy roy30aHocmu.

Bakrbyyak: lNoysdaHocm U pacronoxueocm, Kao 8eomMa 8axHU, yeekK cy
6unu eoheHu nodayuma, anu eanudHu U pernesaHmMHU nodayu
npedcmaerbajy anasHu rpobriem. bes 0obpux nodamaka rnpoeHocmMuUYKa
rnoy3daHocm je 6eckopucHa, yrpkoc dobpom moderty rnoysdaHocmu.

KbyuyHe pedu: eoheHo nodayuma, roysdaHoOcm, pacronoxusocm,
nodayu, chopmyrna.
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Abstract:

Introduction/purpose: Hydrogen is the most abundant element in the
universe (75 % by mass) and the lightest element (with a density of
0.00082 g/cm?®) which consists of only one proton and one electron.
Because of its presence in many different forms such as gaseous
hydrogen, its plasma species, water, acid, alkalline, ammmonia and
hydrocarbons, it has various applications in different industrial disciplines.

Methods: Different hydrometallurgical and pyrometallurgical methods are
considered in order to point out many different processes such as
formation of hydrogen, reduction of metallic oxides and chlorides, and
electrochemical reactions such as hydrogen overvoltage and the spillover
effect. Ultrasonic spray pyrolysis enables the formation of very fine
aerosols which can be used for the production of metallic powders.

Results: Hydrogen formation was observed during the dissolution of
metallic allloys with hydrochloric acid. The reduction of metallic oxides and
metallic chlorides by hydrogen leads to the formation of metallic powders.
Metallic powders were collected by a new developed electrostatic
precipitator.

Conclusion: Hydrogen can be applied in different reduction processes for
the production of metallic powders. Recycling processes can be used for
the formation of hydrogen. A new research strategy for powder production
is proposed combining recycling of the black mass of used Li-lon
batteries, ultrasonic spray pyrolysis, and hydrogen reduction.

Key words: hydrogen, reduction, formation, acid, recycling,
electrostatic precipitator.
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Introduction

Hydrogen as the key element in energy transition replacing fossil
fuels and their CO, emissions was used as a reducing agent instead of
carbon thus attracting strong interest in hydrometallurgy and
pyrometallurgy of non-ferrous metals (Stopi¢ et al, 1997b). Control of
hydrogen formation during hydrometallurgical processes such as
electrocoagulation and winning electroysis has a high significance for
metal recovery (Rodriguez et al, 2007b)

During sulphuric acid pressure leaching of copper oxidic ores
containing silicates, the leaching solution contains copper sulfate with a
low concentration of copper (approx. 5-10 g/L). After solvent extraction,
the concentration of copper is increased until 30-40 g/l. Copper
formation is possible by using hydrogen reduction in an autoclave under
increased temperature (Hage et al, 1999). One version of this reduction
process is gaseous reduction where metals are precipitated from leach
solutions by direct contacting with reducing gases such as hydrogen and
carbon monoxide. For the same fuel consumption, hydrogen reduction
has the potential to produce two to six times as much metal as the
competing traditional electrowinning process (Sista & Sliepcevich, 1981).
To date, gaseous reduction has been practiced commercially primarily in
batch operations or in semi-continuous, stirred autoclaves and tubular
reactors. Under high pressure and temperature conditions, hydrogen
reduction of aqueous copper sulfate in a continuous flow tubular reactor
requires strict control of both feed temperature precipitation of basic
copper sulfate and inlet pH-values (about pH-Value of 1.8) to prevent the
formation of cuprous oxide during reduction. A bench scale investigation
on the hydrogen reduction of a highly acidic copper bleed solution was
performed in a titanium lined autoclave of 1 L. A producing 99% copper
powder recovery which was reached at a pressure of about 2400 kPa, a
reaction temperature of 453 K, and a stirring speed of 400 rpm for a
reaction time of 2 h (Agrawal et al, 2006).

Similarly to copper production, an alternative process to
electrowinning for the recovery of nickel from purified nickel solutions is
hydrogen reduction under high pressure and high temperature conditions
(Crundwell et al, 2011). Hydrogen reduction is carried out by injecting
hydrogen into aqueous ammoniacal nickel sulfate solutions in stirred
high-pressure autoclaves. The following steps are performed: the
preparation of nickel ‘seed’ powder; the reduction of solution batches; the
finishing of a 50 tonne “lot” of nickel powder; and the preparation of the
autoclave for a new cycle.
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This literature review aims at advances in understanding the role of
hydrogen in non-ferrous metallurgy. The formation of hydrogen and its
application for the synthesis of metallic powder will be explained in this
study.

Hydrogen formation in hydrometallurgical processes

The formation of hydrogen was presented in zinc winning
electrolysis, the treatment of wastewater with copper electrolysis, and in
the treatment of black mass for recycling used Li-lon batteries.

Zinc winning electrolysis

The formation of hydrogen in zinc winning electrolysis was
performed in an electrolytic cell from the water solution of zinc sulfate, as
shown in Figure 1.

Figure 1 — Electrolytic cell
Puc. 1 - OnekmponusHas siyelika
Cnuka 1 — henuja 3a ennekmponusy

The formation of hydrogen is described via the following chemical
reactions:
At the cathode:

Zn?" + 2" =>»Zn° 1)
At the anode:
H-O 91/2 Oy, + 2 H"+ 2e (2)
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Under the standard conditions, hydrogen is more noble than zinc
and therefore zinc cannot be precipitated in the electrolysis of aqueous
solutions. Every electrochemical reaction is inhibited in a different way for
hydrogen, as shown in Figure 2.

Elements more ignoble than Elements more noble
hydrogen than hydrogen
Zn~>2Zn Fe"SFe H'H, Cu*3Cu AU SAU
| 1
i >
>

Figure 2 — Hydrogen overvoltage in zinc winning electrolysis
Puc. 2 — lNepeHanpsixeHue 8o0opoda rpu rnosayHeHuU YUHKa 371eKmposiu3om
Cnuka 2 — lNpeHanemocm 8000HUKa y 0obujarby YUHKa er1eKmposiu3om

The movement of the potential is enabled through
the choice of different parameters: concentration of sulfuric acid,
electrolyte temperature in an electrolytic cell, current density, and
concentration of zinc in an acidic solution. Therefore, hydrogen
overvoltage (potential difference that can be found between an electrode
and a reversible hydrogen electrode within a single solution) leads to zinc
precipitation as shown in Figure 2. Hydrogen is formed at an increased
temperature of electrolytes (60°C), smaller concentration of zinc in an
acidic solution, smaller current density and in the presence of iron and
copper ions (catalytic effects). The analysis of the mechanism and
kinetics of the hydrogen evolution reaction has confirmed that the
hydrogen evolution reaction (HER) is the simplest electrocatalytic
reaction (Lacia, 2019). With the development of renewable energy
sources, electrolytic production of hydrogen becomes an alternative way
of hydrogen production for internal combustion engines and fuel cells.

Electrocoagulation method for hydrogen formation

Electrocoagulation (EC) is an old electrochemical technique for
treating polluted water using electricity instead of expensive chemical
reagents such as sodium hydroxide needed for a chemical precipitation.
EC was firstly proposed in London in 1889, where a sewage treatment
plant was built and an electrochemical treatment was used via mixing
domestic wastewater with saline. In the United States, J.T. Harries
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patented a wastewater treatment by electrolysis using sacrificial
aluminium and iron anodes in 1909. Electrocoagulation (EC) may be a
potential answer to environmental problems dealing with water reuse,
hydrogen production, and rational waste management. The Integrated
Treatment of Industrial Wastes towards Prevention of Regional Water
Resources Contamination (INTREAT) Project results (2004-2006)
confirmed the feasibility of the EC process for industrial contaminated
effluents from Cu production, taking into consideration technical and
economical factors. (Rodriguez et al, 2007a). The EC-reactor uses
electrodes from aluminium and iron. This EC-reactor is connected with
the control unit as shown in Figure 3.

Conductivity transmitter

PCU

Control unit

Power conditioning

— Conductivity
| ['] Electrodes sensor
V

Flow meter
[> -reac

C‘>:<]
Magnetic stirrer

Figure 3 — Experimental setup for wastewater treatment by the EC-process
Puc. 3 — BkcnepumeHmarnbsHasi ycmaHoska 07151 O4UCMKU CMOYHbIX 800 Memodom
anekmpokoazynsyuu.

Cnuka 3 — Anapamypa kopuwheHa 3a npeyuwhasare ommnadHux 8oda Mpoyecom
enekmpokoazynauuje

Storage tank Product tank

This EC-equipment enables the wastewater treatment and
measurement of removed metals as well as the analysis of the
concentration of the formed hydrogen.

As a working hypothesis, Al**aq) ions are formed in the first step
(Eq. 3).

Al(s) + 6H.0 — Al(H0)e%* + 3e— ©)
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At the cathode, hydrogen is evolved with the formation of OH~ (Eq.
4) thus raising the pH of the solution.

2H,0 + 2 e— — 2 OH- + H, 4)

This leads to the hydrolysis and condensation of Al(H20)s** in a
stepwise fashion (Eq. 5) through Al;(OH)2(H20)s ** leading finally to an
amorphous insoluble polymeric hydroxide [AI(OH)s]n " (H20)x

2 AIH,0),”" — AL(OH),(H,0), " +2H,0’ (5)

Hydrogen was formed during the decomposition of water and the
transformation of complex aluminium hydroxide complexes to hydrogen
ions.

Recycling the black mass from used Li-lon batteries

Today, the production of Li-ion batteries is widely considered to be
crucial technology since it can help decarbonize transport and increase
the penetration levels of intermittent renewable energy sources.

Because of high demands, used lithium-ion batteries from different
sources and chemistries (lithium cobalt oxide — LCO, and lithium nickel
manganese cobalt oxide — NMC) were used after a vacuum chamber
treatment, mechanical and thermal treatment by pyrolysis in the nitrogen
atmosphere.

After that, thermally treated cells were submitted to shredding and
magnetic separation to remove the steel casing from the cells and the
Fe-rich fraction (Vieceli et al, 2023).

Subsequently, the black mass was sieved at 1 mm. The fraction rich
in Al and Cu foils was removed in the coarse fraction (>1 mm) and the
black mass was used for leaching with hydrochloric acid.

The main components of the black mass are graphite, mixed alloys
(MnNi,MnNiCu and CoNi), oxides (CoO, NiO, LiMnNiO,, LiCoOg;
MnosFeo20,), carbonates (Li.COs), fluorides (LiF), and phosphates
(LiCo(POa)z2).

The leaching concentration of 4 mol/L was used in 100 L reactors
(as shown in Figure 4), using a solid/liquid ratio of 0.3, at an atmospheric
pressure, and at temperatures below 100°C.

The chemical composition of the black mass is shown in Table 1.
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Table 1 — Chemical composition of the black mass from used Li-lon batteries
Tabnuya 1 — Xumuydeckuli cocmae 4epHOU Macchl U3 UCMOMb308aHHbIX UMUU-UOHHbIX
aKKyMyrnsmopos
Tabena 1 — Xemujcku cactaB ,LUpHor npaxa” u3 otnagHe Li-lon 6atepuje

Element| C Li Co Mn Fe Cu Ni Al total

(%) 315 | 342 | 155 | 924 | 0.74 | 7.92 | 6.73 | 5.00 | 79,85

Hydrogen was formed using the following reactions:

MnNi + 4 HCl = MnCl + NiCl, + 2 H, (6)
CoNi+ 4HClI = CoCl, + NiCl, + 2 Hy @)
MnNiCu + 6 HCI = CuCl, + NiCl, + MnCly+ 3 H; (8)

During this treatment of the black mass with hydrochloric acid, very
hazardous hydrogen fluoride was formed:

LiF + HCI = HF + LiCl 9)

Figure 4 —Reactors for the dissolution of the black mass from used Li-ion batteries
Puc. 4 — Peakmopsl 0n1s1 nepepabomku YepHOU MaccChl U3 UCMOIb308aHHbIX IUMuU-
UOHHbIX aKKyMyisimopos
Cnuka 4 — Peakmopu 3a pacmeapare upHe mace u3 ommnadHux Li-ion 6amepuja
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The formed hydrogen was observed in the reactors and its
concentration measured using TESTO-devices for the gas analysis.

Application of hydrogen in the production of metallic
powders

The application of gaseous hydrogen for the reduction of metallic
oxides and metallic chlorides, in comparison to alternative reducing
agents such as carbon and carbon monoxide, has some advantages, as
shown with equations:

MeO + Hz = Me + H,0O (10)
MeO + C= Me + CO (11)
MeO + CO = Me + CO; (12)
MeCl, + Hz = Me + 2 HCI (13)
2MeCl; +2 C =2 Me + CCl4 (13)

The advantages of hydrogen as a reducing agent:
1. Formation of water instead of carbon monoxide and carbon
dioxide through the reduction of metallic oxides,
2. Formation of an acid instead of hazardous carbon tetrachloride
through a reduction of metallic chloride, and
3. Environmentally friendly process.

Hydrogen is used to be not only a source of clean fuel energy, but
also a reducing agent for metals production in the current industrial
decarbonization effort. Hydrogen is only commercially utilized in the
production of a limited number of refractory metals (i.e., W, Mo) and
partly utilized in Ni and Co metals production. An improvement of
hydrogen reduction was obtained using the hydrogen spillover effect. The
hydrogen spillover effect (HSPE) is the most important interfacial
phenomenon in which active hydrogen atoms generated via the
dissociation of H, on one phase (metal surface) migrate to other phases
(support surface) and participate in the catalytic reaction of the substance
adsorbed on that site (Shen et al, 2022).

The hydrogen spillover effect was confirmed for hydrogen reduction

of nickel chloride and nickel oxides in the presence of palladium, copper
and nickel (Stopi¢ et al, 1997a). Hydrogen is mostly used for the
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synthesis of metallic powders from water solutions of metallic nitrates
and metallic chloride by ultrasonic spray pyrolysis and subsequent
hydrogen reduction (GUirmen et al, 2009). The equipment for the
synthesis of metallic powder contains an ultrasonic generator, a furnace
and an electrostatic precipitator, as shown in Figure 5.

T ——

Figure 5 — Ultrasonic spray pyrolysis equipment
Puc. 5 — Ycmpoticmeo 0nsi nuponu3a yribmpa3eyKo8biM PacribiieHUem
Cnuka 5 — Anapamypa 3a pacrnpwugare 800eHUX pacmeopa y yrmpa3ssy4YHoM rosby

Hydrogen is mostly used with argon in order to prevent the formation
of an explosive mixture and to avoid the formation of ammonia.
Concerning the applied flow rate of hydrogen and argon, the production
rate amounts to about 5g of metal per one hour in laboratory conditions.

Metallic powder was usually collected with a wet scrubber or an
electrostatic filter. The newest developed electrostatic precipitator by
PRIZMA, Kragujevac, is shown in Figure 6.
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Figure 6 — Electrostatic precipitator for collecting powder developed by PRIZMA,
Kragujevac, Serbia
Puc. 6 — Snekmpogpunbmp 055l u3sreqyeHuUs: Nopowika, paspabomaHHbil kKomraHuel
PRIZMA, Kpazyesau, Cepbus
Cnuka 6 — Enekmpocmamuyku npeyunumamop 3a cakyrn/bake rpaxosea pa3gujeH y
komnaHuju ,[pusma”, Kpazyjesau, Cpbuja

A new electrostatic precipitator uses a rotating electrode enabling
the collection of powders avoiding condensation until 300°C.

Conclusion

Hydrogen is mostly formed during the zinc winning electrolysis, the
electrocoagulation process, and through the recycling process using acid
dissolving metallic alloys. The formed hydrogen is measured and stored
in metallic powders such as LaNi5 in order to be used for the reduction
process. As a favorable reducing agent in comparison to carbon and
carbon monoxide, hydrogen is used for the formation of metallic
powders. The ultrasonic spray pyrolysis of the water sollution of metallic
chlorides and metallic nitrates, with subsequent hydrogen reduction,
produces submicron and nanosized powders. The combined strategy of
hydrogen formation and its application is shown in Figure 7.
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Black mass from LiB Acid

Metallic salts

Hydrogen Formation

Gaseous
Hydrogen

USSP with Hydrogen reduction

Metallic powder Acid

Figure 7 — Formation of gaseous hydrogen and its application
Puc. 7 — ObpasoeaHue ea3006pa3Ho20 800opoda U e20 npuMeHeHue
Cnuka 7 — ®opmupar-e 2acosumoe 8000HUKa U H-e208a npuMeHa

As shown in this figure, it is possible to recycle used acid and return
it to the dissolution of black mass, which is an innovative route.
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BeedeHue/uenb: BolOopod sernsemcsi cambiM  pPacrpocmpaHeHHbIM
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anemeHmom (¢ nnomHocmeto 0,00082 a/cm3). OH cocmoum ece20 nullb
u3 00HO20 MPOMoHa U 00HO20 ariekmpoHa. briazodapsi e2o codepxaHuro
80 MHOXecm8e pasfiuyHbIX (hOPM, MaKux Kak ea3006pasHbili 8000po0 U
€20 rrasmMeHHble pasHogudHocmu, 8oda, Kucrioma, wemnods, aMmMoHul U
yareeo0opoldbl, OH WUPOKO MPUMEHSEMCS 8 pa3fiuYHbIX Ompacrisix
MPOMbILNIEHHOCMU.

Memodbi: B cmamee paccmampusaromcsi pasnuyHble
eudpomemarnsypaudeckue U nupomemarnypaudeckue mMemoodbl C Uesibio
8bISIBNIEHUSI  MHOXecmea  pasfluYHbIX — MPOUECccos,  Mmakux  Kak
obpasosaHue 8o0opoda, 6occmaHoerieHue OKcudo8 U  xropudos
Memasios, a makxe 3/IEKMPOXUMUYECKUEe peakyuu, maKue Kak
nepeHaripskeHue 8odopoda U noboyHbie agghekmnbi.  [luponus
ynbMpa3eyKoBbIM pacribifieHUeM 10380ssiem rnosyYams Mesibyaliiue
aspo30/u, Komopbkie Moaym bbimb UCMOMb308aHbl Orsi fpouzeodcmea
Memariu4ecKuUX rnopoLIKos.

Pesynbmamsi: [lpu pacmeopeHuu mMemasnnu4yecKux Ccriiagos CoJisiHoU
KucriomoU  ebisiesieHo  obpaszosaHue eodopoda. BoccmaHosneHue
memarnnos u3 okcudoe u xmopudoge 8odopodom rpugsodum K
obpa3zosaHuo Memarnuyeckux rnopowkos. C MOMOWbLIO HOB020
paspabomaHHO20 anekmpocgpunbmpa Obinu  U38IEYEHbI  MOPOWKU
mMemarnsios.

Bbigodbl: [lpoyeccbl peyupKynauuu moaym Obimb UCMOIb308aHbl 8
npoussodcmee eodopoda. B ceow ouvepedb, 8000p00 MOXHO
ucrionb3ogamb 8  pasfiUuyHbIX  [poyeccax B80CCMAHOBNeHUs 8
rpouseodcmee Memariu4ecKkux nopowkos. B cmamee npednazaemcs
Hogasi uccriedoeameribCKasi cmpameausi, codemarowjasi npou3sodcmeo
eodopoda e npouecce nepepabomku «4epHOU Macchly U3 AuMuUl-
UOHHBIX  aKKyMyJIimopog8  C  ynbmpasgyKoebiM  HarlblIeHUeM,
mepMUYECKUM pasrioxXeHUeM Kariu U 80ccmaHosieHuem 800opooda.

Kntoyesbie cnosa: e000pod, eoccmaHoesieHue, obpa3osaHue,
Kucroma, peuyupKynsayus, aaekmpogunbmp.

dopmMupare 1 NpUMeHa BOJOHUKA Y MeTanypruju o6ojeHnx meTana
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TexHWUYKU yHUBep3uUTeT y AxeHy, VIHCTUTYT 3a NpoLecHy MeTanyprujy u
peuuknuparse metana, AxeH, CaBesHa Penybnvka Hemauka

OBJIACT: xemujcke TexHonoruje
KATETOPWJA (TWUM) YIAHKA: nperneaHu pag
Caxemak:

Yeod/yurb: BodoHUK je HajpacripocmpareHuju ennemeHm yHusep3syma (75
% maceHux rpouyeHama), Kao U Hajnakwu (eycmura 0.00082 2/umd), koju
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ce cacmoju 00 jeOHO2 rMPoOmMoHa U jedHo2 erleKmpoHa. 3602 eernukoe
fpucycmea y pasnudumum ¢hopmama, Kao Wmo cy 2acosumu 8000HUK,
nnasma-obnuyu, eoda, kKucesnuHa, 6ase, aMOHujak U jedurbera ca
yarbeHUKOM, 8000HUK UMa 8UCOKY MPUMEHY Y MHO2UM UHOYCMPUjCKUM
OucyurnnuHama.

Memode: Paznudume npuomemanypuike u xudpomemarypuke memoode
pasmompeHe cy y Hamepu 0a ucmakHy MHO20 pasfuqdumux rpouyeca —
gopmupar-e 8000HUKa, pedyKyuja MemarHux okcuda u xnopuda, Kao u
€/IeKmpoxXeMUjcKe peakyuje, Kao WMo je npeHanemocm 8000HUKa.
Ynmpasgy4yHo pacripwiugarbe  ca MepMUYKUM pa3srfazareM Karu
omozyhasa hopmupare YUHUX aepocorna, Koju KacHuje mozy bumu
KopuwheHu 3a npou3eo0Hy MemarsiHUX rpaxosa.

Pesynmamu: BodoHuk je ¢hopmupaH pacmeaparem sieaypa us ,UpHe
mace” QobujeHe mpemmaHoM omnalGHUX Jumujym-joH 6amepuja.
Pedykyujom memasnHux okculGa u mMemasHux xsopuda 60OOHUKOM
Oonasu 00 ¢hopmuparba MemarnHux rnpaxoea. OHU Cy CaKyr/baHu y
HOBOM yrimpa3ey4HoOM rpeyunumarnmopy.

Sakmbyvak: lNpouyecu peuyuknuparba mMoenu 6u bumu uckopuwheHu 3a
gopmupar-e 8000HUKa Koju MOxe 6umu fpuMeHseH y pasnuqumum
pedyKUUOHUM npouyecuma 3a rpou3sody MemarsnHux rpaxoea. Hoea
ucmpaxueadyka cmpameauja KOMOUHyje pou3eodry B000HUKa Yy
rpouecy peuuknupaHa ,upHe mMace” u3 numujym-joH bamepuja 3ajedHo
ca ynmpasgyyHuM pacrpuwiueareM, mepMuyKuM pasfazamem Kanu u
B8000OHUYHOM PedYKUUJOM.

KmbyyHe pedu: 8000HUK, pedykuuja, opmupare, KucesuHa,
peyuKnupame.
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Abstract:

Introduction/purpose: The activity of managing the budget funds of the
Ministry of Defense and the Serbian Armed Forces (MoD and AF) does
not accept even minimal mistakes in the procurement of weapons and
military equipment (WME). Equipping the Serbian Armed Forces with
weapons and military equipment must be economically justified because a
large part of the budget is allocated for that purpose. The goal of the
research is to look at the economic aspect of treating costs as a
prerequisite for the process of equipping the defense system with
weapons and military equipment.

