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Abstract:

Introduction/purpose: The sum of powers of vertex degrees of graphs is
much studied in the literature, but only for some fixed values of the power.
General properties of these sums are studied to a much lesser extent. In
this paper, we offer results along these lines.

Methods: Combinatorial graph theory is applied.

Results: A few lower bounds for the sum of powers of vertex degrees are
established, applicable to all powers. Classes of polycyclic graphs with a
minimum sum of powers of vertex degrees are characterized.

Conclusion: The paper contributes to the study of the sum of powers of
vertex degrees of graphs.

Keywords: degree (of a vertex), sum of powers of vertex degrees of
graphs, polycyclic graphs.

Introduction

In this paper, we consider simple graphs. Let G be such a graph,
possessing n vertices and m edges. Throughout this paper, the
parameters n and m are assumed to be constant. In order to avoid
trivialities, we assume that the graphs considered are connected.
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The cyclomatic number (or simply: the number of cycles) of a
connected graph G is c=m-n+1 (Bondy & Murty, 1976). We say that a
graph is polycyclic if it has two or more cycles (i.e., if c22).

The results reported in this paper extend and somewhat correct those
from (Gutman, 2014). Therefore, we use the same notation as in (Gutman,
2014).

The degree of a vertex v of the graph G, denoted by deg(v), is the
number of first neighbors of this vertex. In this paper, we will examine the
sum

Z,=Z7,(G)=) deg(v)' =D k’n, (1)
v k>1
where p is a positive integer, and where nx denotes the number of
vertices of the graph G whose degrees are equal to k. Recall that

Dm=n. )

k=1

For p=1, we have the well-known relation

D deg(v) =D kn,=2m. (3)
v k>1

Let it be noted that formula (3) was discovered by Leonhard Euler in
1736, within his seminal work on the Kénigsberg bridge problem (Biggs et
al, 1976).

The sum Z,(G) was separately investigated for a large number of
particular values of the exponent p. Thus, Z»(G) is the much studied first
Zagreb index (Gutman & Trinajsti¢, 1972, Nikoli¢ et al, 2003); Z3(G) is the
forgotted index, introduced in (Furtula & Gutman, 2015); Z4G) has been
named the Yemen index (Alameri et al, 2020); Z5(G), the so-called S-
index, was investigated by (Nagarajan et al, 2021); the sums Z,(G) for
p=6 and p=7 were studied by (Yousef et al, 2025) under the names G-
index and P-index.

For the sake of completenesss, we mention here the inverse degree
index Z.4(G) (Das et al, 2016) and the much studied zero-th order
connectivity index Z.12(G) (Kier & Hall, 1976).

The results on the general properties of Z,(G), for arbitrary positive
integer values of p, seem to be missing in the literature, with the exception
of (Gutman, 2014). The present work is aimed at helping to fill in this gap.
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A transformed version of Z,

The dependence of Z,(G) on the degrees of the vertices of the
graph G, based on Eq. (1) is simple, evident and straightforward.
Therefore, in order to get a better insight into this dependence, we
transform the sum Z,(G) by adding to it Eq. (2) multiplied by some
constant a, and Eq. (3) multiplied by some constant . By this we arrive
at a transformed expression of the form

T(G)=Z,(G)+an+2pm (4)

which in view of Egs. (1), (2), and (3), yields

T(G)=) (k" +a+pk)n, =Y 0,()n, . (5)

k=1 k=1

Via Eq. (5), we introduce the term
O,(k)=k" +a+ Pk (6)

which is a polynomial of degree p, in the variable k.
It is purposeful to choose a=-y and =2y, which results in the
simplification

T(G)=Z,(G)=-2y(m-n)=Z,(G)-2y(c-1) ()
where c is the cyclomatic number, and