Methods: For the purposes of the research, we used analytical and
descriptive methods in order to see the comprehensive costs of assets
that precede the effective equipping of the Ministry of Defense and the
Armed Forces with WME. The research included the analysis of 18 review
and research papers, which we analyzed in accordance with the Rulebook
on equipping the Serbian Armed Forces with weapons and military
equipment.

Results: The results of the research indicate that economic justification is
expressed implicitly by the ratio of intangible benefits and achieved goals
to the invested funds. The most common reason why economic
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justification is not expressed explicitly by the difference between the initial
investment and the final asset quantity is the existence of a number of
circumstances for making wrong investment decisions. Also, if the costs
are not considered in detail during the entire life cycle of the investment, it
can be assumed that the planned target result is not certain.

Conclusion: The research indicates that not considering costs during the
entire life cycle of the investment is the main reason for unplanned
investments in the later stages and the emergence of numerous problems
in the functioning of the defense system.

Keywords: accounting inclusion, expenses, equipping, weapons and
military equipment, life cycle.

Introduction

The defense system in the Republic of Serbia is constantly exposed
to economic, financial, social and political restrictive conditions. The
Ministry of Defense and the Serbian Armed Forces are considered the
main elements of the defense system and are required to work on the
development of the capabilities, the physical and psychological
preparedness of their employees and the development and
modernization of weapons and military equipment. However, budget
funds intended for these purposes are established and repeated year
after year.

In order for the defense system to function successfully under these
conditions, it is necessary to establish resource management, i.e. a
modern management approach aimed at realizing realistic and
sustainable development strategies. The management approach is
based on interdisciplinary analysis of problems, astute forecasting of
conditions and long-term planning, which avoids deviation from pre-
defined goals during a change of government and abandoning the
previously adopted projects and solutions.

Significant investments in the Serbian Armed Forces, i.e. significant
equipping of the military forces with weapons and military equipment,
exceed the scope of work and capabilities of the Ministry of Defense and
the Serbian Armed Forces. For these reasons, it is necessary for the
state to get involved in this kind of investment process, which, by
optimizing the use of financial resources at the state level, will provide
additional financial resources for the functioning of the Defense System.
The Ministry of Defense is a state institution that includes the Serbian
Army. As such, it must manage allocated budget funds in a controlled
manner. The question of the justification of investment in equipping the
Serbian Armed Forces with weapons and military equipment is of
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fundamental importance both for the Ministry of Defense and for the
society in general.

An investment involves a whole series of process activities that can
be divided into the following areas: planning, preparation, realization and
execution. Investment consists of the following basic elements: investor,
investment project, interest and discount rate (Todorovi¢, et al, 2000).
The interest rate and the discount rate represent the amount of financial
resources that are invested, the planned period for the realization of the
investment project and the expected results.

Investing involves the process of exchanging something known for
some expectations and benefits in the future. Uncertainty and time
dispersion of values are considered the basic characteristics of
investment. The degree of uncertainty of all factors in the future and their
effects are directly related to the investment period.

That is why the management of investments is considered
necessary when allocating large budget funds for an investment project,
as well as when there is a high degree of risk for achieving the set goals.
In almost all countries, investments are regulated by law as a process
realized through several stages (Jovanovi¢, 2006): pre-investment
analysis, development of an investment program, making a decision on
the realization of the investment, creation of technical documentation,
realization of the investment project and putting the investment into
operation.

In the Republic of Serbia, investment in weapons and military
equipment for the needs of the Ministry of Defense and the Serbian Army
is regulated by law. The reform of the public sector, which is carried out
in the Republic of Serbia, covers all areas, including the defense system.
As part of this reform, significant attention is directed to the optimization
of total costs, even individual costs. This leads to the development of an
adequate accounting methodology for determining the costs of the
lifetime of assets, with teamwork and cooperation among technical and
tactical procurement managers, designers and experts for integral logistic
support (Stankovi¢ et al, 2020).

The goal of the research is to apply the approach of integral
logistical support of weapons and military equipment in the area of
accounting, based on the principles of a systemic approach. This paper
also aims to make certain theoretical and empirical knowledge about
costs available to the public, in order to create a suitable basis for their
improvement.
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Investing in weapons and military equipment for the
needs of the defense system

Investing in weapons and military equipment for the needs of the
Ministry of Defense and the Serbian Armed Forces is normatively
regulated by the Rulebook on equipping the Serbian Army with arms and
military equipment (Sluzbeni vojni list, 12/2022). Regarding the period up
to 2016, when the new Rulebook on equipping the Serbian Armed
Forces with weapons and military equipment was adopted (Sluzbeni vojni
list, 26/2016), it can be stated that for almost two decades until then, the
Rulebook on equipping the Yugoslavia Army with weapons and military
equipment in peace (Sluzbeni vojni list, 25/1996), was not harmonized
with the requirements of the time and the real situation. Also, individual
National Defense Standards 0477/83, 1096/85, 8196/92 and 9000/97
were considered normative documents that regulate the process of
equipping the Serbian Armed Forces with weapons and military
equipment.

The Rulebook specifies the technical and tactical bearers and
bodies responsible for development and research, defining the
maintenance system, procurement, etc. Through the process of planning,
programming, research, development, production, testing and
procurement, the Serbian Army is equipped with weapons and military
equipment. In accordance with the Rulebook, a model with the following
activities was defined for equipping the Serbian Armed Forces with
weapons and military equipment:

— research and own development,

- development of copying according to the sample, i.e. according to
the obtained license,

- development of cooperation with a business partner from abroad,

- procurement of imported funds,

- procurement of assets from the domestic market, and

- receiving donations from the country and abroad.

Also, the Rulebook determines the course of the process, with a
detailed explanation and determination of the activity holders, subjects in
the process and documents that should be prepared in the preparation of
the proposal for making a decision on investment in equipping the
Serbian Armed Forces with weapons and military equipment. A tactical
study, a preliminary analysis and an implementation program are
considered the basic documents at the beginning of the process of
equipping with weapons and military equipment in accordance with the
Rulebook. The tactical study is a document that is not mandatory in all
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processes of equipping with weapons and military equipment, and its
preparation depends on the specific case. In contrast to the tactical
study, the preliminary analysis and the implementation program are
considered mandatory documents, and during their preparation, the
focus is placed on the technical and technological aspect of the
equipment analysis. When preparing the previous analysis and the
implementation program, there is also an economic aspect, specifically
the aspect of costs, but its more detailed analysis is not carried out.

When preparing the preliminary analysis, one part of the document
should include the projection of costs and the conditions of development,
production, cost of assets, equipment, investment, deadline for execution
and integral technical security. However, the Rulebook does not define
the need to consider the total costs during the lifetime of assets. In the
implementation program document, the costs are stated in more detalil
within the framework of the technical and economic analysis, but still
without specific instructions on their time calculation.

The analysis of the treatment of the material and the financial aspect
of the investment in equipping the Serbian Armed Forces with weapons
and military equipment was carried out through a case study. The
analysis determined a different approach to the treatment of the
mentioned investment activity. In certain situations, only the static aspect
is present, while the dynamic aspect and the aspect of total costs are not
considered. Whether an investment project will be accepted depends on
the percentage of satisfaction of the conditions that the project requires,
e.g. maximizing the relationship between effects and investment.
According to Jovanovi¢ (2006), investment projects can be evaluated
statically and dynamically. The static aspect is applied to pre-investment
project activities and is mainly oriented towards small and medium-sized
projects. In contrast to the static one, the dynamic aspect is mainly used
in investment project activities. It is also oriented towards small and
medium enterprises. However, the dynamic aspect is also oriented
towards large companies, but with pre-investment project activities.
Equipping the Serbian Army with weapons and military equipment is
considered a large project, and it is necessary to conduct an adequate
research study before making an investment decision. It is important to
note that the existing regulations and practice of equipping the Serbian
Armed Forces with weapons and military equipment do not fully treat the
material and financial aspect, so investment decisions are made on the
basis of intuition or empirical knowledge, which creates a risk in meeting
the set goals.
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Impossibility of adequately assessing the justification of investments
occurs most often in the pre-investment period, due to the impossibility of
monitoring the costs of investments in equipping the Serbian Armed
Forces with weapons and military equipment. Also, during the period of
exploitation of assets, unforeseen costs arise, with huge differences from
the planned ones, which raises the question of the justification of the
investment, the usability of weapons and military equipment and their
expediency (Vukosavljevi¢ et al, 2021). The problem that arises in
connection with unplanned costs is also related to organizational and
functional entities that participate in the investment project and are
considered technical and technological experts. On the other hand, they
are not experts in the economic field, so it is necessary to include this
type of field in education at all levels of schooling in the defense system
(Andreji¢, 2001).

Conditions for efficient legal procurement of weapons
and military equipment

In the process of procuring weapons and military equipment, it is
necessary to make a strategic, management, operational and
administrative decision in a safe and expedient manner. In this way, the
acquisition of assets is ensured at a certain time, when needed, and at
the optimal price. The detailed activities needed to be taken into
consideration before making a certain decision are:

The strategic decision is preceded by planning and developing the
organization and procurement infrastructure, determining the most
adequate way of using weapons and military equipment, positioning the
standards to be applied, establishing a system of internal financial
control, as well as material and financial reporting.

In order to make a smooth management decision, it is necessary to
determine the quality and quantity of the procurement that can be carried
out by the procurement group, to plan and coordinate the way of
operation of the procurement itself, to carry out training and enable
persons to implement the procurement procedure and finally to carry out
the procedure of measuring the procurement results (Jestrovic &
Jovanovic¢, 2022).

The operational decision requires the specification and examination
of the method of supply of goods and services, evaluation of suppliers'
offers, negotiations with them and monitoring of contract and project
implementation.
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Processing and dispatching purchase orders, checking
documentation related to the delivery and receipt of goods (Avakumovic
et al, 2021), invoices, reports on services performed, payment orders and
other documents, as well as keeping records of the entire procurement
process are activities that fall within the scope of administrative
decisions.

In order to establish an effective legal procurement system in the
Ministry of Defense and the Serbian Army, a good knowledge of law and
legal procedures is necessary. Appropriate positioning of the
procurement service within the Ministry of Defense should also be carried
out. Normative regulations of the procurement procedure, adequate
selection, training and education of employees and compliance with
standards of ethical behavior are also tasks for the successful functioning
of the procurement system in the Ministry of Defense and the Serbian
Armed Forces.

It is necessary to regulate the basic tasks and obligations of the
heads of organizational units in the Ministry of Defense and the Serbian
Armed Forces by secondary legal acts, to prescribe the tasks and
obligations of officials who are directly involved in the procurement
system, including all others who directly or indirectly influence the
procurement process, such as deciding on the selection of bidders. In
addition, it is necessary to define the activities, holders and
responsibilities of all those involved in the procurement process.

Accounting coverage of the costs of weapons and
military equipment

Costs are considered a significant indicator for equipping the Army
with weapons and military equipment, bearing in mind that budget funds
for defense purposes are limited (Mihajlovi¢ & Savi¢, 2022). The defense
system must pay special attention to costs, because in conditions of
inflation there is an increase in the cost of acquiring weapons and military
equipment. Recently, with the change in the procurement system, there
is also a comprehensive overview of the costs of exploitation and support
in the costs of the life cycle. In the process of procuring weapons and
military equipment, the costs incurred can be observable and
unobservable (Pordevi¢ & Krsti¢, 2020). Observable costs are those
incurred when equipping units and institutions of the Ministry of Defense
and the Army and purchasing assets. They are tied to the tactical carrier,
i.,e. to the authorities responsible for research, development,
improvement and adoption of material resources within their jurisdiction.
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In contrast to observable costs, unobservable costs are higher and arise
when performing a greater number of activities in various industries.
However, as their name suggests, such costs are not noticeable and
tactical carriers usually do not consider them. Costs of distribution,
maintenance, training, inventory, disposal, removal, etc. are considered
unobservable costs, i.e. costs that are not considered.

In the process of procuring weapons and military equipment and
calculating the costs incurred during the entire project, all the mentioned
costs must be taken into account. Cost calculation can be presented in
several ways, that is, several alternative cost solutions that meet the
optimal criteria can be offered. In this way, the problem of a multi-criteria
nature is solved, regardless of whether it is an optimal combination of
costs or the best model (Petrovi¢ et al, 2012). The problem of solving a
multi-criteria model is given in Table 1.

Table 1 — Problem of solving a multi-criteria model (Petrovic et al, 2012)
Tabnuya 1 - lNpobnemsi peweHul 8 MHo20KpumepuanbHol modenu (Petrovic et al,

2012)
Tabena 1 — lNpobnem pewasarba Modena suwekpumepujymcke npupode (Petrovic et al,
2012)
Criterion
K1 K2 |.... Kn |Model value
Model 1
Model n
The degree of
difficulty of the
criteria

Selection of models in accordance with the
chosen criterion and its weight

The problem of solving a multi-criteria model can be dealt with using
a number of different methods and techniques. In their research,
Drenovac A. & Drenovac B. (2012) singled out a special example of the
choice of method and decision criteria. Also, Milicevié & Zupac (2012)
presented the procedures for implementing the methods, with the aim of
solving the problem of determining the weight of the criteria. A multi-
criteria problem is usually solved by choosing a management model,
directed towards the asset being adopted, provided that it meets the
optimal requirements at the lowest cost.
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During the service life of assets, the costs of acquisition, exploitation
and support and disposal are identified.

Acquisition costs are identified through cost analysis and are
incurred only once during the asset service life. Also, other costs are
identified through cost analysis, but unlike acquisition costs, they arise
constantly during the use of assets. Costs incurred during the renewal of
resources for the exploitation and provision of services to a system or
subsystem during its life cycle are called exploitation costs. They can be
costs of acquiring and storing energy sources, ammunition, fuel and the
like (Ivanova & Risti¢, 2020). Disposal costs also refer to the costs of
acquiring the same assets to replace destroyed and worn-out assets.
With disposal costs in situations where they depend on some variable, it
is hecessary to find a way to consider them separately. Otherwise, they
are not considered separately, but are an integral part of the exploitation
and support costs.

The cost analysis assesses the degree of inflation, the decline in the
purchasing power of the population, the decrease in the value of the
currency, the growth of discount and interest rates at which loans are
granted to commercial banks and households, and other factors that
positively and negatively affect the amount of costs. Cost planning is
done on the basis of historical data and facts, projections, proposals and
cost forecasts. When planning costs, their quantitative and qualitative
criteria should be taken into account.

All costs arising in the life cycle of assets can be separated into
group costs and individual costs. In this respect, there are acquisition,
exploitation and disposal cost groups.

Acquisition costs represent initial visible costs, that is, the costs of
initial investments in the development and purchase of assets. They can
be divided into costs incurred during research and development of assets
and those incurred during investment. They are not decisive when
making a decision on the choice of assets from the aspect of costs in the
life cycle of assets. Therefore, the initial price does not play an important
role for the choice of specific assets. However, this does not mean that
when analyzing acquisition costs, one should not pay attention to the
total purchase price of assets with equipment, costs of logistics,
transport, additional testing, risk and other costs of acquisition and
distribution of assets.

Exploitation costs represent the largest group of costs, accounting
for 70% of total costs. Exploitation costs are divided into operational
costs and logistical support costs.
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Operational costs include the costs of training personnel to handle
the equipment, the costs of further training and improvement of
personnel, the costs of personnel wages, the preparation of
accompanying documentation of the equipment, the use of ammunition,
fuel and lubricants, as well as other costs incurred during the use of the
equipment.

Logistics support costs are constantly incurred and include the
following costs: costs of personnel training for asset maintenance, costs
of continuous training and improvement, costs of spare parts
procurement, their storage, as well as storage of ammunition, fuel and
lubricants, costs of procurement of maintenance equipment, periodic
testing and preparation of logistic documentation, costs of transportation
of assets, construction of facilities and premises for the use and
maintenance of assets, costs of collecting the database in the accounting
information system and its functioning through nomenclature processing
of funds (Klincov et al, 2022).

The costs of removing assets are called asset disposal costs. They
can be particularly high for substances that are hazardous to the
environment, and it is necessary to analyze them additionally. However,
they can at the same time bring a certain amount of income by assigning
or selling them, which depends on the way of conducting the policy of
equipping and using assets. Efficiency and effectiveness are important
principles in these costs. Disposal costs include the following costs: the
cost of decommissioning assets, the cost of decommissioning assets and
equipment for the use and maintenance of those assets, the cost of
retraining personnel to work on other assets and the cost of analyzing
costs in the life cycle of assets in order to create a database in the
accounting information system.

The integral logistics support system analyzes certain subgroups of
costs, which are defined by the standards for equipping the Serbian
Armed Forces with weapons and military equipment. Depending on the
costs, certain subgroups of costs need to be analyzed in the smallest
detail, because they can be significant when choosing the type of
weapons and military equipment for the Army. In the system of integral
logistical support of weapons and military equipment, it is important to
pay attention to the maintenance of assets, equipment for maintenance
and equipping, support for supply, transport, handling and storage, care
for people, i.e. employees, infrastructure, technical documentation and IT
support (Stevanovi¢ et al, 2019).

In the maintenance of weapons and military equipment, the level
and task of maintenance, reliability, continuity, maintenance time, cycle
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time by levels and tasks, operational availability, maintenance
technology, as well as the number of annual interventions are monitored.

Procurement of maintenance equipment is carried out according to
the quantity, type and location of the equipment, future intensity of its
use, readiness for use and requirements for its maintenance. The
following elements are classified under the support in the supply of the
necessary weapons and military equipment: the level of repair achieved
and the location of the assets, the required quantity and quality of spare
parts, components and parts for repair, problematic processes, the
frequency of replacing parts, the level of depreciation, aging and
available stock, storage time period and conditions, time period and
procurement cycle. During transport, handling and storage, each user
should take care of the quantity, type, location, packaging and
dispatching of assets, their storage in containers and other packaging,
conservation and the costs of transport and storage. Care for people, i.e.
employees, refers to the amount of trained staff and the required level of
training, the intensity of training, indirect work on training per employee,
the requirement for initial training, the necessity of having training aids
and the organization of training. Infrastructure includes the necessity of a
facility for training, storage for assets and capital equipment, tools and
special devices for handling assets, installation network for servicing and
maintenance, authorities for managing microclimatic conditions and
facilities, as well as auxiliary authorities for maintenance and cleaning of
facilities. The requirements of technical documentation and information
support require the acquisition and production of technical manuals,
manuals, instructions for operation and maintenance, procedures, etc.,
the formation of a database on weapons and military equipment, the
production of reports on exploitation and maintenance, nomenclature
processing of the assets and, finally, the construction or implementing an
accounting information system (Savic¢ et al, 2018).

Accounting coverage of the costs of specific weapons
and military equipment

For the purposes of this research, the model of Prof. Kanga from the
USA is adapted using the formula method in an Excel spreadsheet. As
data on the costs of weapons and military equipment and other
confidential information are unavailable to the public, the research was
conducted on the basis of approximate data. This was intended to
examine the mutual influence of the data, how they influence each other
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and what is their individual impact on the total cost of weapons and
military equipment.

For the research sample, the model of prof. Kanga considered
identical aircraft from two squadrons at different airports. In considering
the initial purchase price, i.e. the cost of purchasing the aircraft, the
prices of the aircraft and equipment for servicing and maintenance, the
costs of acquisition and distribution, as well as the costs of basic
personnel training were taken into account. The costs of maintenance
and modernization of the aircraft in the first five years are almost non-
existent, because they are new assets under warranty. After five years,
and even later, certain regular investments in the aforementioned assets
are required, which leads to an increase in maintenance costs. On the
other hand, at the end of half a century of use of the assets, higher costs
appear in connection with improvement and modernization, as well as
additional tests of the assets for their safe use. Considering the lifetime of
the assets, we also have a constant increase in operating costs.
However, at the end of the asset useful life, it is possible to sell the asset
at a favorable price and in that case generate income instead of a
negative cost.

Chart 1 - Percentage distribution of aircraft costs according to the interpr
of Prof. Kanga
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Percentaae of total costs

Figure 1 — Percentage distribution of aircraft costs according to the interpretation of Prof.
Kanga (Andreji¢ & Sokolovic, 2009)
Puc. 1 - lNpouyeHmHoe pacrnipedeneHue 3ampam Ha 8030yuWHble cyda 8 coomeemcmauu
¢ uHmepnpemauuel npogeccopa Karea (Andreji¢ & Sokolovic, 2009)
Cnuka 1 — lNpoueHmyarnHa pacrnodena mpowkKoea 3a aguoHe, rpema mymadersy rnpodgp.
KaHeza (Andrejic & Sokolovic, 2009)
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If we look at the total costs of the aircraft (Chart 1, Figure 1), It can
be concluded that the largest part of the total costs are actually
operational costs of using and maintaining the asset (65%), followed by
modernization and testing costs (18%) and training costs and other
personnel costs (17%).

Through a detailed analysis of the squadron, it was determined that
the costs of using and maintaining the assets are the highest because
there is a lack of manpower for the said assets, both pilots and other
personnel who would be engaged in its preparation and maintenance. In
that case, there would be no basic costs for the said personnel (salaries,
fees, daily allowances, etc.), but the costs arising as a result of
inadequate management and maintenance of the said assets (which are
more significant in relation to the personnel costs) would be higher. The
costs related to the personnel who handle, work on the preparation and
maintenance of the assets are invisible costs which are constantly
present and which are decreasing due to the radical reduction of
workers. Also, the non-targeted hiring of workers directly affects the
increase in operating costs, which means the engagement of trained
soldiers under a contract for asset maintenance activities (Savi¢ et al,
2021).

Modernization and testing costs are inversely related to
maintenance costs. If maintenance costs decrease, the circumstances
for inadequate maintenance increase, together with the costs of testing
and modernization. For investing in the modernization of weapons and
military equipment, in addition to money, time represents another
important resource in these activities.

With training costs and other personnel costs, money and time are
also essential resources for their management. Which resource is more
important in this case depends on the conditions of acquisition, use,
storage, maintenance and disposal of weapons and military equipment.

Conclusion

In the early stages of the development of weapons and military
equipment, costs are determined and accounted for during the entire life
of assets. In this way, it is possible to influence the total number of
assets, as well as to reduce the costs of the asset service life through the
change of projects. Accounting inclusion of costs in the Ministry of
Defense and the Serbian Army requires and ensures efficient, effective
and economical logistical support in the process of procurement of
weapons and military equipment. In order to successfully manage costs,
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it is necessary to establish a system of internal financial control in the
earlier stages of designing the procurement process. The establishment
of logistical support and the implementation of internal financial control
require ensuring operational readiness and linking it to the costs of the
lifetime of assets.

The concretization of the elements of internal logistic support is
carried out in the phase of realization of the prototype development of
weapons and military equipment, which realizes the constant
dependence of the technical solution and project in order to achieve the
maximum availability or efficiency of assets with minimum total costs.
This aims to obtain a tool that will perform tasks with optimal efficiency
and costs both in peace and war with very little uncertainty. That is why
this process of developing weapons and military equipment is considered
the most economical.

Asset procurement costs are minimal in relation to the overall costs
registered at the end of the asset service life because most of overall
costs relate to asset use and maintenance. Maintenance and exploitation
costs depend on the price of the working hour of the asset, while other
costs are less affected by the lifetime of the asset. It is most expedient
that the largest part of investment takes place in the initial stages through
adequate handling and maintenance, in order to obtain an asset with the
lowest possible costs during its life of use. All this needs to be regulated
by a certain standard through application software solutions which enable
multiple comparative analysis and the adoption of optimal solutions.

The process of equipping the Ministry of Defense and the Serbian
Army with weapons and military equipment is multidisciplinary and multi-
criteria and requires the formation of project teams for its management.
The accounting inclusion of the costs of asset procurement enables an
overview of the assets during their operational life in order to make the
optimal decision. When accounting for costs, not all data are available,
but some are obtained directly from manufacturers (who all want to sell
their products at the best price). Some cost data are found in the asset
databases and are based on historical facts. In this regard, it is not
necessary to create a database that will collect information about future
flows. Information can also be found with other partners who use
identical or similar assets or use them in some other way (e.g.
information on the reliability or time of failure of certain parts, etc.). All
these data are used in the calculation of costs and their accounting
inclusion, using adequate applicable mathematical methods that enable
their precise determination.
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When equipping the Ministry of Defense and the Serbian Army with
weapons and military equipment, it should be borne in mind that these
assets are procured for a period of 30 years or longer and that during
that period they must be operationally capable of performing various
tasks in various conditions. This includes forecasting the costs of their
modernization or adaptation, with the aim of bringing them to a state of
operational capability and efficiency. When predicting costs, the greatest
attention is directed to logistics costs because they make up the largest
part of total costs. In order to see total costs in the right way, it is
necessary to develop and standardize the methodology of their
calculation with the help of an adequate accounting information system.
The role of accounting information systems is essential in all
organizational systems, from the smallest to the largest ones. In order to
properly account for the costs of assets and indicate their importance, it
is necessary to study certain principles of logistical support at all levels of
training and development of personnel in the defense system, as well as
the costs that arise in them along with the way they are recorded and
checked by the internal financial control system.
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MaKkpO3aKOHOMMYECKME acneKTbl KOMMIIEKCHOW CTOMMOCTU AEHEXHbIX
CcpencTB kak ob6si3aTenbHOE YCnoBMe OCHaLLEHUS CUCTEMbI 06OPOHBI
BOOPYXEHNEM N BOEHHOW TEXHUKON

AnekcaHdap O. Caeny?, Muna+x M. Muxannoeny®, Meawx [. Boxosuye

@ MuHuctepcTBo 06opoHbl Pecnybnukmn Cepbus, BoeHHO-TexHMYeckni
WHCTUTYT, r. Benrpag, Pecnybnuka Cepbusi, KoppecnoHOeHT

6 YuueepcuTeT 060poHbl B I. Benrpap, BoeHHast akanemus,
r. Benrpag, Pecnybnuka Cepbus

® MpuwTHCKUA yHMBEpcuTeT — . KocoBcka MutpoBsuua, 3KOHOMUYECKUI
dakynbTeT, r. KocoBcka Mutposuua, Pecnybnuka Cepbus

PYBPUKA TPHTW: 78.75.43 ®nHaHCUMpoOBaHMe BOEHHbIX pacXxo4oB
78.75.45 BoeHHO-3KOHOMUNYECKME CBSA3N
78.75.49 MNnaHupoBaHne BOEHHOW 3KOHOMUKN
78.75.73 CtatucTuka, y4eT n OTHETHOCTb. TEXHUKO-
3KOHOMWYECKMIA aHanu3 B BOEHHOM aene
BWO CTATbW: o63opHas ctatbs

Pesrome:

BeedeHue/uenb: B ynpasneHdyeckol desimesnisHOCmMu  6rOOKeMHbIMU
cpedcmeamu MuHucmepcmea 060poHbl u BoopyxeHHbix cun Cepbuu
(MO u BC) Hedonycmumbl Oaxe Mernbyalwue OwubKu rnpu 3akyrnkax
800pYXeHUss U 80eHHoU mexHuUku (BBT). OcHaweHue cepbckux
Boopy»keHHbIX cun 800pPyXEHUEM U 80EHHOU MEXHUKOU OGO/MKHO Obimb
3KOHOMUYECKU orpasdaHo, [OCKO/IbKY Ha amu uenu ebidesissemcsi
3Ha4YumersnbHas 4Yacme 6r0dxema. Llenb uccrnedosaHusi cocmoum 6
paccMompeHUU 3KOHOMUYECKO20 acriekma 3ampam Kak Heobxodumozo
yCrI08USI 8 MPOUECCe OCHaWEHUsT cucmeMbl 0BOPOHbI 8OOPYXKEHEHUEM U
B80EHHOU MexXHUKoU.

Memodei: [na docmuxeHus uyenu aHanusa CyMMapHbIX 3ampam o
aghgpekmusHomMy ocHauweHUr0 MuHucmepcmea 060pOoHbI U Boopy»keHHbIx
Ccu;m  800OpY)XeHUeM U  80EHHOU  MEeXHUKOU  UCIOo/b308asuch
aHanumuyeckue U onucamesibHble MemoObl. B xo0e 0OaHHO20
uccnedosaHusi rposedeH aHanu3 18 0630pHbIX U uccriedosameribCKUX
pabom. AHanu3 nposedeH e coomeemcmeuu ¢ PesnameHmom
OcHauleHusi BoopyxeHHbix cun Pecriybniuku Cepbusi eoopyxeHuem U
B80EHHOU MeXHUKOU.
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Pesynbmamei: Pesynbmamsbi uccriedosaHusi ceudemernibcmeyom o
moM, 4Ymo 3KOHOMUYeckasi 060CHO8aHHOCMb  KarumaroenoxeHull
UMMIUUUMHO 8blpaxaemcsi COOMHOWEHUEeM HeMamepuaribHbIX 8bi200 U
docmueHymbix uenel. Haubonee pacripocmpaHeHHOU npu4yuHoU, o
Komopol 9KOHOMUYeCKast obocHogaHHOCMb HE3KCAUYUMHO
eblpaxkaemcsi 8 pasHuue Mexoy nepeoHadasibHbIMU UH8ECMUUUSMU U
umoeosoll cyMmoU  KanumarsioernoXeHul, sensemcs Hanudue psida
obcmosimesibcme, 8rusIroUUX Ha npuHsmue OWUBOYHbIX
UHBECMUUUOHHBIX peweHul. Kpome mozo, MOXHO rpedrnonoxXume, Ymo
rpoaHo3upyembill uenesoli pedynbmam He 6ydem coomeemcmeosams
HaMeyYeHHbIM riaHaMm, ecriu 0emarbHO He aHanu3uposame 3ampamel 8
meyYeHUe 8ce20 XKU3HEHHO20 UUKITa UHBECMUULIOHHO20 NpoeKkma.

Bbi800ki: Pesynsmamei uccnedogaHUs nokasasnu, Ymo Heydem 3ampam
8 MmeYeHUe B8Ces0 MU3HEHHO20 YUK/Ia UHBEeCMUUUOHHO20 Mpoekma
S18/19€MCs OCHOBHOU MPUYUHOU He3annaHupoeaHHbIX UHeecmuyul Ha
60or1ee NO30HUX amarnax U 803HUKHOBEHUS MHO204UCTEHHbIX npobriem &
QbYHKUUOHUPOBaHUU cucmeMb! 0GOPOHBI.

Knoueeble criosa: oxeam bOyx2anmepcko20 y4yema, 3ampambl,
OCHalWeHUe, 800PYXKEHUEe U 80EHHAasi MEXHUKA, XU3HEeHHbIT LUKIT.

MakpoeKoHOMCKI acnekTy cBeobyxBaTHNX TPOLLKOBA cpeacTasa Kao
npeaycnos 3a ornpeMake cuctema ogbpaHe Haopyxarem 1 BOjHOM
onpemMom

Anekcardap O. Casuh?, Munax M. Muxajnosuh®, Mear [1. Goxosuh®

@ MuHuctapcTBo oabpaHe Penybnuke Cpbuje,
BojHoTexHuuku nHctutyT, Beorpan, Penybnuka Cpbuja, ayTop 3a npenucky
6 YuusepauteT onbpaHe y beorpaay, BojHa akagemuja,
Beorpan, Penybnuka Cpbuja
® YHuBepauTeT y MNpuwtuHn — Kocoscka MuTposuua, EkoHomcku dhakynTer,
Kocoscka MuTpoBuua, Penybnuka Cpbuja

OBJIACT: BojHe Hayke, jaBHe HabaBke
KATEFOPWJA (TUM) YNAHKA: nperneaHu pag

Caxemak:

Yeod/yure:  AkmusHocm  ynpaerbarba byuemckum  cpedcmeuma
Murucmapcmea od6paHe u Bojcke Cpbuje (MO u BC) He npuxeama Hu
MUHUMasHe epewke y Habasuu Haopyxara U eojHe onpeme (HBO).
Onpemarbe Bojcke Cpbuje Haopy»aHeM U 80jHOM orpeMom mopa bumu
€KOHOMCKU ornpaedaHo, jep ce eernuku 0eo byyemckux cpedcmasa
usdeaja 3a my HameHy. Ljurb ucmpaxuearba jecme Oa ce caerneda
E€KOHOMCKU acrieKm mpemuparba mpowkosa kao rpedycrios npouyeca
onpemara cucmema o0bpaHe HaopyXaH-eM U 80jHOM OrPeMOM.
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Memode: 3a nompebe ucmpaxuearba KopuwheHe cy aHanumuyke u
OdeckpurnimuHe Memoode padu caeredagaHa ceeobyxeamHuUx MpPoUKosa
cpedcmasa Heornxo0HUX 3a eghukacHo ornpemarbe MO u BC cpedcmeuma
HBO. AnanusupaHo je 18 npeanedHux u ucmpaxusadykux padosa, y
cknady ca [pasunHukom o onpemarby Bojcke Cpbuje Haopyxamem u
80JHOM OrPEeMOM.

Pesynmamu: YkasaHo je O0a ce eKOHOMCKa orpaedaHocm Uuckasyje
UMIMIUUUMHO OOHOCOM HemamepujasiHuX Kopucmu U 0CmeapeHUX
uyurbesa rpema yrnoxeHum Hos4aHuMm cpedcmeuma. Hajyewhu pasnoe
3602 Kojez ce €eKOHOMCKa orpasdaHoOCm He ucKasyje eKCriauyumHo
pasnuKkoM roYemHoz yracaka U Kpajwkez u3Hoca cpedcmea jecme
rnocmojawe eehee 6poja OkorHOCMU Koje ymudy Ha OOHOWeHe
rnozpewHUxX UuHeecmuyuoHuUx odnyka. Takofje, ako ce moKoM ueroe
JKUBOMHO2 UUKITyca UHeECMuUUUje mpOoWKo8U He pasmampajy 0emarbHo,
MoOXe ce npemrocmasumu 0a U MaHUpaHu UurbHU pe3yrmam Huje
cuaypaH.

Sakrbyuyak: Ucmpaxusarwe ykasyje Oa HepasaMmamparbe mpouwkKosa
MOKOM Uerioe XU8omHoe YuKilyca uHeecmuuuje npedcmaesrba OCHO8HU
pasrioz HernnaHupaHux ynazara y KacHujum ¢hazama, wmo dosodu u 0o
HacmaHka bpojHux npobnema y hyHKUUOHUCary cucmema odbpaHe.

KrbyyHe  pequ: payyHosodcmeeHo obyxeamarbe,  IMPOWKO8U,
onpemarbe, HaopyXxare U 80jHa orpema, XUeomHu YUKITyC.
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CABPEMEHO HAOPY>XXAHE 1 BOJHA OINMPEMA
COBPEMEHHOE BOOPY>KEHME 1 BOEHHOE OBEOPYIOBAHNE
MODERN WEAPONS AND MILITARY EQUIPMENT

KuHecke un amMepunyKe BULLEKpaTHE CBEMUPCKe neTenunue?

Camenumcke cnuke sa3dyxonnosHe 6a3e Lop Nor y KuHu koja ce 0oeodu y ge3y ca
passojem majHe ceemupcke nemesnuye

CybopbuTtanHn TpaHcnopTep 3a BuWekpaTHy ynoTpeby - ,X-37 ca
KMHECKMM KapakTepucTukama y caBpeMeHuMm ycrnosuma” — 16. jyna 2021.
roavHe cTabunHo je creTeo Ha aepodpoM Yy AMKCW, Y CEBEPHO] KMHECKO]
ayTOHOMHOj obractu YHyTpawrwa MoHronvja TOKOM OeMOHcTpauuvje neta u
Bepudukaumje npojekta. PaHuje Tor gaHa, TpaHCNOPTEP je NaHcupaH u3 LeHTpa
3a naHcupakwe catenuta JUuykyaH y ceBepo3anagHOj KMHeCKoj nycTuhsu [obw,
oko 800 kunomeTapa of aepogpoma Arnkce. Hberosa npsa netHa mucuja buna je
Bpro ycnewHa. PassujeH y kopnopaumju China Aerospace Science and
Technology Corporation (CASC), cybopbutanHm TpaHcnopTep 3a BULIEKpaTHY
ynoTpeby Moxe ce KOpUCTUTK Y CUCTEMY CBEMUPCKOT TpaHcnopTa.

KnHecka ekcnepuMMeHTanHa CBeMMpCKa feTenuua 3a BULUIEKpaTHY
ynoTpeOy BpaTuna ce Ha MraHupaHo MecTo crieTawa 6. centembpa 2020.
roouMHe, HakoH [ABOAHEBHe onepauuje y opbutu. Jletenuua je naHcupaHa
pakeToM-Hoca4eM Long March-2F 13 ueHTpa 3a naHcupawe catenuta JuykyaH
y ceBepo3anagHoj Kunu, 4. centembpa 2020. roguHe. Kpyxuna je y opbutm
anvensnja 331x347 knnomeTapa, nog Harmbom of 50,2 crteneHa. HoBuHcka

1 www.globalsecurity.org/ 21-10-2021
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areHumja CuHxya je caonwtuna ga je ,ycnellaH neT 03Ha4Mo BaxaH Hanpenak
3eMIbe Y UCTPaXuBaky CBEMUPCKUX NeTenvua 3a BULIEKpaTHY ynotpeby u ga
ce o4ekyje na he NoHyouTV agekBaTaH U jedpTUH NOBPATHU TPAHCMNOPT 3a MUPHO
Kopuwwhere ceemmpa’.

JleTenvua je gaHMma kpyxuna y opbuTtu, emuTyjyhu cBOj nonoxaj, a
KacHuje je m3awna mn3 opbuTe u cretena XOpuU3OHTanHO kao obuyaH aBUOH.
Tokom cBOr neta TecTupana je TexHOmnoruje 3a BuWeKpaTHy ynoTpeoby.
JlaHcuparwe je npegctasrbano 14. mucujy pakeTe-Hocada Long March-2F,
6yctepa HocmBocTu 8.400 kr. TpaHcaTmocdepcko Bo3wuno Shenlong je mana
cBemMupcka netenuua 6e3 nocage passujeHa y KuHu y okBupy nporpama 863.
KuHeckn kopucHuUM MHTepHeTa HasmBajy asuoHe J-20, Dongfeng, Dongfeng
21D wu Shenlong ,Tpu mycketapa” HapogHe ocnobogunnavke apmuje. [ogunHe
2007. Ha uWHTepHeTy cy ce nojaBune dotorpadmje netenuue Shenlong Ha
KojuMa ce BMAENO Ja je oHa Bucurna ucnog Tpyna 6ombapaepa H-6, anv go
AaHac Huje 6uno 3BaHWYHe NOTBPAE O ayTEHTUYHOCTU CruKa.

- e ————

Shenlong sucu ucrnod mpyna 6ombapdepa H-6

KnHa TpeHyTHO pa3Buja Ba3gyLLHO-CBEMUPCKM TPaAHCMOPTEP KOAHOM Ha3nBa
Shenlong 3a koju ce kaxe ga je cnuyaH amepudkom opbutepy X-37B koju je
passuna komnanuja ,bouHr” y CjeanweHum [OpxaBama [Jo caga cy 3BaHU4YHU
getarbm o netenvuu Shenlong gpxaHun y TajHOCTM, a u3bpucaHe cy u Beb-
CTpaHuLe Koje cy paHuje objaBrbmBane peneBaHTHe MHopMaumje.

Shenlong je npoToTMn kuMHecke pobOTCKe CBEMWPCKE neTenvue koja je
Bpro Cnu4yHa aMepuykoj cBeMmnpckoj netenuum X-37.
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Memo0 onepauuja ceemupcke nemenuue

BuwekpaTHe cBemupcke netenuue morne 6u 06e3beantn 3HavajHe
NpeaHoCTM y CBEMUPCKUM onepaumjama, omoryhyjyhm ©6p3o npebaumBane
ocobrba u Tepeta Ha Behum garbmMHama, anu u ybauuBarwe ogpefeHnx ToBapa
y opbuty. OHe mory BOAMTW M O(aH3MBHE aKuuje NPOTMB HenpujaTerbCKux
cHara. Beh gyxe Bpeme nojaereyjy ce pasHa Harahawa 0 TOMe LTa aMepuyka
BOjCka paguM ca CBOjUM MUWHWjaTypHUM cnejc-watnom X-37B koju je nopg
KOMaHAOM aMepUYKMX CBEMUPCKUX CHara.

lMomeHyTW cnejc-wiaTtn je camo jeaH of CrMYHUX NpojekaTa Koje amepuyka
BOjCKa BOAM jOLU Of Lue3deceTux rogunHa.

Amepunukun X-37B 1 ekcnepuMeHT ca MUKpoTanacHUM 3paummaZ

TajaHcTBeHn X-37B naHcupaH je Beh wecT nyta. ok je cactas ToBapa
yrnaBHOM Mo3HaT, MOCTOjM jedaH [Aeo Koju OuM Morao ga wuma OrpoMHe
noTeHuujanHe wuMnnukaunje y Be3n OyayhHOCTM ynpaBrbakba OexuyHuM
NMPEeHOCOM eHepruje, Kao 1 AyroTpajH1uM noroHoM GecnocagHmx netenuua.

Mwucuja netenuue X-37B uma osHaky Orbital Test Vehicle-6 (OTV-6) u U.S.
Space Force-7 (USSF-7). HbeH 3apatak je pga yTtBphyje edekre kKocmuuke

2 www.thedrive.com May, 2020
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paguvjaumje n Opyrux ,CBeMupCcKux edpekata” Ha cagHuue Gurbaka u gpyre
mMaTepujane. lHTepecaHTHO je TecTupakwe eKkCnepuMMeHTanHor cuctema Koju 6m
Morao ga ,yxsatu” CyH4YeBy CBETNIOCT M [a je 3padyereM npocneam HaTpar Ha
3eMrby y 06nuKy MukpoTanacHux 3paka. lNuTame je Konuko je peanHa ynotpeba
OBaKBOI CMCTEMa CamMoO y MMPHOOOMNCKE CBPXe?

WHave, mycnje amepnykor MMHUK-LLATMA YriaBHOM Cy MOTNyHO obaBujeHe
BEIOM TajHOCTMW.

Pycuja je ucnana u3 oBe Tpke HaKoH nponactu cnejc-watna ,bypaH” kojn
je passwuo 6uswmn CCCP.

X-37B

[Ha nu ce KuHa kpehe ka FOBS mucnjama?3

FOBS je ckpahenuua 3a uspas Fractional Orbital Bombardment System,
wrto ©6u y npeBogy 3Hauuno dpakuMoHanHu  opbuTanHuM - cUcTeM
bombapaoBama.

MsBewTaju Mmeauvja ykasyjy Ha To ga je KuHa Tectnpana cucTeM 3a Koju ce
cMaTpa fda YKibydyje nnaHupajyhe BO3unO Yy  OKBMPY  dopakumoHanHor
opbutanHor cuctema 6OombappoBawa (FOBS).Taj cuctem 3a rahawe
HyKIneapHMM OpyXjeM nocTaBrba 0ojeBe rnaeBe y HUCKY 3emrbuMHy opbuTy npe
Hero wTto he uHMUMpaTK HanywTawe opbute HykneapHum 6ojeBuM rmaBama y
Hanagy Ha ogabpaHe uurbeBe. Hekn getarbu TecTMpama 1 aarbe Cy HejacHu, a

3 www.iiss.org/
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KuHa je onoBprna ga noctoje 6Guno kakee akTMBHOCTM y ToM npasuy. KuHa 6u
6una npeBa gpxasa koja 6bu passuna oBakBy BPCTY cnocobHocTn nocne Pycuje.
Mako je nuTawe ga nu 6m cnuctem FOBS cTtBapHO gonpuHeo KuHm ocTBapene
cTpaTelke MpPegHoCcTW, TecT je [OEeMOHCTpMpao HacTaBak CcrpaTeLukor
Takmmdera namehy KnHe n CALl y pa3Bojy pakeTHe TexHororuje.

Amepunukn nuct Financial Times ussectno je pa je Kuna ,Tectupana
XUMNEPCOHWYHY pakeTy ca MOTEHUMjanHUM HYKNeapHUM MNyHweweMm Koja je
Kpy)Xura OKO NiiaHeTe npe Hero LWTOo ce CnycTuna ka CBOM uuiby”, Aokasyjyhu
HanpegHy CBEMUPCKY TEXHOMOMMjy Koja je naHeHaguna amepuyke obaseluTajHe
cnyx6e. Y HakHagHOM m3BeluTajy ce npumehyje ga je oBaj TeCT U3BpPLUEH Y jyny
2022. roavHe, a fa je KacHvje M3BpLUEH jow jedaH y aBrycty ca Herno3HaTum
CUCTEMOM KOjU je NneTeo XMNnepcoHmyHom 6p3vHoM. V3Bopu cy HaBenu ga je
0ojeBa rmaBa npomaluuna CBOj UMb Ha Hemno3HaToj nokauuju 3a ,0ko 50 km”.
Takohe je HejacHO Ha KOM Jeny TpajekTopuje ce 04BojMO nnaHupajyhn
NnpojekTun of pakete Hocaya. Mehytum, nako ce y M3BelwTajy HaBoau Aa je
nnaxupajyhm npojexktun ,fieteo Kpo3 HUCKY opbuTy y cBemupy npe kpcrtapeher
neTa npema CBOM LMIby”, MpeTnocTaB/ba Ce Aa Ce paguiio O TecTupamwy
XunepcoHnyHor nnauvupajyher Bosuna — hypersonic glide vehicle (HGV) Tako
WTO je MaTuyHa neTenuua ocTana Yy rophwoj 3emIbuMHOj OpOMTU HaKoH
ycMepaBara feta npojektuna ka uniby. KnHeckn MMHMCTap CnosrbHUX nNocnoBsa
je Hervpao wu3BpLUEH-€ OBaKBOr TecCTa, NojawhaBajyhm ga ce paguno o
PYTUHCKOM TeCTupary BULLEKPATHOr CBEMUPCKOT BO3WNA.

FOBS Huje HoBa TexHonorunja. Cosjetckn Cases je passuo FOBS nopa
o3HakoM R-360 (RS-SS-9 Mod 3 Scarp) 1968. rogvHe, anu ra je nosykao u3
onepatuBHe ynoTpebe HaAKOH MNOTMMCMBaka CrnopasymMa O OrpaHuyemry
cTpatewkor opyxja (SALT Il) koju je u3puumto 3abpaHuo ynotpeby oBakBMUX
cuctema. CjeammweHe [pxaBe u KuHa cy, Takohe, nokasane uHTepec 3a
CMeLUTake OBaKBOI OPY)KaHOr cucTtemMa y HUCKY 3eMibuHy opouTy. JegHom Kaga
ce opyxje npubnumxun cBojoj MeTu, ynanune 6u ce peTpo pakeTe u nsdauune
6ojeBy rmaBy 13 opbute y atmocdepy Ka cBojoj MeTu. lNnaHunpajyhe Bo3uno 6m
0Baj KOHUEeNT NoAMrmo Ha BMLWIWM HUBO Tako WTo 6u ce omoryhmuno MaHeBpucawe
bojeBe rrmaBe XOpPM3OHTaNHO W BepTUKaNHO ka MeTu kaga yhe y 3emrbuHy
aTMmocaepy.

Monmuseauuja

Cosjetckn CaBes je passvno FOBS paagn npeBasuvnaxewa OrpaHuyvena
CBOjUX CTpaTeLLKMX pakeTHUX cHara y nopehewy ca amepudkum CTpaTeLlKuMm
cHarama koje cy wmane ©0as3e Ha 4YeTUpUM KOHTUHEHTa Ofakne cy Morne
naHcmpatu HykneapHe ygape. Takohe, FOBS je omoryhmno Mocksu fa nsberasa
OTKpMBaH-e COBJETCKMX pakeTa pajapvma 3a paHo ynosopaBake Yy cryyajy
naHcupawa. Kako cy Cosjetn 6unu motmBucaHu 3a pas3Boj FOBS-a pagm
npeBasunaxerwa Tagawrwux u Oyayhux amepuyKkmx HEKUHETUYKUX PaKeTHUX
npecpetaya, Tako 6u n Knuia morna 6utn motnsmcaHa gogatHum moryhHoctuma
nsberaBarka cagawwe u Oyayhe amepuyke npoTuBpakeTHe opgbpaHe,
YKIbydyjyhn n kmHeTnyke npecpetade. [loctaBrba ce nuTawe 3awTto 6m KuHa
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HacTaBMna pda passBuja Hocad FOBS yMecTo MHTEPKOHTMHEHTanHUX
BanucTnykmMx pakeTa Benukor gomeTa koje 6w m3berne nytawy msHag JyxHor
nona, CrM4YHUX PYCKoj NHTEPKOHTUHEHTANHO] pakeTn Sarmat (RS-SS-X-29), unu
Ja pasBuja XMnepcoHMYHO BO3UIIO Kao LWITO je pycku Avangard,

Umnnukayuje

Hekn amepunykm nonutnyapu cy okapaktepucanu kuHecke npobe FOBS-a
Kao 3Hak 3a y3byHy M no3vMB Ha amepuyku oprosop. MefyTum, nocraerea ce
nutakee ga nu he KnHesm ycneTm ga pasBujy OBaj CUCTEM OHAKO Kako je
NpojekToBaH, jep npomaiuaj unrea og npeko 50 KM Huje cjajaH pesyntart, maga
Tpeba pehu aa ce BepoBaTHO paam camo O MOYETKY UCMUTMBAHKA CUCTEMA.

FOBS 3axTeBa kabacTte peTpo-pakeTe 3a geopbuTtupare 6ojeBe rnaee. To
3HauM ga cam kanaumteT 6ojeBe rmaBe Mopa BUTK yMmakeH, WTO HUje crnyyaj ca
KNacuM4YHMM WHTEPKOHTMHEHTaNHMM paketama. Ha npumep, 6ojeBa rnaea
Knacu4He UHTEPKOHTUHeHTanHe pakete R-36 (RS-SS-9 Mod 1 Scarp) Hocu of,
12 po 18 meraToHa, [OK ce npoueknyje aa cuctem R-360 FOBS vMa HOCMBOCT
oa 1 no 3 meratoHa. Kako je y KMHECKOM Chy4ajy Luib NnpoMalleH 3a Bulle o[
50 kM, cHara 6ojeBe rnaBe He MOXe KOMMEH30BaT! OBakaB HegocTaTak.

Mako npunas n3 HeoyeknBaHux npasaua omoryhyje pykosaouuma FOBS-a
OCTBapuBake NpeaHocTU, Hapouuto 3ato wrto CALl wmajy orpaHuyeHy
MoryhHOCT nokpuBawa jyxHe xemucdepe pagapuma 3a paHO Yrno3opeme,
cagawmwn n o6yayhu passoj amepudke pakeTHe oabpaHe u pas3BOj HOBUX U
cnocobHWjux pakeTa npecpetada Ha PUKCHUM U MOOWMHUM nnaTgopmama
MOXe YyMaMWTU NOTEeHUMjariHo NpexuBIbaBake ynoTpebrbeHnx nnaHupajyhmx
FOBS.

KuHa nma oko 100 MHTEpKOHTUHEHTaNHUX pakeTa Koje mory unreatun CA[,
Kao M noteHuujanHy MoryhHOCT Apyror yaapa ca CBOjUX LUECT HyKrneapHuX
GanucTnykmx nogmopHuua knace Type-094 Jin. Ynpkoc cBOjuM TBpAh-ama Aa
Hehe npBa HanmagaTm Hero pga he oppxaBaTy MWHMManHy CrnOCOBHOCT
oaspahatra, nocToje cee jaun Aokasn aa ce KuHa kpehe ka mogepHusaumjn m
eKCMaH3nju CBOr HyKNeapHOr apceHana npemMa KoMmnnetvpakwy Tpujage v ca
onuujama NpBoOr u gpyror ygapa.

Pasesoj FOBS-a ca nnaHupajyhom 6ojeBOoM rnaBom crneavMo ©v HakoH
KMHECKOr KaTeropmykor oabujaka pasroBopa O KOHTPOMM Haopyxawa Cca
BawwHrroHoMm 1 ybp3aHor pa3Bsoja 1 yBohera y Haopyxahe HOBUX cuctema 3a
rahawe HykneapHum 00jeBUMM rMaBama LWITO je M NOrMYHO C 063MpoM Ha
BMLWECTPYKO Behe amepuyke BojHe OyLieTe M HMXOB pasna3 ca Pycujom y
norneay KOHTPOrie HyKrneapHOr HaopyKaka.
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Typckun Hocay gpoHoBa*

Typcka paTtHa MopHapuua je npocnaBuna ynasak y cnyxby csor HoBor
agMupanckor 6poga TCG Anadolu, TpeHyTHO cBor Hajseher partHor ©poaa,
CBEYaHOM WHayrypauujoM OApXaHOM OTMPUIIMKE TPM Meceua HakoH CTBapHe
ucnopyke 6Opoga 30or npobnema ca pacnopegom. TCG Anadolu je
KnacudukoBaH Kao AecaHTHM Bpoa, anu 3BaHMYHMUM Y TypCKOj Kaxy Aa umajy
nnaHoBe Aa ra KOpWUCTE M Kao Hocay pasnMyunTMX HMBOA HaopyXaHWX
BGecnunoTHMx netenuua.

3acHoBaH Ha [uM3ajHy LwnaHckor aecaHTHor 6poga Juan Carlos |, Anadolu
je nonoxeH y 6pogorpagunmuuty Cepged y Wcranbyny 2018. roguHe. Bpoga je
MOPWMHYT CaMO roavHYy AaHa KacHuje, a NpenvMMUHapHN TECTOBW CY 3aBpLUEHU
2022. rogunHe. 'oBopehu Ha LepeMoHuju ucnopyke, Takofhe ogpxaHoj y Cegedy,
Typckn npeacegHuk Peyen Tajun Epporadn je npumetno ga je 70% 6poga
nsrpaheHo og genoBa U KOMMOHEHTU NPOM3BeAeHNX y Typckoj, ykrbyyyjyhu u
HEroBo Haopyxawe, 6opbeHe cucteme, pagape, CnocobHOCT MHdpaupBeHe
npeTpare n npahewa, kKao N eNeKTPOHCKM CUCTEM paTOBaksa.

EpporaH je, Takohe, usjaBno ga he oBaj 6pog omoryhutn pga Typcka
CNpPOBOAM BOjHE M XyMaHUTapHe onepaluje y CBakoM Aeny cBeTa Kaja rof je 1o
noTpeobHo.

Anadolu nma TunnMyHy KoHurypaunjy 6poga 3a gecaHT xenukontepa
(LHD) ca Benukom noneTHo-cneTHoM nanybom. HameweH je ga uckpua cHare
Ha KOMHO TOKOM AdecaHTa kopuctehu xenukonTtepe, NroBuna 3a UCKpuaBawe U
naraHa v Tellka OKJflonHa Bo3una.

EpgoraH je roBopvo 0 pacnoHy gogaTHuMx crnocobHocTu koje Anadolu Takohe
MOXE MNPYXWUTU, YKIbY4yjyRn KOMaHZy W KOHTPONy, MEeOMLMHCKY MOoApLUKY W
XymaHuTapHy nomoh.Mctakao je u cnocobHOCT HOocaya Aa HOCUM U KOPUCTU
pa3He HaopyxxaHe becnunoTHe neTenuue, WTO je KoHuenT Koju Typcka Beh Heko
Bpeme npegsuha 3a 6poa. lowTo je npBOGMTHO HapydeH 2015. roauHe,
Anadolu je eBonynpao y jeQUHCTBEHO BULLEHAMEHCKO MMOBUMO KOje Ce MOXe
dokycmpatn M Ha onepauuvje OecnunoTHux neTenuua. Ha oBaj HauMH ©Owm
Tpebano ga npesasvfie TpaguumoHanHy ynotpeby xenukontepa ca JbyACKOM
nocagom, aenyjyhu kao naku Hocay aBnoHa 3a 6opbeHe becnunoTHe netenuue.

KombuHauuwja cBux oBux MoryhHocTM omoryhuhe Gpogy  Benuky
dnekcnbunHocCT 3a HeroBy knacy.

Y debpyapy oBe roauHe objaBrbeHO je ga he 6pog OuTM NoOABPrHyT
MakMM M3MeHama CBoje MHAPaACTPYKType kako bu ce edukacHuje nogpxane
onepaumnje GecnunotHmx netenuua. To 6u Tpebano ga ykrbyun yBohewe
CTaHuua 3a KOHTpony 6ecnunoTHMX neTenuua ca caTtenuMTCKMM TepMmHanuma
3a Be3e Beher goMeTa, Kao U MHCcTanauujy ,cuctema Barbaka” Ha npamuy opoaa
Kako 6u ce MOMOrNo faHcupake OBMX neTenvua, 3aTum AodaBake cucTema 3a
3aycTaB/bawe Ha nanybu kako O6u ce onakwano cretarwa 6ecnunoTHUX
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b6opbeHunx netenuua (unmanned combat air vehicle — UCAV) u cuUrypHOCHUX
MpeXxa 3a npuxeatawe HNXoBUX Makbnx TUNoBa.

Hocau xenukonmepa u 0poHosa Anadolu

NMpema nopauuma koje je ob6jaBuno MwuHuctapctBo oabpaHe Typcke,
Anadolu je gyrayak 231 M, WMPoOK oko 32 M 1 UMa genrnacmaH of 27.436 ToHa.
lMnoBuno moxe ga passuja MakcumanHy 6p3vHy o oko 21 4Bopa ca MyHUM
onTepeherweM, Ma pagujyc aejctea of 14 500 kM 1 MOXe Aa BpLUM MuUcuje y
Tpajarky Ao 90 gaHa. Y caonwTewy 3a Wwramny, koje je 06jaBnno MUHUCTaApCTBO,
Takofe ce HaBoam Aa je Anadolu y cTawy ga npesese jegaH 6atarboH og 1.400
BOjHMKa nopep cBoje nocage Kojy YnHu oko 400 mopHapa.

LWTo ce TMue kanauuTeTa yToBapa KOMHEHUX CpefcTaBsa, Y CaonwTerwy ce
aopdaje aa je moryhe ytoBaputu 13 TeHkoBa, 27 aMpUOUjCKNX jypuLLIHMX BO3una,
LIECT OKIMONHMX TpaHcnopTepa, 33 pasHa Nnaka W Teluka oknonHa Bo3wna u 15
npukonuua. Takohe, Anadolu MoXe Aa HOCU A0 LWeCT AeCaHTHUX nnosuna
pasnMuUTUX TUNOBAa Ha CBOjOj OOHOj NNaBHOj Nanydu, WTo 6m 6uno KIby4YHo 3a
NpeHoLlee NOMEHYTUX KOMHEHMX BO3una n Tpyna Ha obany.

Hajsuwe wnHTepecoBawa NpuUBYKNa je AWCKycuja y Be3u ca BasyLUHOM
eckagpunom. bpog wma noneTHo-crneTHy nanyby, nosBpwuHe 17.861 M, vy
Tako3BaHOj] CKujallKoj KoHdwurypauujy ca LWecT MecTa 3a crneTawe
TPaHCMOPTHUX U jYPULLIHUX XenukonTepa, Kao U ABa MecTa 3a crneTawe TEeLIKMX
TPaHCMOPTHUX XenuKonTepa.
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OknonHa amepubujcka jypuwHa eosuna y x‘aHeap}; Hocadya TCG Anadolu

Ee

Badru 0eo Hosoe mypckoe 6poda
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Haeogu ce pa cy 1o xenukontepu 7129 ATAK u AH-1W Super Cobra,
jYPULIHK  XenukonTepwn, MNPOTMBNOLAMOPHUYKM  Xxenukontepn SH-60B un
TpaHcnopTHM xenukontepu AS532 Cougars, S-70/UH-60 Black Hawks n CH-
47F Chinook. . EpgoraH je Takohe u3jaBno ga he nakm TpeHaXHW aBUOH-NoBaL|
TAIl Hirjets 6utn y moryhHocTn ga kopuctu nanyby Hocadya 3a nornetame U
cnetawe. Jow yBeK Huje jacHO Ada nu je oBa MOryhHOCT ucnutaHa y peanHum
yCnoBMMa Unmn camo y CUMynaTtopy, anu je nHTepecaHTHa.

[ 8 ;
- v . -
- - ’

AH-1W u SH-60B xesnukonmepu Ha Hocady xesnukonmepa Anadolu

Anadolu moxe ykpuaTtun 12 nocagHux unm 6ecnocagHux 6opbeHnx aBuoHa,
21 xenukonTep pasHUX TUMOBaA W HaopyXaHux OecnunoTHUX neTtenuua vy
3aBMCHOCTU O BpCTe onepauuja.

TpeHyTHO ce odekyje ga he HoBm Tmn BI1J1 ca cknonvBum Kpunuma
Bayraktar TB3 6utn ocHoBHa BI1J1 Ha Hocady xenukonTtepa. To je momopcka
Bep3uvja BI1/1 TB2 koju je ycnewHo npollao BaTPeHO KpLUTEHE Ha HEKOSIMKO
pasnuunMTux (POHTOBA, a Hapounto Yy YKpajuHu. Bayraktar TB3 je wnak
HaMeHCKM nNpojekToBaH 3a MOryhHOCT noreTara U crieTawa Ha Hocaye aBuoHa
1 amdombujcke jypuilHe 6pogoBa ca KpaTKMM MONEeTHO-CNeTHUM cTasama.

Ouvekyje ce oa he HoBa Bep3uvja bGapjakTapa 6UTK 3BaHUYHO NMpuKasaHa Ha
cajMmy Haopyxawa TEKNOFEST 2023, koju he ce oapxatu usmeny 27. anpuna
n 1. maja 2023. roguHe Ha ncrambyrnckom aepogpomy ATaTypk, AOK Ce noyeTak
NEeTHUX UCMUTUBaHa OYeKyje TOKOM OBE roguHe.
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KomnaHuja ,Baykar” ovekyje ga he u weHa OGecnunoTHa netenuvua
Kizilelma Ha mnasHu noroH 6MTK geo Ba3gyxOmnnoBHe rpyne Hocada Anadolu ¢
0631pomM Ha TO Ja je M OHa MpOjeKTOBaHa 3a NnoneTake U crieTakbe ca KpaTKux
noneTHo-crneTHUX ctas3a. OBa netenuua je n garoe y pasBojy, a NnpobHu neT je
n3BpLleH y geuemopy 2022.roguHe.

N R — —
Typcku 38aHUYHUYU cmoje u3a Bl1/1 Bayraktar TB3 Ha nanybu Hoca4a TCG Anadolu

KomnaHuja je HaBena ga he net BINJ1 Kizilelma Tpajatn go wect catn, ok
he GopbGeHn pagwjyc gejctea 6utm oko 800 kM, a Hajgeha BucuMHa neTta Ao
10.700 M. MakcumanHa Op3uHa neTenuue Owuhe 6nu3dy jegHor Maxa,
MakcMMmanHa Maca npu nonetawy 6.000 kr, ykrbyyyjyhu noaBecHu TepeT of
1.500 «r.

HeunseecHo je kako he oBaj 6pof ca orpaHMYeHUM NPOCTOPOM YrpaBrbaTy
ca OBOMUKO pasnuunTUx OopGeHux cuctema, Ykibydyjyhu 6p3e MnasHe
GecnunoTHe neTenuue Kojuma je noTpebaH 3aycTaBHM CUCTEM 3a crieTake U
BEpOBAaTHO Lena AyXuHa MNorneTHe cTase 3a yaneTawe ca NyHuM Gop6GeHum
TOBapoOM.

MpeTBaparwe Hocaya Anadolu y matuyHm 6poa 3a BecnunotHe neTenuue
Huje 6no npBOGUTHM LMIb NpojekTa ¢ 063MpoM Ha To Aa je 6poa npenpuheH 3a
cmewTaj netenuua F-35B nnu AV-8B. Tokom 2019. roanHe, CAL, cy nsbauwnne
Typcky u3 nporpama F-35 36or Tora WTo je HabaBuna pycke NPOTUBABMOHCKE
cucteme S-400 mako je Typcka Beh mHBecTupana 1,4 munuvjapge gonapa y
pa3Boj nporpama F-35 y kojeM cy ydyecTBoBane OpojHe Typcke KoMMnaHwuje
npoussogehn CToTUHe OenoBa 3a HEBUAILUBY NTOBALL.
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Typcka je ydecTBoBana y nperosopvma y Beau ¢ HabaBkoM BULLKa NoBaua
Harrier ca BepTMKanHMM MofeTaweM W CcrieTakbemM aMepuykor MapWHCKOr
kopnyca, anu ce, 6ap 3acaf, T MPeroBopu HWcy duHanusosanu. MowTo je
Typcka ocTtana 6e3 nosua 360r Kora je 1 rpaguna oBakaB Hocad, ogbpambeHa
nHaycTpuja je Guna npuHyheHa Aa ce ycMepu Ha CBoje ucnutaHe GecnumoTHe
netenuue.

Komnjymepcku obpahieHa criuka nonemarba HaopyxaHux bl1J1 ca Hocaya

OBum Hocayem xenukontepa n BINJT Typcka nnaHvpa ga pervoHarnHo, na
yak 1 rmobanHo, npojekTyje cBojy cHary. C gpyre cTpaHe, HejaBHM 3eMIbOTPECH
1 nonnaee mornu 6u ga onpaeaajy v apyraduvjy ynotpeby oBaksor 6poaa.

C ob63npom Ha TO Oa ce opyxaHe cHare y cBeTy ybp3aHo okpehy ka
6ecnunotHUM cpencteMma, Typcka 6y Morna npencTaBrbatv NPELABOAHMKA,
Hapo4MTO ako ce ucnoctasu ga 6w BI1J1 morne u3BpwKTK cBe 3agaTke nosaua
bombapaepa ca rbyaAcKOM MocagoM, anuv no MHOMO Mak0j LIEHW KolTaka U ca
MHOIO MakMM PU3UKOM MO Jbyae.
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Pycuja kopncTu HOBWU HanpeaH NPOTUBOKIOMNHU MPOJEKTUN Y
YKpajuHuns

Pyckn HanpegHv npoTuBTEHKOBCKM npojektun LMUR npowao je spno ayry
pa3BojHy hasy, anu je oHa, YMHU ce, 3aBpLUEHa.

MouweTkom jyHa 2022. rogmHe, Pycuja je objaBuna BuOeo-CHUMaK ca
TepmarnHor Tparada pakeTe Ha KoOMe ce BMAM yaap Ha Heku ceocku objekar,
HaBoOHO Yy YKpajuHu. 3atmm cy crnegunu v Apyrm cHUMuW. Hekomuvko gaHa
HakoH objaBrbunBara NPBOr CHYMKA, PyCKke HOBMHCKE areHuuje cy HaBene ga ce
paguM O HOBOM NPOTMBOKIIONHOM MpojekTuny nog HasveoMm LMUR. UcTuHa je,
unak, Mano KOMMNIIMKOBaHuja.

N

LMUR

MHTepecaHTHO je ga ce AedVHMTUBHO pagu O TepmanHoM Tparady Ha
pakeTu. [peTxoaHN CHUMUM PasnnunMTUX PYCKUX pakeTHUX yaapa no metama y
YKpajuHu yBek cy Ounm CHUMIbEeHW ca yaarbeHux ypehaja: ca 6ecnmnoTHMX
netenuua Hag GojuwiTem, ca XenuKonTepcKe ocmaTtpadke Typene unm npeko
CCTV kamepa Koje 61 ce Hanasune 6nun3y mecrta ygapa.

Pycuja uma Hekonvko BpCTa opyxja OnpeMibeHUX OMTOENEeKTPOHCKUM
Tpara4em Koju Larbe CriMKy KOMaHgHOM MeCTy unu nocaau asuoHa. Pagn ce o
nenesy pasHUX Cpeacrtasa, Of Manux CUCTEMa KOjU CY TEeLUKW CaMO HEKOSUKO
Kunorpama, kao LUTO je ApOH Kamukasa unu nytajyha myHuiuunja Lancet, na go
030UIbHMjEr 1 TeXer opyxja, Kao WTo cy pa3nuuute Bep3nje paketa Kh-59M un
pakeTa Basgyx-3emrba, mace o 907 kr.

Mehytum, nocmatpajyhn net pakete Ha BMAEO-CHUMUMMA, Kao U TuN ”
BENUUMHY MeTa (jeaHocnpaTHe unwu ABocnpaTHe 3rpage), pekno 6u ce ga ce
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pagu O MpojekTuny cpeawe BenuyuHe. HajsepoBaTHuje je ped O npojektuny
LMUR, nnu izdeliye 305, ynja je maca HewTo Beha og 90 kr. Ha BehuHu BMaeo-
CHUMaka 3amyheHe Cy O3Hake M HaTnucw, anu ce noHerge Buau Hatnuc AS-
BPLA, wto Takohe ykasyje Ha LMUR. Haume, AS-BPLA je o3Haka
KOMYHUKaLmoHe onpeme npojektuna LMUR.

cooooo

M3IA ALC-BNAA

..

A=
S://T.ME/SASHAKOTS

lpemnocmasrba ce 0a je 080 cHUMakK ca mpazada npojekmuna LMUR koju ce
npubnuxasa yurby Heaoe y YkpajuHu. Hamnuc IZL AS-BPLA, y eoprem riegom yany,
8eposamHo 03Hayvaea ,izlucheniye”, wmo 6u 3Ha4uo — NPeHocu NPeKo
KoMyHuKayuoHoe ypehaja AS-BPLA.

36ym-yjyha npownocm

AkpoHuMm npojekta LMUR nojasuo ce Tokom 2007. rogvHe y Be3n ca nakum
NpojeKTUNoM Kopnopauuje Korporatsiya  Takticheskoye Raketnoye
Vooruzheniye(KTRV). Mehytum, y6p3o nocne Tora, oko 2009. rognHe, nporpam
je HanywTeH U3 HejacHUX pasnora.

Pycko muHucTapcTBo opbpaHe u3gano je, 22. debpyapa 2011. roguHe,
Hapenby 3a ucTpaxueawe U pas3Boj kogHor HasmBa Prifiks y Be3n ¢ pasBojem
nakor BuLleHameHckor BoheHor npojektuna izdeliye 79. OBor nyta Hanor Huje
poperbeH kopnopaumju KTRV Beh «komnaHuju Konstruktorskoye Byuro
Mashinostroyeniya(KBM). OBa  komnaHuja je  chneuujanusoBaHa  3a
NpoTUBTEHKOBCKE BOfeHe pakeTe kao wWTo cy Ataka unu Khrizantema, anu u
GanucTnyke pakeTe kao wWTo je Iskander.

829

Vuckovi¢, D., SAVREMENO NAORUZANjE | VOJNA OPREMA / MODERN WEAPONS AND MILITARY EQUIPMENT, pp.816-836



¢VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 3

YroBop je nogpasymeBao u3pagy, TecTupake U MNpunpeMmy 3a Cepujcky
nponseogwy pakete LMUR izdeliye 79. Tokom 2013. rogMHe npousBeneHa je
cepuja 3a TecTupare, anu komnaHuja KBM Huje morna 3anodetu TecToBe jep
Huje 6mno naHcupHor ypehaja. Hanme, MuHuctapctBo ogbpaHe jeaAHOCTaBHO
HWje HW Hapyyuno pasBoj naHcupHor ypehaja. HakoH Tora, komnaHuja je
cdhopmarnHo nopyynna MMHUCTapCTBY Aa je NpecTana ca pagom Ha TOM MpOojeKTy.
Tek 2017. roguHe, MwuHuctapctBo oabpaHe Pycuje opnydvyje ga npekuHe
yroBop. HakoH Tora cy ycnegune cepvje Ty0u y Be3n C KOMNeH3aumjoMm, LWTo je
BEPOBATHO joOLU Y TOKY.

Mpojekat LMUR je unak cnaceH, ann Apyrum npojekTom O KOMe ce BpIio
Marno 3Ha. lNpeTtnocTtaereba ce aa je 2012. roguHe komnaHvja KBM gobuna Hanor
oan PepepanHe obasewTajHe cnyxbe (PCB), npaBHor cnegbeHnka cosjeTckor
KI'b-a, gapasBuje pakete nog o3Hakom izdeliye 305. Haume, ®Cb je Tpaxuo
opyXje gyror gomeTta 3a CBOj cneuujanHu xenukontep Mi-8MNP-2 Hip. Osu
XenukonTtepu cy kopuwheHn 3a HekOHBeHUMjanHu paTt Ha Kaeka3sy. PakeTta ,305”
je, y ctBapu, ucta kao u npojekat ,79” koja MMma OBOCMEPHWU AaTanMHK Koju
NMpeHoc BUOEO-CHUMAK ca Tparada pakeTe y KOKMWUT XeINMKonTepa M NpeHocu
KoMaHge onepaTopa ka paketu y nety. ®Chb je xeneo ga vMa KOHTpOny Hag
pakeToM TOKOM LIeNior HeHOT fieTa 3a cryyaj Aa uckpcHe notpeba 3a npekngom
akumje, OgHOCHO NneTa pakeTe, YKOJIMKO Ce NCMOCTaBM Aa je Lib NorpeLlaH.

lpouseodHu noeoH komnaHuje Vympel y Mocksu 20e cy npuka3aHu naHcepu 3a pakeme
LMUR, jedHocmpyke APU-305 (Ha kpajy) u dsocmpyke APU-L (Ha noyemcky)

OBor nyrta naHcep Huje 3abopaBrbeH, Na je, 3ajegHo ca izdeliye 305,
Hapy4yeH WwuHckn naHcep APU-305 op komnanuje Toropov Vympel. koju je 6uo
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HaMeheH 3a jedHy pakeTy, OOK je KacHuje Ta KoMnaHuja u3paguna naHcep 3a
nBe pakete APU-L.

TecTtupare paketa LMUR Ha xenukontepy Mi-8MNP-2 nsBegeHo je 2015. un
2016. roguHe. Cepujcka npon3Boara no4vena je yop3o HakoH Tora u pakeTa je
ywna y onepartuBry ynotpeby Ha xenukontepuma ®Chb-a. Tokom 2019. roanHe
3anoyenu cy TtectoBu pakete LMUR Ha mogepHu3doBaHuM xenukontepuma Mi-
28NM Havoc, a HewTo KacHuje u Ha jypywHum xenukontepuma Ka-52M.
OBWYHO Cy XenuKoNTEPM HAOPYXKaHM ca No YeTupu pakete Ha naHcepuma APU-
305.

Heocmpyku wuHcku naHcep APU-L 3a pakeme LMUR

OnepamueHa ynompeba

OsHaka LMUR notumde op Lyogkaya Mnogotselevaya Upravlayemaya
Raketa, wTto Om 3Ha4mMno naka BuEeHaMeHCcka BofeHa pakeTa. Takohe ce
o3HayaBa ca 305 wnu 305E y 13BO3HO] Bep3uju. Mako ce y onucy pakete
KopuUcT ped ,aka”, OHa je [ABa MyTa Texa of CTaHZapOHUX PYCKUX
NPOTUBOKMNONHUX BOfMEHWX pakeTa, kao wTo cy 9M120 Ataka (AT-9 Spiral) nnu
9M123 Khrizantema (AT-15 Springer). JomeT pakete LMUR je go 14,5 km, nnu
ABa nyta Behu og NpeTXogHNX PYCKMX NMPOTUBTEHKOBCKMX BOReHMX pakeTa.

Paketa uma aepogvHamMu4dKy KOHurypauujy ca kaHapauma v 4eTupu
YKpLUTEHA NOAErbeHa nepaja Ha npeaw0j cTpaHu. 3aTtum crieam 4eo ca 6ojeBom
rmaBoOM, a 3aTMM paKeTHW MOTOP ca YBPCTUM ropmBoM. Benvka ykpluteHa kpuna
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Cy CKMONIbeHa, a OTBapajy ce Kaja je pakeTa 3akavyeHa 3a naHcupHu ypehaj Ha
Xenukonrtepy.

KoHgpueypayuja pakeme LMUR; 1 — mepmarnHu mpazay; 2 — aymonunom; 3 — rnpujeMHUK
camernumcke Haguzayuje; 4 — KoHmposiHa nepaja; 5 — 6ojeea anasa; 6 — pakemHu
Momop; 7 — CKIonrbeHa Kpuna; 8 — 0amarnuHK aHmeHa

TpeHaxHa Bep3uvja pakeTe, unu izdeliye 305-UL, pasnukyje ce og 6opbeHe
Bep3uje No TOMe LITO MMa Maka Hecknonuea kpuna, 6e3 6ojese rnase,

Ha npeah0j cTpaHu pakeTe Hanasu ce TepMmanHu Tparad 9B-7755 koju je
pa3sno uHCTUTYT MNITI y MockBn. HasuraumoHu cuctem ce cacToju of
WHepumjanHor ayTonunoTa, paauvo-BUCUHOMETPaA U caTennTCKOr HaBuralMoHor
npujeMHuka BNAP-305 ca aHTeHOM Ha Bpxy. OBaj caTenuTckm NnpujeMHrK pagu
ca pyckoMm caTenuTckoM Mpexom Glonass, anu n ca 3anagHuMm caTenuTCKUM
Mpexama. [1Ba of 4eTupu Kpuna onpemrbeHa cy ca gaTanuHk aHTeHama Koje cy
yCMepeHe Ka 3aaH0j CTpaHU pakeTe.

He 3Ha ce MHOro o CTpaHUM KOMMOHEHTaMa Koje cy yrpafeHe y pakeTy
LMUR. 3a caga je nosHaTto ga pakeTa nocefyje enekTpuyHO Hanajake
komnaHuje Tesla Electric u Heke of 4mMnoBa Hemauke komnaHuje Telefilter, anu
nx, 6e3 cymme, uma jow. Pycku npousBohaum Haopyxawa CUrypHO WMajy
notewkoha ca HabGaBkOM CTpaHe onpeMe HakoH cBe Beher Gpoja caHkuuja
3anapga.

HajjegHocTaBHuWju HaumH ynotpebe pakete LMUR je ncnarbmeawe Ha Uunib
Koju je y BusyenHom gomety. Onepartop y Xenvkontepy BUAMW CrMKy ca Tparada
OOK je pakeTa jowl Ha MOABECHOM faHcepy M obenexaBa LuIb Koju Tparad
namTu. HakoH LWITO je pakeTa NnaHcupaHa, XenukonTep MoXe HamnycTUTU MeCTO
ucnarbvBamba jep ce pakeTta 3aTUM ayToMaTCKu caMa HaBoau Ha LWk JOK ra He
norogu.

Opyrn HauuH, NpBK NyT yNnoTpebrbeH Ha PYCKMM NPOTMBOKITONMHMM BONEHUM
pakeTama, jecTe uchnarbMBawe pakeTe Ha HEeBWAIbUB UWb BaH BU3yenHor
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pomeTta. [lpBo, pakeTa netM [0 pervoHa uurba BoheHa uWHepuunjanHum
ayTonuIoToM ca Kopekuunjama oMoryheHnm catenmTckoM HaBuraumnjom.

Cnuka ca Tparaya NpPeHOCH ce Y KOKMUT XenukonTepa nyTem gaTtanvHka, a
KkoMaHZe HaBofjewsa ce 3aTum npeHoce Ha pakeTy. OnepaTop y XenvKkontepy
rmena npomeHe, 6upa Uurb U TO NMPEHOCK PaKeTU, a MOXe NMPOMEHUTU Luib UK
NnoHMWTWUTU Hapedby. Ha jedHoMm cHUMKY je moryhe BMAeTM kako ce O3Haka
Lurba Meka y 0O4HOCY Ha ApYry 3rpady HEKONTMKO CeKyHaM npe yaapa.

Pagn ycnewHe KkKOMyHMKauumje ca pakeToM, Xenukontep Mopa 6utu
onpemrbeH ogroeapajyhom onpemom. OBaj cuctem je AS-BPLA (Apparatura
Svyazi s Bespilotnym Letatelnym Apparatom), wrto 6y 3Ha4yMmno KOMyHuKaumnoHa
onpema ca ©ecnocagHom BasgywHoMm netenuuoM. Cuctem je passuna
komnaHuja KB Luch, a noctoju y Hekonuko Bepsuja. [lBocmepHu gatanuHk pagu
Ha S-Tanacuma (ppekseHumje 2—4 GHz ; TanacHe gyxuHe 7,5-15 um ), uma
AeknacupaHy Tanachy 6pauHy og 5,4 Mbps n gomet og 50 km.

Ha xenukontepy Ka-52M KOMYHMKaLMWOHW KOHTEjHEP MMa 06nuK Kanrbe n
OKauyeH je ucnog gecHor kpuna. Ha xenukontepy Mi-8MNP-2, pagno-gatanuHk
aHTeHa Hanasu ce Ha fnonTacToM JodaTKy Yy HOCY XenukonTtepa, Kao U Ha
xenukontepy Mi-28NE. CnnyHa onpemMa Hanasu ce u Ha HOBMWjeM Xernukontepy
Mi-28NM, a peLueme je CnnM4YHO kao kog xenukontepa Ka-52M.

e ™

lMpobHu xenukonmep Ka-52 ca pakemom LMUR
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Jlonmacmu deo Ha Hocy xenukonmepa Mi-28NE Hocu 0amarnuHk AS-BPLA 3a
KomyHukauujy ca pakemom LMUR

Hedoymuue

C jemHe cTtpaHe, ynoTtpeba pakete LMUR y YkpajuHu He npencTtaeiba
HVMKaKBO M3HeHahewe. PakeTa je y npousBoawu Beh HEKONMKO roguHa, na ce
npeTnocTaerba fa je PycKkOM MMWHUCTapcTBy oabpaHe uvcnopydeHo 6ap 200
koMaga, a nssecrtaH 6poj n pyckom ®Cb-y.

To opyxje Huje jecbTmHO. Ha ocHoBY nogataka u3 yroopa u3 2018.
roauHe, jeaHa paketa LMUR kowTta oko 227.000 gonapa. Pagm ce o ueHn 3a
PYyCcKO MMHUCTapPCTBO oabpaHe, 40K je 3a M3BO3HE NpumMepke curypHo seha.

MehyTtum, npumeheHo je HEeKONUKO HEeOBMYHWMX 4YnkbeHuua. Haunme, cBu
BMAEO-CHUMLM KOju Cy npukasmsanu ynotpeby pakete LMUR y Ykpajunu
HanpaBfbeHN Cy TepMarHOM KamepoM Tparaya pakeTte. He nocToju HujegaH
CHUMaK pakeTe ca XenukonTepa, a Takofe Huje 6uno moryhe BuaeTu HujedaH
XenuKONTep ONpeMIbeH KOHTEjHEPOM Ca AaTarMHKOM.

Heke op meTa cy Takohe yygHe. Pagu ce o pasnuyuutMm 3rpagama unu

Gapakama o Kojux Heke u3rnedajy HanywTeHe. Ha jeqHOM CHUMKY 3rpaga Hema
HW KPOB.
Ykonuko cy pakete LMUR ynotpebrbeHe y YKpajuHu, HajepoBaTHMja NnaHcMpHa
nnatcgpopma je Mi-8MNP-2, xenukonTep Koju KOpUCTe cneLujanHe cHare pyckor
®Cb-a. Xenukontepn Mi-28NM n Ka-52M koju umajy moryhHocT ynoTpebe
pakeTe LMUR jow Hucy y onepaTuBHOj ynoTpebu y BasgyxonnoBHUM CHarama
Pycuje y YkpajuHu.
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lNpsu modepHu3osaHu xenukornmep Ka-52M onpemrbeH KoHmejHepom ca 0amarnuHKoM
AS-BPLA (1) u wuHckum naHcepom APU-305 (2) 3a pakeme LMUR
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Mnak, nocToju jow jegHa onuuja. Npe neT rognMHa paheHo je uctpaxvsare
N npojekToBake Mpojekta nop Ha3uBom Baikal y okBupy kora je mnaHupaHo
apantupamwe pakete LMUR 3a ynotpeby y KOMHEHOM flaHCepy Ha OKITOMHOM
BO3uNy. Huje nosHaTo Kako ce OBaj npojekaT 3aBpLuMo, anu je moryhe ga cy
Heka BO3ura onpemMibeHa OBMM CUCTEMOM U ncnpobaHa y YKpajuHu.

OKP «Bankan»: paspaboTka egquHOro MHoroLenesoro
camoxogHoro NTPK

lpojekam Baikal
JacHo je ga noctoje MHore Hegoymuue y Be3u ¢ paketom LMUR. To je

BaXkaH nporpam 3a pycky apmujy jep Pycuja nocenyje camo ctapuje reHepauuje
BONEHMX NPOTMBOKMOMHMUX pakeTa Koje 3HAaTHO 3aoCTajy 3a 3anagHuMm

peliernuma.
Cneuudmkaumje pakete LMUR (izdeliye 305E):
Makcumanan gomet 14,5 km
MakcumanHa 6p3unHa 230 m/c
BucuHa neta 100-600 m
Maca 105 «r
Bojesa rnaBa 25 kr
OyxnHa 1,945 mm
OvjameTap 200 mm

[pazaH M. Byuykosuh (Dragan M. Vuckovié¢),
e-mail: draganvuckovic64@gmail.com,

ORCID iD: “*https://orcid.org/0000-0003-1620-5601
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NMo3nB 1 YIYTCTBO AYTOPUMA
MNPUMALLEHVE N MHCTPYKUNA AJ1A ABTOPOB PABOT
CALL FOR PAPERS AND INSTRUCTIONS FOR AUTHORS

NO3UB N YIIYTCTBO AYTOPUMA O HAYUHY NMPUNPEME YNAHKA

YnyTcTBO aytopuma O HauyuHy npunpeme 4naHka 3a objaBrbuBare Y
BojHomexHu4YkoMm 2nacHUKy ypaheHo je Ha ocHoBy [lpaBunHuka o kaTeropusaumjn n
paHrupary Hay4yHux yaconvca MuHuUCTapcTBa NpocBeTe, Hayke U TEXHOMOLUKOr pasBoja
Peny6nuke Cpbuje ("Cnyx6eHun rnacHuk PC", 6poj 159/20). MNMpumeHa osor NpaBunHuka
MPBEHCTBEHO CMyXK yHanpeherwy kBanuTeTa AoMahnx Yaconmca n HKUXOBOr MOTMyHWjer
yKIbyuMBama y MeflyHapoaHu cucteM pasmeHe HaydHux nHdopmaumja.

BojHoTexHuuku rnacHuk / Vojnotehnicki glasnik / Military Technical Courier
(BTr.mM0.ynp.cp6, www.vig.mod.gov.rs, ISSN 0042-8469 — wrtamnaHo usgawe, e-ISSN
2217-4753 - online, UDC 623+355/359, DOI: 10.5937/VojnotehnickiGlasnik;
https://doi.org/10.5937/VojnotehnickiGlasnik), jecte peueH3mpaHu Hay4Hn Yaconuc.

BrnacHuumn vaconuca cy MwuHuctapctBo onbpaHe Penybnuke Cpbuje n Bojcka
Cpbuje. N3pgaBay 1 dmHaHcujep Yaconuca je YHuepauteT ogbpaHe y beorpagy (BojHa
akagemuja).

[Mporpamcka opujeHTaumja 4aconuca 3acHMBa Ce Ha rogMH0j Kateropusauujun
yaconuca, Kojy BpLUN HaANeXHO ApXKaBHO MUHUCTAPCTBO Y ogpefeHnm obnactnma, kao n
Ha HEeroBOM MHAEKCUPaky y MefyHapoaHUM nHaekcHum 6asama.

Yaconuc obyxsaTa Hay4yHe, OQHOCHO CTpy4He obnacTtu y OKBuMpy 06pa3oBHO-
Hay4HOr norba NPUPOAHO-MaTeMaTU4KMX HayKa, Kao U y OKBMpPY 06pa3oBHO-Hay4HOr
norba TeXHWYKO-TEXHOJIOWKNX HayKa, a Hapounto obnacty oabpambeHux Hayka w
TexHonorunja. OG6jaBrbyje Teopujcka M nNpakTMdHa [pJocTturHyha Koja gonpuHoce
ycaBpLuaBawy CBWX MpuNagHWka Cprncke, perMoHanHe v MehyHapogHe akagemcke
3ajegHvue, a nocebHO npunagHuka BOjCKM M MUHWCTapcTaBa opbpaHe. [yGnukyje
pafoBe ca YpPaBHOTEXEHUM W3BELUTABaKEM O aHanuTUYKUM, eKCrMepVMEHTanHuM U
NPUMEHEHUM UCTPaXuBawyMa, Kao W HyMEepU4kMM cumynauujama, obyxsatajyhu
pasnuunte AaucumnnvHe. OG6jaBrbeHM MaTepujanM Cy BWCOKOr KBanuteta W
peneBaHTHOCTWN, HaMUCaHW Ha HaYuH KOjU WX YMHW AOCTYMHUM LUMPOKOj YMTanaykoj
ny6nuumn. Cen pagoBu KOjU U3BeLLTaBajy O OPUTMHAMHUM TEOPWjCKUM W/MMWM NPaKTUYHO
OpVjeHTUCaHNM UCTpaXnBakMMa Unu npowmnpeHnM Bepsunjama Beh objaBrbeHnx pagosa
ca KoHdpepeHuuja cy pobpogownun. PagoBu 3a objaBrsvBame ogabupy ce ABOCTPYKO
CcrnenvM MNOCTYNKOM peLieH3mnje Kako 6u ce ocurypana OpUrMHanHoCT, PeneBaHTHOCT U
ynTrbMBOCT. MpUTOM UMb HUje camMO ga ce kBanuTeT objaBrbeHMX pagoBa OAPXKU
Bucokum Beh n ga ce o6e3bean npaBoOBpPEMEHW, TEMEIBHN U YPaBHOTEXEHWN MOCTynak
peleH3uje.

YpehuBadka nonmutuka BojHomexHuuYkoz2 anacHuka 3acHMBa Ce Ha npenopykama
Opbopa 3a etuyHocT y n3gasawTey (COPE Core Practices) u 3ajegHUYKkMM npyHUmnuma
TpaHCMapeHTHOCTU 1 Hajborbe npakce y nsgasawTtey COPE, DOAJ, OASPA n WAME, kao
1 Ha Hajborenm nNpuxeaheHUM nNpakcama y Hay4yHOM W3AaBalUTBy. BojHoOmexHUYKU 2nacHUK
je unaH COPE (Committee on Publication Ethics) o 2. maja 2018. roguHe n unaH OASPA
(Open Access Scholarly Publishers Association) og oa 27. HoBembpa 2015. rognHe.

MuHMCTapCcTBO NpPOCBETE, Hayke WU TEXHONoWkKor pa3eoja Penybnvke Cpbuje
yTBpauno je gaHa 25. 10. 2022. roanHe kateropu3saumnjy BojHomexHu4Koe anacHuka, 3a
2022. roguHy:
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— Ha NMCTM Yacomnuca 3a pavyHapcke Hayke:
KaTeropuja BPXyHCKM 4aconuc HaumoHanHor 3Havaja (M51),

— Ha NINCTK Yacomnuca 3a eNneKTPOHUKY, TenekoMyHukaumje n uHdopmaLmoHe
TexHonoruje:
KaTeropuja BpXyHCKM Yaconuc HaumoHanHor 3Havaja (M51),

— Ha NMCTM Yaconuca 3a MalIMHCTBO:
KaTeropuja BpXyHCKM Yaconuc HaumoHanHor 3Havaja (M51),

— Ha NMCTU Yaconuca 3a MaTepujane n xeMujcke TexHororuje:
KaTeropuja BpXyHCKM 4aconuc HaumoHanHor 3Havaja (M51).

YcBojeHe nucte gomahux yaconuca 3a 2022. roguHy Mory ce BUAETU Ha cajTy
BojHomexHuy4koz anacHuka, ctpaHuua Kamezopusayuja yaconuca.

HeTtarHuje nHdopmaumje mory ce npoHahm u Ha cajTy MuHucTapcTBa npocBeTe,
Hayke 1 TexHoroLlkor pa3soja Peny6nvke Cpbuje.

Mopaum o kateropusauuju mory ce npatuti u Ha cajty KOBCOH-a (KoH3sopuujym
6ubnunoteka Cpbuje 3a objeanreHy HabaBky).

Kateropusaumja yaconuca mssplueHa je npema [lMpaBunHuKy O kateropusaumjn u
paHrmpary HayyHux yaconuca MuHMCTapcTBa nNpocseTe, Hayke M TEXHOMOLIKOr pa3soja
Peny6nuke Cpbuje ("Cnyxbenun rnacHuk PC", 6poj 159/20).

Yaconuc ce npatu y koHTekcTy Cpnckor uutatHor mHaekca — ClUuHpekc (6a3a
nopgataka gomahux HayvHux yvaconwuca), Hay4Ho-uHdopmaumoHor cuctema Redalyc u
Pyckor uHgekca HaydHor umTtupawa (PUHLY). TMoaBprHyT je ctanHoOM BpegHOBawy
(MOHUTOPWHIY) y 3aBWCHOCTW Of YTULAjHOCTM (MMmnakTa) y camum 6asama. [letarsu o
vMHOeKcupawy MoOry ce BuAeTM Ha cajTy BojHomexHuukoz enacHuka, CTpaHuua
UHdekcupare vyacornuca.

BojHomexHuuKu enacHuk, y norfnieay CBOP cappxkaja, npyxa MoryhHOCT oTBOpeHor
npuctyna (DIAMOND OPEN ACCESS) u npumewyje Creative Commons (CC
BY) oapenbe o aytopckum npasumMa. [letarbm 0 ayTopckMm npasuma Mory ce BUAETU Ha
cajTy Yaconuca, cTpaHuua Aymopcka npasa u noaumuka camoapxusuparsa.

PapgoBn ce npepajy nytemMm OHMajH cUCTEMA 3a ENEKTPOHCKO YypehuBawe
ACUCTEHT, koju je passuo LleHTap 3a eBanyauujy y obpasoBary 1 Hayum (LLEOH).

Mpuctyn n pernctpauuja 3a cepBuc BpLUe Ce Ha cajTy www.vtg.mod.gov.rs, npeko
ctpanuue ACUCTEHT wvnm  CUMHOEKC, OOHOCHO  OWPEKTHO Ha  JIMHKY
aseestant.ceon.rs/index.php/vtg.

[eTarbHO ynyTCTBO O perucTtpauuju 1M npujaBu 3a CepBUC Hanasu ce Ha cajTy
www.vtg.mod.gov.rs, cTpaHuua Ynymemeo 3a ACUCTEHT.

MoTpebHO je ma ce cBM ayTopy KOju MOAHOCE pyKonNuc 3a Oo6jaBrbuBame Yy
BojHomexHuykom enacHuky peructpyjy y peructap ORCID (Open Researcher and
Contributor ID), npema ynyTCTBY Ha CTpaHuum cajta Peaucmpayuja 3a dobujarbe ORCID
udeHmuuKkayuoHe wucgpe.

BojHomexHu4yKku 2nacHuUK objaBrbyje unaHke Ha eHrneckom jesuky (arial, BenvunHa
cnosa 11 pt, npopeg Single).

MocTtynak npunpeme, nucawa n ypehusawa ynaxka Tpeba ga byage y carmacHocTtn
ca MWsjasom o emuykom nocmynamy (http://www.vtg.mod.gov.rs/izjava-o-etickom-
postupanju.html).

UnaHak Tpeba Ja cagpXu caxeTak ca KibydHMM peyuma, yBon (MoTMBauujy 3a
pan), paspaay (agekBaTaH npernen penpe3eHTaTUBHOCTM paja Yy HeroBoj obnacty,
jacHy wusjaBy O HOBMHW Yy MNpPEeACTaBfbEHOM MWCTpaXusaky, ofroBapajyhy Tteopujcky
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no3agviHy, je4aH unm BuULLIE NpUMepa 3a JEMOHCTpUPaHe U QUCKYCHjy O NPEeACTaBIbEHNM
naejama), 3akrbyvak u nutepatypy (6e3 Hymepaumje HacnoBa u nogHacnosa). O6um
ynaHka Tpeba ga Oyame po jegHor aytopckor Tabaka (16 cTpanuua cdopmata A4 ca
npopenom Single), a HajBuLwe 24 cTpaHuLe.

UnaHak Tpeba pa Oyne HanvcaH Ha obpacuy 3a nucarwe 4YnaHka, koju ce y
€neKTPOoHCKOj dhopMmM MOXe Mpey3eTn ca cajta Ha cTpaHuum Obpasay 3a nucame
ynaHka.

Hacnos

Hacnos Tpeb6a fa ogpaxaBa Temy YnaHka. Y MHTepecy je Yaconuca u aytopa fa ce
KOpUCTe peun nNpuknagHe 3a UHAEKCcUpare U NpeTpaxuBare. AKO TaKBUX pedn Hema y
HacnoBy, NOXerbHO je Aa ce NpuAoAa U NOAHACIOB.

Tekyhu HacnoB

Tekyhn HacroB ce wucnucyje ca CTpaHe CBake CTpaHuUe 4YnaHka pagu nakiwle
naeHTudmkaumje, nocebHo Konuvja YnaHaka y enekTpoHckoM obnuky. Cagpxu npesvme n
WHMUMjan MMeHa ayTopa (ako ayTtopa MMa BuLle, npeocTanu ce 03HayaBajy ca ,et al.*
unu 1 ap.“), Hacnoee paga m 4Yaconuca u konauujy (roanHa, BONyMeH, CBecka, noveTHa
1 3aBpLUHa cTpaHuua). Hacnoem yaconuca n unaHka Mory ce gaTm y ckpaheHom obnuky.

Ume ayTopa

HaBoau ce nyHo ume u npeaume (cBux) aytopa. Beoma je noxerbHo aa ce Haseay
n cpeatsa cnoea aytopa. MimeHa u npesumeHa gomahux aytopa yBek ce ucrucyjy y
opurMHanHom obnuky (ca CpnckUM AMjakpUTUYKMM 3HAKOBKMA), HE3ABWUCHO Of je3nka Ha
KojeM je HanucaH pag.

Ha3uB yctaHoBe ayTopa (achunujauuja)

HaBoau ce nyH (3BaHU4YHW) HA3MB U CeauLITe YCTAHOBE Y KOjOj je ayTop 3amnochneH, a
€eBEeHTyarlHo W HasuWB YyCTaHOBE Yy KOjoj je ayTop 06aBMO uCTpaxuBame. Y CrOXeHUM
opraHu3auujama HaBoau ce ykynHa xujepapxuja (Hnp. YHuBepauteT oabpaHe y beorpagy,
Bojya akagemuja, Kategpa npupogHo-maTematnykux Hayka). bap jegHa opraHusauunja y
xvjepapxvju mopa 6mTn npaBHO nuue. AKO ayTopa Mma BuLIe, a HEeKU MOTM4Yy M3 UCTe
ycTaHoBe, Mopa ce, NocebHUM O3Hakama WnM Ha APYrY HauuH, HasHauMTK U3 Koje oA
HaBe[dEeHNX YCTaHOBa MOTMYE CBakU OA HaBedeHux aytopa. Adwnuvjaumja ce ucnucyje
HenocpeaHO HakoH meHa aytopa. PyHKUWja 1 3Bare ayTopa Ce He HaBozae.

KoHTakT nogauu
Anpeca nnu e-agpeca CBUX ayTopa faje ce nopes MMeHa 1 npesammeHa aytopa.

KaTteropwuja (Tvn) ynaHka

KaTteropusaumja unaHaka obaBesa je ypeaHuwTBa M O NOCeOHE je BaXHOCTU.
KaTteropujy 4naHka mory npegnaratv peueH3eHTM U YNaHoBU YPeoHWUTBA, OOHOCHO
ypeoHvuum pybpuka, anm OArOBOPHOCT 3a kaTeropusauujy CHOCU WUCKIbYYMBO [NaBHU
ypeaHuk. YnaHuun y BojHOmexHUYKoM enacHuky Knacudukyjy ce Ha HayyHe u CTpy4dHe
ynaHke.

HayyHu ynaHak je:

— opurMHanaH HayyHu pag (pag Yy KojeM ce M3HOCe MNpPeTXoAHO HeobjaBrbeHu
pe3ynTaTu CONCTBEHNX UCTPaXMBaka HAy4YHUM METOAOM);

— npernegHn pag (pag Koju cagpXv opurMHanaH, getarbaH U KpUTUYKK Mpukas
UCTpaXkmBaydkor npobrnema wunu nogpydja y Kojem je ayTop ocTBapuo oapehenn
OOMpUHOC, BUAMBLMB HA OCHOBY ayTouuTaTa);
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— KpaTKO MNu MpPeTXO4HO caomnTere (OpUrMHanHW Hay4Hu pag nyHor dopmara,
anu mawer obrvma nnu NpenMMUHapHOr Kapakrepay);

— Hay4yHa KpWTUKa, OOHOCHO nonemuka (pacnpaBa Ha ogpefeHy HayyHy Temy,
3aCHOBaHa VCKIbYYMBO Ha Hay4yHOj aprymeHTaLmju) u oCBpTy.

MN3yseTHO, y HekuM obracTima, HayyHuW paj Yy 4Yacomnucy MoXe uMatn oGnuk
MOHorpadcke CTyauje, Kao U KPUTUYKOTr U3fdara HayyHe rpahe (MCTOpWjCKOo-apXMBCKe,
nekcukorpadcke, Gubnuorpadcke, npernega nogartaka v cin.), AoTaf HemnosHaTe WIu
HEeZOBOJSbHO MPUCTYNaYHe 3a Hay4yHa UCTPaXuBatkba.

PapoBwu knacndmkoBaHu kao Hay4yH Mopajy nmaTu 6ap ABe No3nTUBHE peLeHsuje.

Ako ce y yaconucy o6jaBrbyjy ¥ NMpuno3v BaHHay4HOr kapakTtepa, Hay4yHW YnaHum
Tpeba aa Byay rpynvcaHu 1 jacHo U3LBOjEHM Y MPBOM eIy CBECKE.

CTpyyHM unaHak je:

— CTpy4yHM pag (Npumor y Kojem ce HyAe WMCKycTBa KOpucHa 3a yHanpehene
npodgecuoHarnHe npakce, anu Koja HACY Hy>KHO 3aCHOBaHa Ha Hay4yHOM MeToay);

— MHPOPMATVBHM NPUMOT (YBOAHWK, KOMEHTap U CI.);
— npukas (Kibure, padyHapckor nporpama, cryyaja, HayuHor gorahaja, v cn).

MoxersHo je aa obum kpaTkux caonwTewa Oyae 4 [0 7 cTpaHuua, HayyYHUX
ynaHaka u ctyauja cnyyaja 10 go 14 crtpaHuua, oK npernegHn pagosu mory 6utu um
oyxn. Bpoj cTpaHuMua Huje cTporo orpaHudeH U, y3 oproeapajyhe obpasnoxetre,
npujaBrbeHN YnaHuu Takohe mory 6uTn ayxm unu kpahu.

AKo cy papoBu KOju Cy MpeTxodHo O6jaBfbeHM Ha KOH(bepeHuMju npoLUMpeHwm,
ypeoHuum he npoBepuTV da Nu je AodaTo OOBOFbLHO HOBOI MaTepujana Koju mcnywasa
cTaHgapge Yaconuca v kBanudukyje nogHecak 3a noctynak peueHsvje. logatn matepujan
He cvme 6uTn npeTxodHo objaBrbeH. HoBWM pe3ynTaTM HUCY HYXHO MOTpebHM, anu cy
noxereHn. Meflytum, nogHecak Tpeba Aa cagpxu NpolMpeHe KibyyHe uaeje, npumepe,
pa3page, UTa., Koju Cy NpeTxoaHo bunu cagpxkaHu y NogHECKY ca KoHdepeHuyje.

Jesuk paga
Jesnk paga Tpeba na byae eHrnecku.

TekcT Mopa GUTK je3nykm u CTUICKU AoTepaH, cuctemartm3oBaH, 6e3 ckpaheHuua
(ocum cTaHpapaHux). Cee dusmyke BenuymMHe mopajy 6utn napaxeHe y MehyHapogHom
cucTeMy MepHux jeamnHuua — Sl. Pepocnen obpasaua (cdhopmyna) o3HavaBa ce pegHuM
OpojeBnMa, ca ecHe CTpaHe y OKpYrnvMM 3arpagamMa.

CaxeTak

CaxeTak jecte KpaTak MHGOpMaTMBaH MpuKa3 cafpkaja 4naHka Koju umtaouy
omoryhaBa ga 6p30 1 Ta4HO OLIEHUN HEFOBY PENEBAHTHOCT. Y UHTEPECY je ypeaHULITaBa
M ayTopa [a CaxeTak CagpXu TEPMMHE KOju Ce YeCTO KOPUCTE 3a WHAEKCMpame U
npetpary unaHaka. CacTtaBHW LEnoBU CaxeTka Cy yBOA/UMIb MUCTpaXuBarwa, METoaw,
pesynTatu u 3akrbydak. Caxetak Tpeba aa uma og 100 go 250 peun n Tpeba ga ce
Hanasu u3amelh)y 3arnaerba (HacnoB, MMEHa ayTopa W Ap.) U KIbyYHUX Peyur, HaKOH KOjux
cnenu TEKCT YnaHka.

KrbyyHe peun

KrbyyHe peun cy TepMmuHM mnu dpase Koje aaekBaTHO MpeacTaBrbajy CaapXaj
ynaHka 3a notpebe nHaekcupara n npeTpaxuBarwa. Tpeba nx goaersusaTu ocnawajyhm
ce Ha Heku mehyHapogHW u3BOpP (MOMUC, PEYHUK Wnu Te3aypyc) Koju je Hajwmpe
npuxeaheH unu yHyTap Aate HayyHe obnactu. 3a HMp. Hayky yonwTte, TO je nucta
Kiby4Hux peun Web of Science. Bpoj krby4Hux peun He moxe Gutu Behm og 10, a y
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WHTepecy je ypeOHULWTBa 1 ayTopa Aa y4ecTanocT wumxose ynotpebe byae wrto seha. Y
YnaHKy ce NuLLy HenocpeaHo HakoH caxeTka.

Cunctem ACUCTEHT y Ty cBpxy kopuctu cneuujanHy anatky KWASS: aytomartcko
eKCTpaxoBare KIbYYHUX peyn M3 AUCUMMNUHapHUX Tesaypyca/pedHuka no usbopy u
pyTUHe 3a HUXoB 0Aabup, Tj. nNpuxeBaTawe OAHOCHO ofbaumBare of CTpaHe aytopa
n/vnun ypegHuka.

naTYM npuxeatamba 4aHKa

Jatym kafa je ypeQHULITBO NPUMUIIO YnaHak, AaTyM kafa je ypegHULTBO KOHaYyHO
NnpuxBaTUNO uYnaHak 3a objaBrbuBare, kao W AaTymMu kaja cy Yy MehyBpemeHy
[OCTaBIbEHE eBEHTyarnHe UCMpaBKe PyKonuca HaBoAe ce XPOHOMOLWWKUM pefocrenom, Ha
CTanHoM MecCTy, Mo NpaBuIy Ha Kpajy YnaHka.

3axBanHuua

HasuB n 6poj npojekTa, O4HOCHO Ha3MB Nporpama y OKBUpY KOjer je YynaHak HacTao,
Kao M Ha3uB MHCTUTyUMje Koja je ouHaHcMpana npojekaT unu nporpam, HaBogu ce y
noce6HOj HaNMOMEeHW Ha CTanHOM MeCTY, MO NpaBuny Npu AHY NpBe CTpaHe YnaHka.

MpeTxoaHe Bep3uje papa

AKo je uynaHak y MpeTxXoAHOj Bep3uju 6ro M3nNOXeH Ha CKyny Yy BMAY YCMEHOor
caonwTewa (MO4 UCTUM WNW CAMYHUM HACMOBOM), nogatak o Tome Tpeba aa Oyge
HaBefeH y noceGHOj HanmoMeHW, No Npasuny Npu AHy NpBe cTpaHe ynaHka. Pag koju je
Beh o6jaBrbeH y HEKOM 4aconucy He Moxe ce 00jaButn y BojHOMEXHUYKOM 2racHUKy
(mpewTamnatu), HA NOA CAIMYHUM HaCIIOBOM U U3MEHEHOM OBNUKY.

TaGenapHu u rpacpuykmn npukasm

MoxersHo je Aa HacnoBu CBWUX Mpukasa, a No MoryhcTBy M TeKCTyamnHu cagpxaj,
Oyay natv OBOje3NYHO, Ha je3nKy paga v Ha eHIrMEecKOM je3uKy.

Tabene ce nvLy Ha UCTWM HAYMH Kao U TEKCT, a O3Ha4aBajy ce peaHum bpojeBuma
ca ropwse ctpaHe. otorpaduje n uptexmn Tpeba aa Oyay jacHu, npernegHy 1 NOrogHu 3a
penpoaykuunjy. Liptexe Tpeba pagwutn y nporpamy word wnu corel. ®oTtorpacmje u
upTexe Tpeba NoCTaBUTK Ha XKErbEeHO MECTO Y TEKCTY.

3a cnvke n rpadukoHEe He CMe Cce KOpPUCTUTM CHUMak ca ekpaHa padyHapa
nporpama 3a npukynrbake nogataka. ¥ caMoM TEKCTy YnaHka npenopydyje ce ynortpeba
cnvka n rpaduKoHa HEMOCpeaHOo M3 nMporpama 3a aHanudy nogaTaka (kao wro cy Excel,
Matlab, Origin, SigmaPlot n gpyru).

HaBoheke (untupame) y TeKcty
HauuH nosmBarba Ha M3BOpeE Yy OKBMPY YnaHka Mopa 6utun jeaHoobpasaH.

BojHomexHuuku enacHUK 3a pedepeHumparwe (UMTuUpawe ©  HaBohewe
nutepaType) npumeryje XapBapackum cuctem pedepeHun, OOHOCHO XapBapAcku
npupyyHuk 3a ctun (Harvard Referencing System, Harvard Style Manual). ¥ camom
TEeKCTy, y 0oOMyHMM 3arpagama, Ha MECTy Ha KOjeM Ce BpLUM MO3uBake, OLHOCHO
unTMpare nuitepatype HabpojaHe Ha kpajy unaHka, obaBe3Ho y 0OOWMYHOj 3arpagu
HanucaTtu nNpesvMe LUTMpaHor aytopa, roavHy nsgawa nybnvkauuvje 13 koje uutmpare u,
eBeHTyarnHo, 6poj ctpanuua. Hnp. (Petrovi¢, 2012, pp.10-12).

[deTarbHo ynyTCTBO O HauvHy UMTWpaka, ca NpuMepuma, AaTo je Ha CTpaHuLM
cajta Ynymcmeo 3a XapeapOcku rnpupy4YHuUk 3a cmus. MNoTpebHo je Aa ce no3nBamwe Ha
nuTepaTypy y TEKCTY ypaau y cknagy ca NOMeHyTUM ynyTCTBOM.
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Cnctem ACUCTEHT y cBpxy KoHTpone HaBohewa (UmTuparsa) y TEKCTY KOpUCTU
cneumjanHy anatky CiteMatcher: oTkpuBarwe M30CTaBrbeHVX UMTaTa y TekcTy paga u 'y
nonucy pedepeHum.

HanowmeHe (cdbycHoTe)

HanomeHe ce gajy npu AHY CTpaHe Ha KOjoj ce Hanasu TEeKCT Ha Koju ce ogHoce.
Mory cagpxatn mare BaxHe deTarbe, AoMnyHcka objallkbera, HasHake O KopuwheHum
nssopvma (Ha npumep, Hay4yHoj rpafu, nNpupydYHuUMMa), anu He mory BuTn 3ameHa 3a
LUMTUpaHy nuteparypy.

TNucra pedrepeHumn (nutepaTypa)

LintupaHa nutepatypa obyxBaTta, no npasuny, 6ubnuorpadcke m3sope (4naHke,
MoHorpadvje 1 cn.) U Aaje ce UCKIbY4MBO Yy 3aceOHOM OferbKy YnaHka, y Buay nucre
pecdepeHun. PedepeHue ce He npeBoAe Ha je3nk paga v Habpajajy ce y nocebHom
oferbKy Ha Kpajy YnaHka.

BojHomexHuU4YKu 2nacHuK, Kao HaudvH ucnuca nutepartype, npumMmemyje XapBapacku
cucteM pedpepeHuM, ogHOCHO XapBapAcku npupyyHuk 3a ctun (Harvard Referencing
System, Harvard Style Manual).

Jlntepatypa ce ob6aBes3HO nuile Ha NaTMHWYHOM NUCMY U Habpaja no abeuenHoOM
penocrieqy, HaBogehu Hajnpe npe3nmMeHa ayTopa, 6e3 Hymepavuje.

JdeTarbHo ynyTcTBO O HauuHy nonuca pedpepeHun, ca npuMepuma, OaTto je Ha
cTpaHuun cajta Ynymcmeo 3a XapeapOcku npupyyHuUk 3a cmus. lNoTtpebHo je aa ce
nonuc nuTepaTtype Ha Kpajy YnaHka ypaau y ckragy ca NoMeHyTMM YynyTCTBOM.

HecTtangapaHo, HEMOTNYHO Uy HegocneaHo HaBohewe nuTepaTtype y cucteMmma
BpeJHOBaka 4Yaconuca cmaTpa Ce [AO0BOSbHUM pasforoM 3a OcrnopaBake HayyHor
cTaTyca 4aconuca.

Cnctem ACUCTEHT y cBpxy KOHTpOMe MpaBWIHOI ucniuca nucTe pedepeHum
KOpUCTK cneuunjanHy anaTtky RefFormatter: koHTpona obnukoBawa pedepeHun y cknagy
ca XapBapacKMM NPUPYYHUKOM 3a CTUIT.

UsjaBa o aytopcTBY

Mopen unaHka goctaBrba ce M3sjasa 0 aymopcmey Y KOjoj ayTopu HaBOAe CBOj
nojeguHaYHn OONPUHOC Y uspaam YnaHka. Takohe, y Toj nsjaBm noTBphyjy Aa cy ynaHak
ypagunu y cknagy ca [losusom u yrnymcmeom aymopuma w MsjagoM O emuykom
rnocmynarby Yaconuca.

CBu pafoBu NoAnexy CTPY4YHOj peLeH3uju.

Cnucak peueH3eHaTa BojHomexHUYKO2 aracHuka Moxe Ce BUOETUW Ha CTpaHuum
caita Crniucak peueHseHama. [lpouec peueHsupawa oObjalkeH je Ha CcTpaHuum
cajta PeueH3eHmcKU riocmynak.

YpeaHuwTBo
Anpeca pegakuuje:
BOjHOTEXHWYKM rMacHNK
Berbka Jlykmha Kypjaka 33
11042 Beorpap,
e-mail: vojnotehnicki.glasnik@mod.gov.rs.
Ten: BojHu 40-260 (011/3603-260), 066/8700-123
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NPUMMALWUEHUE N UHCTPYKLUWUA ANA ABTOPOB O NOPAOKE
NnOoAroToBKM CTATbU

MHCTpyKUMs Ans aBTOpPOB O MoOpsAke MOArOTOBKM CTaTbu K OnybrukoBaHUio B
XypHane «BoeHHO-mexHuU4Yeckuli eecmHuk» paspaboTaHa cormacHo PernameHTty o
KaTeropusaumMn W paHXUpOBaHUM HayyHbIX XypHanoB MwuHucTepcTBa obpasoBaHus,
Hayku 1 TexHonorudeckoro passutus Pecnybnukun Cepbus («CnyxbeHn rmacHuk PC», Ne
159/20). TpumeHeHne aToro PernameHta cnocobCTByeT MOBbLILWEHNIO KadvecTBa
OTEYECTBEHHbIX XypHanoB M ux OGornee MOMHOMY BOBMEYEHWUIO B MEXAYHAPOOHYIO
cucTeMy obMeHa Hay4YHOW MHpopmaLmei.

BoeHHo-mexHu4eckuli eecmHuk (Vojnotehni€ki glasnik / Military Technical
Courier), BTr.mo.ynp.cp6, www.vtg.mod.gov.rs/index-ru.html, ISSN 0042-8469 -
neyatHoe wu3gaHue, e-ISSN 2217-4753 - online, UDK 623+355/359, DOI:
10.5937/VojnotehnickiGlasnik; https://doi.org/10.5937/VojnotehnickiGlasnik, sBnsetcs
peLeH3npyeMbIM Hay4HbIM XXypHarom.

CobcTBEHHUKM  KypHana: MwuHuctepctBo  06opoHbl 1 BoopyxeHble  cunbl
Pecny6nukn Cpbus.

Wapatenb xypHana: YHusepcuteT oGopoHsl B . Benrpag (BoeHHasi akagemust).

[porpammHas opueHTaums XypHana OCHOBaHa Ha €)XXerogHon Karteropusauuu
XypHana, KoTopasa npou3BOoAUTCA COOTBETCTBYHOLLMM OTpacsiieBbiIM MWUHUCTEPCTBOM, B
3aBMCUMOCTM OT obOnactu wuccnegoBaHui, a Takke Ha ero MnHOoekcmposaHun B
MeXOyHapOo4HbIX HAYKOMETPUYeCKMX 0asax gaHHbIX.

XypHan oxsaTbiBaeT Hay4yHble U MpodeccroHanbHble cdepbl B paMkax yvyebHo-
Hay4yHon obnacTV ecTeCTBEHHO-MaTeMaTM4YeCKUX HayK, a Takke B pamkax yvyebHo-
Hay4Hon 06nacTy TeXHMKO-TEXHONOrMYEeCKUX HayK, 0CO6eHHO B 06nacT 060pPOHHbIX
HayKk v TexHonoruu. B >xypHane nyGnukyioTCs TeopeTuyeckue W npakTudeckune
OOCTMXKEHUS, KOTOpble CnocoOCTBYIOT MOBbILWEHWUIO KBanmudmkauum npeacrasutenem
cepOCKOoro, permMoHanbHOro U MeXayHapo4HOro akagemMmudeckoro coobulectsa, 0cobeHHO
cnyxawmx Mwunuctepcte O60poHbl 1 BoopyxéHHbix cun. B >xypHane nybnukytotcs
cTaTbW CO COOTBETCTBYHOLMMM 0630pamu 06 aHanMTUYECKMX, 3KCMepUMeEHTanbHbIX U
NPUKNagHbIX MCCNefoBaHUsiX, a TakkKe O YUCEHHOM MOAENVMPOBaHWKM, OXBaTbiBas
pasnuyHble aucumnnuHel. NMy6nvkyemble matepuarnsl OTIMYAOTCS BbICOKAM Ka4eCTBOM U
aKkTyanbHOCTbo. OHM HamucaHbl Hay4HbIM, HO MOHATHBIM WM SOCTYMHBIM ANS LUMPOKOro
Kpyra yutatenemn a3bikom. [prBETCTBYIOTCH BCe cTaTbhu, coobuyatoime 06 opurnHanbHbIX
TEOPETUYECKNX N/MNN NPaKTUYECKUX NCCNEAOBaHNSX U/MNu pacluMpeHHbIE BEPCUMN paHee
onybnnkoBaHHbIX CTaTen, NPeACTaBMNeHHbIX Ha KoHdepeHumsax. Ctatbn ans nybnukauum
oTbupatoTca nyTemM [ABOWHOIO CrEnoro peueH3MpoBaHus, KOTOpOe rapaHTupyet
OPUIMHAaNbLHOCTb, akTyanbHOCTb W yAobounTaemocTb. Llenb coctout He TOnbkKo B
nogdepXaHWn BbLICOKOTO KavecTBa MybnvKkyemblX cTaTel, HO M B obecneyeHun
CBOEBPEMEHHOrO, TLATENbHOro 1 COOTBETCTBYIOLLEro MpoLiecca peLeH3NpOoBaHuns.

PepakunoHHas nonuTuka xxypHana «BoeHHO-mexHu4YecKuli eCmMHUK» OCHOBaHa Ha
pekoMeHaaumsix KomuTteta no 3Tuke HayyHbix nybnukaumnm (COPE Core Practices),
0o6LWMX MpUHLMNAaxX MpPO3payHOCTM M MyYlien NpakTUKe M3OaTenbCKoW AeATernbHOCTU
COPE, DOAJ, OASPA n WAME, a Takke Ha nydllen npakTuKe Hay4yHO-u3gaTenbCKon
pestenbHocT. KypHan «BoeHHo-mexHu4Yeckuli eecmHuk» aBnsetca udneHom COPE
(KomuTeT no atuke HayyHbix nybnukauun) co 2 mas 2018 roga n yuneHom OASPA
(Accoumaums Hay4HbIX usgaTenen oTKpbITOro goctyna) ¢ 27 Hosibps 2015 ropa.
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MuHucTepcTBoM 06pa3oBaHUs, HaykM U TEXHONOIMYeckoro passutusa Pecrnybnuku
Cepbus ytBepxgeHa 25 oktabps 2022 r. kaTeropusaums >xypHana «BoeHHo-
mexHu4Yeckul eecmHuky» 3a 2022 rop;

— ObnacTb KOMNbIOTEPHbIE HAYKM:
BeOyLLMI XypHan rocygapCcTBeHHoro 3HayeHms (M51),

— O6nacTb 3NeKTPOHUKM, TENTEKOMMYHUKaLUA U MH(POPMALIMOHHbIX TEXHONOTUNA:
BeOYLLMIN XypHan rocyaapCTBeHHOro 3HaveHmns (M51),

— ObnacTb MalWMHOCTPOEHMUS:
BeOYyLUMI XypHan rocygapCcTBeHHoro 3HayeHus (M51),

— O6nactb MaTepuanoB U XMUMUYECKOWN TEXHONOIUMK:
BeOYyLUMI XypHan rocy4apCcTBeHHOro 3HayeHus (M51).

C vHopmMaLmen oTHOCUTENBHO kaTeropusaumm 3a 2022 rog MOXHO 03HAKOMUTBLCS
Ha cTpaHuLe canTa «BoeHHO-mexHuU4YecKko2o eecmHuka» Kameeaopu3sauyusi BecmHuka.

Bornee nogpo6Hyld WHMOPMaLUMI0O MOXHO HalTM Ha canTe MwuHucTepcTBa
obpasoBaHus, Hayku 1 TexHonornyeckoro passutns Pecny6nuku Cepbus.

C uHdpopMaumen o kateropmsaumm MOXHO O3HakoMuTbCs M Ha cante KOBCOH
(KoHcopumym 6nbnuotek Pecnybnvku Cepbusi no Bonpocam 06beAMHEHNS 3aKyMOK).

KaTteropusauna BecTHuka npoBegeHa cornacHo PermameHTy o kateropusauun u
PaHXMPOBaHWM  Hay4HbIX XypHanoB MwuHucTepctBa o6pasoBaHusi, Hayku MU
TexHornorundyeckoro passutusi Pecny6nukm Cepbus («Cnyxbenn rnacHuk PCx», Ne 159/20)

XKypHan cootBeTcTByeT ctaHgaptam CepOcKoro MHAekca Hay4YHoro LUTMpOBaHUA
(CUMHpekc/SCindeks) - HaykomeTpuuyeckonm 6asbl  AaHHbIX  HayYHbIX >KypHanoB
Pecnybnukn Cepbus, Hay4yHo-uHdopmaumoHHoro cuctema Redalyc, a Takke
Poccuiickoro  uHpgekca HaydHoro uutupoBanus  (PUHL). >KypHan  nocTosiHHO
nogBepraeTcsi MOHWTOPUHTY M OLIEHVWBAETCH KONMMYECTBEHHBIMW HayKOMEeTPUYecKnmMm
nokasatensamy oTpaXkatoLLMMMN ero Hay4Hyto LIeHHOCTb.

C vHdopmaumer 06 MHOEKCUPOBAHUM MOXHO O3HAaKOMWUTBLCA Ha CTpaHuue cawTa
XypHana UHdekcuposaHue BecmHuka.

«BoeHHO-mexHu4eckuli  8eCMHUK» ~ OTHOCUTENMbHO  CBOEF0  COAEpXaHus
npenocTaBnseT Mnonb3oBaTensM BO3MOXHOCTb OTKpbiToro goctyna (DIAMOND OPEN

ACCESS) 1 nonoxeHusammn o6 aBTOpPCKMX Npasax, yTBepxaeHHbIMn Creative Commons

(CC BY). C uHcTpyKuMen o0 aBTOPCKMX MpaBaxX MOXHO O3HAKOMWUTLCH Ha CTpaHuue
canTta xxypHana Aemopckue rpasa u nosaumuka camMoapxusupo8aHusl.

Pykonucu ctateit HanpasnsaoTca B pefakumio XXypHana ¢ ucnonb3oBaHuem online
cuctembl ASSISTANT, 3anyweHHon LleHTpom nopggepxu pas3BuTus obpasoBaHus wu
Haykun (LINMPOH). Peructpauus B cucteme v odopmrneHue npas AOCTyNa BbINOMHAETCH
no agpecy http://www.vtg.mod.gov.rs/index-ru.html, yepe3 ctpaHuuy ASSISTANT wnu
CUMHOEKC (aseestant.ceon.rs/index.php/vtg). C WHCTpyKUuMen no peructpaumn u
npaBam [OCTyrna MOXHO O3HaKOMUTbCHA Mo afpecy http://www.vtg.mod.gov.rs/index-
ru.html, Ha cTpaHuue UHcmpykyus no ASSISTANT.

Bce aBTOpbl, MpepocTaBnslolWMe CBOM PyKOMMCU AN nybnvkauum B pepakumio
XypHana «BoeHHO-mexHuUYecKuli 8eCmHUK» [OIKHbl MPONTM  NpenBapuUTENbHYH
peructpauuio B peectpe ORCID (Open Researcher and Contributor ID). 3ta npoueaypa
OCYLLECTBNSIETCA B COOTBETCTBUM C WMHCTPYKUMEN, pa3MELLEeHHOW Ha CTpaHuue cainTa
Peaucmpauyusi 8 peecmpe ORCID 0ns npuceoeHusi udeHmMugukayUuoHHO20 Koda.

«BOEHHO-mexHUYecKUl 8eCmHUK» MyOnvKyeT cTaTby Ha aHrmuinckom s3blke (Arial,
wpudT 11 pt, npoben Single). MNpouecc NOAroTOBKK, HANUCAHWS U PeaaKTMPOBaHWS CTaTby
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OOMKEeH OCyLIeCTBNATbCA B COOTBETCTBUM C NpuHUMNAMW  3muyecko2o Kodekca
(http://www.vtg.mod.gov.rs/etichyeskiy-kodyeks.html). CtaTes gomkHa cogepxatb pestome
C K/O4YEeBbIMM CcroBamu, BBefeHue (Uernb  MCCrefoBaHusl), OCHOBHYID — 4acTb
(cooTBeTCTBYOLLMIN 0630p NpeacTaBUTENBHOrO MCCNeAoBaHUSa B JaHHOW obnacTu, YyeTkoe
U3MOXEHWEe Hay4YHOW HOBW3HbI B MNpPEeACTaBlIEHHOM WCCreAOoBaHWKM, COOTBETCTBYHLLYHO
TEOPETUYECKYID OCHOBY, OOWMH WM HECKONbKO MPUMEpPOB Ans OEMOHCTPUPOBaHUS W
obcyxaeHus npeacTaBrieHHbIX TE3UCOB), 3aKMYeHWe U CiMcok nutepaTypbl (6e3
HyMepauum 3arofioBkOB U nopasaronoBkoB). O6beM cTaTby HE OOMKEH MpeBbIlaTe OOMH
aBToOpCKMI NUCT (16 cTpaHuy, dopmaTta A4 C OAMHaApHBIM MHTEPBANoOM, Makcumym Ao 24
CTpaHuL, BKIOYas CCbISIKM U NpuroxeHust). Ctatba AomkHa ObiTb HabpaHa Ha KoMMbIoTepe
C WCnomnb3oBaHUEM CreumansHO MOATOTOBIIEHHOTO pefAakuMeit MakeTa, KOTOPbIA MOXHO
ckayaTtb Ha cTpaHuue caunTa lpasuna u obpa3sey cocmasneHusi cmamsau.
3aronoBok

3aronoBok [OOIMKEH oTpaxaTb TeMy cTaTbuM. B uWHTepecax XypHana u aBTopa
HeoOX0AMMO MCMOMb30BaTh CrOBa W CrOBOCOYETaHWs, YAOOHble ONA MHAEKcauun u
noucka. Ecnn Takne cnosa He cofepxaTtca B 3arosyioBke, To XXenaTteslbHO UX ,D,O6aBVITb B
MoA3aronoBOK.

Tekywwmi 3arofioBoK

TekywmMn 3aronoBOK MULLETCA B TUTYME KaOOW CTpaHuubl CTatbW C LENbio
ynpoweHnsa npouecca wugeHTudukaumm, B MepByld O4Yepefb KOMUW CTaTben B
3MNeKTPOHHOM BuAe. 3aronoBok coaepxuT B cebe hamununio 1 nHMLman nMeHn astopa (B
Criyyae ecnv aBTOPOB HECKOSbKO, ocTallbHble 060o3HavaloTca ¢ «et al.» unu «u ap.»),
Ha3BaHne paboTbl M XypHanma (rod, TOM, BbIMYCK, HayanbHas W 3aknoyMTenbHas
CTpaHuua). 3arornoBoK cTaTbM W HasBaHWe >XypHana MoryT ObiTb MpuBeAeHbl B
COKpaLLeHHOM Buae.

®UO aBTOpPa

MpuBoaATCcA nonHaa damunus 1 NonHoe umsi (Bcex) aBTopoB. XKenatenbHo, YTobbI
ObINKn yKkasaHbl UHUUMAanblI OT4eCTB aBTopoB. Pamunusa 1 umsa aBTopoB M3 Pecnybnuvku
Cepbusi Bcerga nuwyTcsa B OpurMHanbHOM Buge (C cepbCcKMMU  AMaKpUTUHECKMMM
3HaKkamu), He3aBMCKMMO OT A3blka, Ha KOTOPOM HanucaHa paboTa.

HanmeHoBaHue yupexaeHus aBTopa (achdpunumauus)

MpuBogutca nonHoe (oduumanbHOE) HauMEHOBaHWEe U MEeCTOHaxXOXAeHue
YyYpEeXaeHns, B KOTOPOM paboTaeT aBTop, a TakkKe HavMEHOBaHWe YYpexneHus, B
KOTOPOM aBTOp MPOBEN uccregoBaHue. B cnyyae opraHm3aumin co CrOXHONM CTPYKTYpOU
NPUBOAMUTCS UX Mepapxnyeckass ConogyYnHEHHOCTb (Hanp. BoeHHas akagemus, kadenpa
BOEHHbIX 3NEKTPOHHbIX cucTem, . Benrpag). Mo kpalHen mepe, ogHa M3 opraHu3aumin B
nepapxvum [OSKHa MMEeTb cTaTyc topuaumdeckoro nuua. B cnyyae ecnu ykasaHo
HECKOINbKO aBTOPOB, U E€CINN HEKOTOPble U3 HUX paboTalT B OOAHOM YUYPEXOAEHUMU, HYXHO
OTAENbHLIMM 0603HAYEHUAMW UMKN KakUM-NMBo ApyrMM crnocobom ykasaTb B KakoM W3
nNpuBEeAEHHbIX yypexaeHun paboTaeT kaxabpi n3 aBTopoB. Addpunuaums nuwercs
HenocpeacTBeHHo nocne PO aBTopa. [JOMmKHOCTb M CleunanbHOCTb MO OUMNSIOMY He
yKa3blBaloTCS.

KoHTaKkTHble faHHble

OMEeKTPOHHBIN agpec aBTopa YKasbiBalTCA PALOM C €70 MMEHEeM Ha MepBow
CTpaHuLbl CTaTbi.

KaTeropus (Tun) ctatbmn

KaTeropusauusi cratbeil siBnsieTca 06A3aHHOCTLIO pedakuuM U uMeeT ocoboe
3HaveHve. Kateropmio ctatby MOTYT mpeasiaraTe PeLeH3eHTbl U YNeHbl peakumu, T.e.
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pepakTopbl pybpuK, HO OTBETCTBEHHOCTb 3a KaTeropusauuio HeceT WCKIHUYUTENbHO
rmaBHbI pegakTop. CTaTby B XXypHane pacnpefensioTcs no crneayrowmnm KaTeropusm:
Hay4Hble cTatbu:
— opurmHanbHas HayyHas crTaTtbs (paboTa, B KOTOpPOW MPUMBOAATCA paHee
HeonybnmKkoBaHHble pe3ynbTaTbl COOCTBEHHbIX WCCREAOBaHWIA, MNONMYyYEHHbIX Hay4YHbIM
MEeTOA0M);

— ob3opHasa cTtaTba (paboTa, cogepXkalwas OpuruMHanbHbIM, OeTanbHblA U
KpUTUYeckuin ob3op uccnegyemown npobrembl unu obnactu, B KOTOPbLI aBTOp BHEC
onpenenéxHbIv BKNaa, BUANMbIA HA OCHOBE aBToUMTAT);

— KpaTkoe coobllieHne (opurvHanbHasi HayyHas paboTa MonHoro dopmarta, HO
MeHbLUero o6bEma unu umeroLLasi npeaBapuTenbHbIA XapakTep);

— Hay4Has Kputudeckas ctatbs (QUCKYCCUA-NornieMmka Ha onpedenéHHyo Hay4yHyto
TeMy, OCHOBaHHAs WCKIOYMTENbHO Ha Hay4yHOW aprymeHTaumMu) W Hay4HbI
KOMMEHTapui.

OpHako, B HEKOTopbIX 06MnacTaAx 3HaHWN Hay4yHas paboTa B XypHarne MOXeT umeTb
dopmy MOHOrpadnyeckoro NCcrneaoBaHus, a Takke KpUTUYECKOro o6CyKaeHNst Hay4YHOro
mMaTepuana (MCTOPMKO-apXMBHOTO, NekcuKorpadguyeckoro, bubnuorpaduyeckoro, o63opa
AaHHbIX W T.N.) — A0 CUX NOP HEU3BECTHOrO UMM HEAOCTAaTOYHO AOCTYNHOMO AN HayYHbIX
nccnegoBaHui. PaboThbl, knaccuduumMpoBaHHbIe B Ka4eCTBE HayyHbIX, OOMKHbI UMETb,
No MeHbLUen Mepe, ABe MONoXuTenbHble peueH3un. B cnydae ecnu B XypHane
00BABNAIOTCA W MPUMOXEHNS, HEe MWMEloMe HayuHbli XapakTep, HayuHble cTaTbu
OOMXHbI BbITb CrPYNNUPOBaHbI 1 YETKO BblAeneHbl B NEPBOM YacTh HoMepa.

MpodeccroHanbHble cTaThy:

— npodeccuoHanbHas paboTta (NPUNOXEHUsi, B KOTOPbLIX NpeafiaratTcst OnbiThbl,
nonesHble A4 CcoBepLlleHCTBOBAHUA I'IpO(*)eCCI/IOHaJ'IbHOVI NPakTuKK, HO KOTOpble He
JOMmKHbI B 06513aTenbHOM nopsaake 6biTe 060CcHOBaHbI HA Hay4YHOM MeToae);

— UHOPMaTVBHOE MPUNOoXeHne (NnepeaoBas CTaTbs, KOMMEHTaPWUA U T.M.);
— 0030p (KHWIM, KOMMbLIOTEPHOW NPOrpamMMbl, Criyyasi, Hay4HOro cobbiTua 1 T.0.).

O6beM KpaTkmx COOOLLEHUI COCTaBNSET 4-7 CTpPaHWUL, NCCNeLoBaTeNbCKME CTaTby U
TemaTn4eckne uccriegoBaHms ¢ NpobneMHo-CUTyaLUuoHHbIM aHanm3om — 10-14 cTpanuu,
ofHako obbem 0B630pHLIX cTater MoxeT ObiTb Gonblie. OrpaHMyeHMs No KOnM4ecTBy
CTpaHWL, He ABNSIOTCA CTPOrMMW, CriefoBaTeNlbHO NpU COOTBETCTBYHOWEM OB60CHOBaHUM
npeaocTaBneHHble paboTbl MOryT ObiTb AnMMHHee wnn kopode. B cnydae nopaum
paclMpeHHbIX Bepcuin  paHee OMyGNMKOBaHHbIX AOKNA4OB, MNPEACTaBfEHHbIX Ha
KOHdepeHUmK, pedakums NnposepuT ObINo MM gobaBneHo 4OCTaTOMHO HOBbIX MaTepuanos
ans  Toro, 4ToObl CTaTbss COOTBETCTBOBana CTaHAapTam XypHana W YCnoBuSM
peueH3vpoBaHus. [JobaBneHHbIn MaTepuan AormkeH ObiTb HOBbIM, HEOnybrnvKoOBaHHbLIM
paHee. HoBble pesynbTaTbl NMPUBETCTBYIOTCH, HO HE ABNSIOTCA 06A3aTENbHbLIM YCIOBUEM;
OfHaKO KrYeBbIE TE3WChl, NPMMEpPbLI, pa3paboTk 1 Np. AOMKHbLI ObITb 6onee nogpobHo
npeacTaBneHbl B CTaTbe N0 CPaBHEHMIO C NEPBUYHBIM AOKNAA0M Ha KOHMEpeLmn.

A3bik paboTbl

CTtaTbsl OO/MKHa ObITb HanucaHa Ha aHrMUIACKOM A3blke. TeKCT AomkeH ObiTb B
JIMHFBUCTUYECKOM U CTUIIMCTUYECKOM CMbICIE YMOpsSOOYeH, cuctematvu3upoBaH, 6es
COKpaLLeHU (3a WCKIYEeHMEM CTaHOapTHbIX). Bce dusnyeckne BenuuUMHbI OOIMKHBI
cooTBeTcTBOBaTh MexayHapoaHou cucteme eguHuy, mamepenms — CU. OuepegHocTb
cdopmyn 0603Ha4YaeTcs NOpPSAKOBBIMU HOMEPaMM, NMPOCTABISIEMbIMU C MPABONA CTOPOHbI
B KPYrIbIX CKODKaXx.
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Pestome

Pestome sBngetcsa kpaTkum MHOpMaTMBHBIM 0B30pOM  codepaHus cTaTbi,
obecneunBaolM ymTatento ObICTPOTY M TOYHOCTb OLIEHKM €€ peneBaHTHocTU. B
WHTEepecax peJakuum U aBTOpOB, 4YTOObI pes3iomMe CcoaepXano TepMUHbl, 4acTo
ucronb3yemble ONs1 MHOEKCUPOBaHWA M noucka crtatber. COCTaBHbIMU YacTsiMU pesiome
ABMSAOTCS BBeAeHWe/Uenb UCCneaoBaHus, MeTodpbl, pesynbTaTtel U BbiBoAbl. B pestome
JormkHo 6biTb 0T 100 oo 250 cnoB, 1 OHO AOIMKHO HAXOAWUTCH MEeXAy TUTyrnamu (3arofoBok,
®NO aBTOPOB 1 Ap.) M KINOYEBLIMI CITOBaMM, 3@ KOTOPbIMU CreayeT TEKCT CTaTbu.

KnioueBble cnoBa

KnioueBbiMM  crioBamu  SIBNAKOTCS  TEPMUHbI  WnKM  pasbl,  ageKkBaTHO
npeacTaBnsolLiMe coaepXaHue cTaTbu, HeobxoanMble AN MHOEKCUPOBAHUS U MoucKa.
KnioueBble croBa HeobOxoouMMo BblIOWpaTb, oOnvMpascb MpuM 3TOM Ha Kakon-nubo
MeXOyHapOAHbIN UCTOYHWK (perncTp, croBapb, Tesaypyc), Hanbonee WCMoNb3yeMmblit
BHYTPV AaHHOW Hay4HOW obnacTtu. Yucno knioyeBbIxX CroB He MoxeT npesbiwatb 10. B
WHTepecax pegakuum n aBTopoB, YTODObI YacToTa MX BCTPeYM B cTaTbe Obina kak MOXHO
6onbluen. B ctaTbe OHW NWLLIYTCA HENMOCPEACTBEHHO MOCIE pestome.

Mporpamma ASSISTANT npegoctaBnsieT BO3MOXHOCTb WCMONb30BaHUSA cepBuca
KWASS, aBTomaTtuuyecku MKCUPYIOLLIETO KITHOYEBLIE CMIOBa M3 CTOYHUKOB/CNOBapew no
BbIGOpY aBTOpa/penakTopa.

[aTa nonyyeHusa ctatbu

[Hata, korga pepakuusi nonyuyuna craTtblo; aTa, korda pefakumsi OKOHYaTernbHO
npuHana craTelo Kk nybnukaumn; a Takke parta, korga Obinu  npegocTa.neHbl
HeobXoaMMble MCNPaBMNEHUsI PYKOMUCK, MPUBOASITCA B XPOHOMOMMYECKOM MOPSAKe, Kak
npaBuno, B KOHLE CTaTbu.

BbipaxeHne 6narogapHocTn

HavmeHoBaHue n HOMep MpoekTa, T.e. Ha3BaHwWe nporpaMmmbl Gnarogaps KOTOpoWn
cTaTbsl BO3HUKIA, COBMECTHO C HAMMEHOBaHNEM YUYPEXAEHMS, KOTOpoe PMHAHCMPOBano
NPOEKT unu nporpaMmMy, NPUBOASTCA B OTAENbHOM MPUMEYaHuW, Kak npaBuro, BHU3Y
nepBoOW CTPaHULbl CTaTbM.

Mpeabiaywme Bepcumn paboTbl

B cnyyae ecnu crtatbs B npeabigywen Bepcuu Obina M3noxeHa ycTHO (Mopg
OAVHaKOBbIM MMM MOXOXUM HasBaHWEM, Hanpvmep, B BuAe [AOKNaga Ha Hay4yHOu
KOHgepeHUMmn), cBeaeHnss 06 3TOM [OIMKHbI ObiTh yKasaHbl B OTAEMNbHOM NMPUMEYaHUK,
Kak npasBuno, BHW3y MepBOM CTpaHuubl cTatbn. PaboTa, KoTopas yxe 6bina
onybnvkoBaHa B KakOM-nMbO M3 XypHanoB, He MOXeT ObiTb HanevaTaHa B «BoeHHo-
MexHUYeCKOM 8€CMHUKe» HN NOA NMOXOXUM Ha3BaHWEeM, H/ B UBMEHEHHOM BuAe.

Hymepauus n HasBaHue Ta6nuy u rpacgmkos

XenatenbHo, 4TOObI HyMepauuss W HasBaHue Tabnuy u rpadumkoB 6Gbinn
WCMOMHEHbl Ha [ABYX fA3blkax (Ha A3blke OpUrMHanNa W Ha aHrmuinckom). Tabnuubl
NOAMUCHIBAIOTCA TaKUM >Xe CnocoboM Kak M TekcT M o0bo3HavalTcsi MopsSAKOBbIM
HOMEpPOM C BepxHel CTOpoHbl. doTorpadum M PUCYHKM [OIMKHbI OblTb MOHSTHbI,
HarnagHbl M yaoOHbl Ansa penpoaykuun. PucyHku Heobxoaumo genatb B nporpammax
Word unu Corel. ®oTorpacmm n pucyHkM Hago NOCTaBUTb Ha Xenaemoe MeCTO B TEKCTe.
Ons co3pgaHusa m3obpaxeHni 1M rpadmkoB UCMONb30BaHNE (OYHKLUMM CHUMKa C 3KpaHa
(ckpuHwoTa) He ponyckaeTcd. B camMoM TekcTe cTaTbyM pPEeKOMeHAyeTCs NpUMeHeHue
n3obpaxeHuin u rpacukos, 06paboTaHHbIX TAKUMW KOMMbIOTEPHBIMW NPOrpaMMamu, Kak:
Excel, Matlab, Origin, SigmaPlot n gp.
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CcbInku (ULMTUPOBaHUE) B TEKCTe

OdbopmneHmne CCbINok Ha UCTOYHUKM B paMKax CTaTbl AOMMKHO ObiTb 0QHOOOPAa3HbIM.
«BoeHHO-mexHUYecKull 8eCmHuUK» Onsi  OPOPMMEHMsA  CCbINOK, uUuMTaT M chucka
NCMornb30oBaHHON nuTepaTypbl NpumeHsieT [Mapsapackyto cuctemy (Harvard Referencing
System, Harvard Style Manual). B Tekcte B ckoGkax npvsoautcs dhamunns LMTpyemoro
aBTopa (Unu cdamunna Nepeoro asTopa, €Crny aBTOPOB HECKONbKO), rof M3gaHusa U no
HeobxoanMocTn Homep cTpaHuubl. Hanpumep: (Petrovi¢, 2010, pp.10-20). PekomeHaauum
0 cnocobe UMTUPOBaHUA pas3MeLLieHbl Ha CTpaHuLe canTa MHCmpyKyusi Mo UCroib308aHU
Fapsapdckoeo cmuns. lNpu ocopMNeHUN CCbINOK, UMTaT U CNMCKa WUCMNONb30BaHHON
nuTepaTypbl  HeOGXOOAMMO  NPUAEPXMBATLCA  YCTAHOBMEHHbIX HOopM. [lporpamma
ASSISTANT npepgoctaBnset npu LUMTUPOBaHWM BO3MOXHOCTb WUCMONb30BaHUS cepBuca
CiteMatcher, dumkcupytoLLiero nponyLleHHble LuTaTel B paboTe 1 B Crivcke nntepaTypsl.

MpumeyaHus (CHOcKK)

lMpyMeyaHnss (CHOCKM) K TEKCTY YKasblBalTCS BHWU3Y CTPaHWLbl, K KOTOPOWA OHU
oTHocATCA. [pumeyaHns MoOryT copepxaTb MeHee BaXHble AeTanu, AONOMHUTEmNbHbIe
006bACHeHUs, ykaszaHns 06 MCMOMb30BaHHbLIX MCTOYHUKaX (Hamp. Hay4YHOM maTtepwuarne,
CNpaBOYHMKax), HO He MOTYT BbITb 3aMeHOW NpoLeaypbl LUTUPOBaHUS NUTepaTypsbl.

Nutepatypa (pedepeHuun)

LinTnposaHHowm nuTepaTtypon OXBaTbIBaAKOTCA, Kak npaswuro, Takve
Gubnuorpadmyeckme MCTOMHWMKM Kak CcTaTbW, MOHorpadum u T.n. Bca wncnonbsyemas
nuTepartypa B BMAe pedepeHumin pasmeLlaeTca B OTAENbHOM pasgerne ctaTbun. HassaHus
nMTepaTypHbIX WCTOYHWMKOB HE MepeBOAATCH Ha fA3blk paboTbl. «BOeHHO-mexHu4ecKul
8eCMHUK» [AnA  OdOPMIMEHMs Cnmucka MWCMONb30BaHHOW nuUTepaTypbl  MpUMEHsieT
lapeapackyto cuctemy (Harvard Style Manual). B cnucke nutepaTypbl WCTOYHUKM
yKasbiBaloTcd B andaBuMTHOM nopsake amunuin  aBTOpoB WM PeAAKTOPOB.
PekomeHpaumm o cnocobe uMTnpoBaHNs pasmeLleHbl Ha CTpaHuue cavTta MHCmpykyus rno
ucrionb3o8aHuto  [apsapdckozo cmuns. Tpun odOpPMAEHNM CnMcka WCNONb30BaHHOM
nuTepaTtypbl HEOOXOAMMO NPUOEPKMBATECA YCTAHOBMEHHbIX HOPM. [lpu odopmneHuu
cnucka  nutepatypbl  nporpamma  ASSISTANT  npepoctaBnseT  BO3MOXHOCTb
ncnonb3oBaHus ceperca RefFormatter, ocyLecTBNAOLLEro KOHTPOMb 0POPMIEHNS cnmcka
nuTepaTypbl B COOTBETCTBMM CO cTaHgapTamu [apBapackoro ctuns. HecraHgapTHoe,
HenornHoe 1 HemnocnegoBaTeflbHOe NpyYBeAeHNe NMUTepPaTypbl B CUCTEMAX OLIEHKM XypHana
c4MTaeTcs 4OCTAaTOYHOWM NPUYMHON ANSi OCNapuBaHWs Hay4HOro cTaTtyca XypHana.

ABTOpCKOE 3asiBNneHune

ABTOpCKOE 3asBrneHvVe npefoCcTaBnsAeTcs BMECTe CO CTaTbel, B HeM aBTopbl
3asBMSIOT O CBOEM IWYHOM BKMage B HanucaHwe cratbn. B 3asBneHun aBTopbl
noaTBEPXAAloT, YTO CTaTbs HanMcaHa B COOTBETCTBUM C [IpuanaweHuem u UHCMpPYKUUsMu
019 asmopos, a Takxe ¢ KoOekcom npogheccuoHanbHOU 3MUKU XypHara.

Bce pykonucu ctaten nognexaT npod)eCCUoHanbHOMY peLeH3UPOBaHUIO.

Cnucok peLieH3eHTOoB XXypHana «BOeHHO-mexHUYecKuli 8eCMHUK» pasMeELLEH Ha
cTpanuue canta Criucok peyeH3eHmos. [pouecc peLeH3npoBaH1s onvucaH B pasgene

lpasuna peuyeH3uposaHusi.
Pepakuus
MouToBbLIV agpec pegakunm:

«BojHOTEXHNYKUN rNaCHUK»

yn. Benbka JNyknya Kypsika 33, 11042 Benrpag, Pecny6nuka Cepbus
e-mail: vojnotehnicki.glasnik@mod.gov.rs,

Ten: +381 11 3603 260, +381 66 8700 123
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CALL FOR PAPERS AND ARTICLE FORMATTING INSTRUCTIONS

The instructions to authors about the article preparation for publication in the
Military Technical Courier are based on the Regulations on categorization and ranking of
scientific journals of the Ministry of Education, Science and Technological Development
of the Republic of Serbia (Official Gazette of the Republic of Serbia, No 159/20). This
Regulations aims at improving the quality of national journals and raising the level of their
compliance with the international system of scientific information exchange.

The Military Technical Courier / Vojnotehnicki glasnik
(www.vtg.mod.gov.rs/index-e.html,  BTr.mMo0.ynp.cp6, ISSN 0042-8469 - print issue,
e-ISSN 2217-4753 — online, UDC 623+355/359, DOI: 10.5937/VojnotehnickiGlasnik;
https://doi.org/10.5937/VojnotehnickiGlasnik), is an peer-reviewed scientific journal.

The owners of the journal are the Ministry of Defence of the Republic of Serbia and
the Serbian Armed Forces. The publisher and financier of the Military Technical Courier is
the University of Defence in Belgrade (Military Academy).

The program of the journal is based on the annual classification of journals performed
by a relevant Ministry as well as on its indexing in international indexing databases.

The journal covers scientific and professional fields within the educational-scientific
field of Natural-Mathematical Sciences, as well as within the educational-scientific field of
Technical-Technological Sciences, and especially the field of defense sciences and
technologies. It publishes theoretical and practical achievements leading to professional
development of all members of Serbian, regional and international academic communities
as well as members of the military and ministries of defence in particular. It publishes
papers with balanced coverage of analytical, experimental, and applied research as well as
numerical simulations from various disciplines. The material published is of high quality and
relevance, written in a manner that makes it accessible to a wider readership. The journal
welcomes papers reporting original theoretical and/or practice-oriented research as well as
extended versions of already published conference papers. Manuscripts for publication are
selected through a double-blind peer-review process to validate their originality, relevance,
and readability. This being so, the objective is not only to keep the quality of published
papers high but also to provide a timely, thorough, and balanced review process.

The editorial policy of the Military Technical Courier is based on the COPE Core
Practices, common COPE, DOAJ, OASPA and WAME Principles of Transparency and
Best Practice in Scholarly Publishing as well as on the best accepted practices in
scientific publishing. The Military Technical Courier has been a COPE (Committee on
Publication Ethics) member since 2nd May 2018 and a member of OASPA (Open Access
Scholarly Publishers Association) since 27th November 2015.

The Ministry of Education, Science and Technological Development of the Republic
of Serbia classified the Military Technical Courier for the year 2022, on October 25, 2022

—on the list of periodicals for computer sciences,

category: reputed national journal (M51),

—on the list of periodicals for electronics, telecommunications and IT,
category: reputed national journal (M51),

—on thelist of periodicals for mechanical engineering,
category: reputed national journal (M51),

—on the list of periodicals for materials and chemical technology,
category: reputed national journal (M51).
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The approved lists of national periodicals for the year 2022 can be viewed on the
website of the Military Technical Courier, page Journal categorization.

More detailed information can be found on the website of the Ministry of Education,
Science and Technological Development of the Republic of Serbia.

The information on the categorization can be also found on the website of KOBSON
(Consortium of Libraries of Serbia for Unified Acquisition).

The periodical is categorized in compliance with the Regulations on categorization
and ranking of scientific journals of the Ministry of Education, Science and Technological
Development of the Republic of Serbia (Official Gazette of the Republic of Serbia, No
159/20). More detailed information can be found on the website of the Ministry of
Education, Science and Technological Development.

The journal is in the Serbian Citation Index — SCIndex (data base of national
scientific journals), in the Scientific Information System Redalyc, and in the Russian Index
of Science Citation/Poccuickuin ungekc HayydHoro umutupoBaHus (RINC/PUHL) and is
constantly monitored depending on the impact within the bases themselves. More
detailed information can be viewed on the website of the Military Technical Courier,
page Journal indexing.

The Military Technical Courier, in terms of its content, offers the possibility of open
access (DIAMOND OPEN ACCESS) and applies the Creative Commons Attribution (CC
BY) licence on copyright. The copyright details can be found on the Copyright notice and
Self-archiving policy page of the journal's website.

Manuscripts are submitted online, through the electronic editing system
ASSISTANT, developed by the Center for Evaluation in Education and Science — CEON.

The access and the registration are through the Military Technical Courier
site http://www.vtg.mod.gov.rs/index-e.html, on the page ASSISTANT or the page

SCINDEKS or directly through the link (aseestant.ceon.rs/index.php/vtg).

The detailed instructions about the registration for the service are on the website
http://www.vtg.mod.gov.rs/index-e.html, on the page Instructions for ASSISTANT.

All authors submitting a manuscript for publishing in the Military Technical Courier

should register for an ORCID ID following the instructions on the web page Registration
for an ORCID identifier.

The Military Technical Courier publishes articles in English,
using Arial and a font size of 11pt with Single Spacing.

The procedures of article preparation, writing and editing should be in accordance
with  the Publication ethics statement (http://www.vtg.mod.gov.rs/publication-ethics-
statement.html).

The article should contain an abstract with keywords, introduction (motivation for
the work), body (adequate overview of the representative work in the field, a clear
statement of the novelty in the presented research, suitable theoretical background, one
or more examples to demonstrate and discuss the presented ideas), conclusion, and
references (without heading and subheading enumeration). The article length should not
normally exceed 16 pages of the A4 paper format with single spacing, up to a maximum
of 24 pages with references and supplementary material included.

The article should be formatted following the instructions in the Article Form which
can be downloaded from website page Article form.
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Title
The title should be informative. It is in both Journal’s and author’s best interest to
use terms suitable for indexing and word search. If there are no such terms in the title, the
author is strongly advised to add a subtitle.
Letterhead title
The letterhead title is given at a top of each page for easier identification of article
copies in an electronic form in particular. It contains the author's surname and first name
initial (for multiple authors add “et al”), article title, journal title and collation (year, volume,
issue, first and last page). The journal and article titles can be given in a shortened form.
Author’s name
Full name(s) of author(s) should be used. It is advisable to give the middle initial.
Names are given in their original form (with diacritic signs if in Serbian).
Author’s affiliation
The full official name and seat of the author’s affiliation is given, possibly with the
name of the institution where the research was carried out. For organizations with
complex structures, give the whole hierarchy (for example, University of Defence in
Belgrade, Military Academy, Department for Military Electronic Systems). At least one
organization in the hierarchy must be a legal entity. When some of multiple authors have
the same affiliation, it must be clearly stated, by special signs or in other way, which
department exactly they are affiliated with. The affiliation follows the author’s name. The
function and title are not given.
Contact details
The postal addresses or the e-mail addresses of the authors are given in the first page.
Type of articles
Classification of articles is a duty of the editorial staff and is of special importance.
Referees and the members of the editorial staff, or section editors, can propose a
category, but the editor-in-chief has the sole responsibility for their classification.
Journal articles are classified as follows:
Scientific articles:

— Original scientific papers (giving the previously unpublished results of the author’s
own research based on scientific methods);

— Review papers (giving an original, detailed and critical view of a research problem
or an area to which the author has made a contribution demonstrated by self-citation);

— Short communications or Preliminary communications (original scientific full
papers but shorter or of a preliminary character);

— Scientific commentaries or discussions (discussions on a particular scientific
topic, based exclusively on scientific argumentation) and opinion pieces.

Exceptionally, in particular areas, a scientific paper in the Journal can be in a form
of a monograph or a critical edition of scientific data (historical, archival, lexicographic,
bibliographic, data survey, etc.) which were unknown or hardly accessible for scientific
research.

Papers classified as scientific must have at least two positive reviews.

If the journal contains non-scientific contributions as well, the section with scientific
papers should be clearly denoted in the first part of the Journal.

Professional articles:
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— Professional papers (contributions offering experience useful for improvement of
professional practice but not necessarily based on scientific methods);

— Informative contributions (editorial, commentary, etc.);

— Reviews (of a book, software, case study, scientific event, etc.)

Short communications are usually 4-7 pages long, research articles and case studies
10-14 pages, while reviews can be longer. Page number limits are not strict and, with
appropriate reasoning, submitted manuscripts can also be longer or shorter. If extended
versions of previously published conference papers are submitted, Editors will check if
sufficient new material has been added to meet the journal standards and to qualify such
manuscripts for the review process. The added material must not have been previously
published. New results are desired but not necessarily required; however, submissions
should contain expansions of key ideas, examples, elaborations, etc. of conference papers.

Language

The language of the article should be in English. The grammar and style of the
article should be of good quality. The systematized text should be without abbreviations
(except standard ones). All measurements must be in Sl units. The sequence of formulae
is denoted in Arabic numerals in parentheses on the right-hand side.

Abstract and summary

An abstract is a concise informative presentation of the article content for fast and
accurate evaluation of its relevance. It contains the terms often used for indexing and
article search. A 100- to 250-word abstract has the following parts: introduction/purpose
of the research, methods, results and conclusion.

Keywords

Keywords are terms or phrases showing adequately the article content for indexing
and search purposes. They should be allocated heaving in mind widely accepted
international sources (index, dictionary or thesaurus), such as the Web of Science
keyword list for science in general. The higher their usage frequency is, the better. Up to
10 keywords immediately follow the abstract and the summary, in respective languages.
For this purpose, the ASSISTANT system uses a special tool KWASS for the automatic
extraction of key words from disciplinary thesauruses/dictionaries by choice and the
routine for their selection, i.e. acceptance or rejection by author and/or editor.

Article acceptance date

The date of the reception of the article, the dates of submitted corrections in the
manuscript (optional) and the date when the Editorial Board accepted the article for
publication are all given in a chronological order at the end of the article.

Acknowledgements

The name and the number of the project or programme within which the article was
realised is given in a separate note at the bottom of the first page together with the name
of the institution which financially supported the project or programme.

Article preliminary version

If an article preliminary version has appeared previously at a meeting in a form of
an oral presentation (under the same or similar title), this should be stated in a separate
note at the bottom of the first page. An article published previously cannot be published in
the Military Technical Courier even under a similar title or in a changed form.

Tables and illustrations

All the captions should be in the original language as well as in English, together
with the texts in illustrations if possible. Tables are typed in the same style as the text and
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are denoted by Arabic numerals at the top. Photographs and drawings, placed
appropriately in the text, should be clear, precise and suitable for reproduction. Drawings
should be created in Word or Corel.

For figures and graphs, proper data plot is recommended i.e. using a data analysis
program such as Excel, Matlab, Origin, SigmaPlot, etc. Itis not recommended to use a
screen capture of a data acquisition program as a figure or a graph.

Citation in the text

Citation in the text must be uniform. The Military Technical Courier applies the
Harvard Referencing System given in the Harvard Style Manual. When citing sources
within your paper, i.e. for in-text references of the works listed at the end of the paper,
place the year of publication of the work in parentheses and optionally the number of the
page(s) after the author's name, e.g. (Petrovic, 2012, pp.10-12). A detailed guide on
citing, with examples, can be found on Military Technical Courier website on the page
Instructions for Harvard Style Manual. In-text citations should follow its guidelines. For
checking in-text citations, the ASSISTANT system uses a special tool CiteMatcher to find
out quotes left out within papers and in reference lists.

Footnotes

Footnotes are given at the bottom of the page with the text they refer to. They can
contain less relevant details, additional explanations or used sources (e.g. scientific
material, manuals). They cannot replace the cited literature.

Reference list (Literature)

The cited literature encompasses bibliographic sources such as articles and
monographs and is given in a separate section in a form of a reference list. References
are not translated to the language of the article.

In compiling the reference list and bibliography, the Military Technical Courier
applies the Harvard System — Harvard Style Manual. All bibliography items should be
listed alphabetically by author's name, without numeration. A detailed guide for listing
references, with examples, can be found on Military Technical Courier website on the
page Instructions for Harvard Style Manual. Reference lists at the end of papers should
follow its guidelines. In journal evaluation systems, non-standard, insufficient or
inconsequent citation is considered to be a sufficient cause for denying the scientific
status to a journal.

Authorship Statement

The Authorship statement, submitted together with the paper, states authors’
individual contributions to the creation of the paper. In this statement, the authors also
confirm that they followed the guidelines given in the Call for papers and the Publication
ethics and malpractice statement of the journal.

All articles are peer reviewed.

The list of referees of the Military Technical Courier can be viewed at website
page List of referees. The article review process is described on the Peer Review
Process page of the website.

Editorial Team

Address of the Editorial Office:

Vojnotehnicki glasnik / Military Technical Courier

Veljka Luki¢a Kurjaka 33

11042 Belgrade, Republic of Serbia

e-mail: vojnotehnicki.glasnik@mod.gov.rs, tel.: +381 11 3603 260, +381 66 8700 123
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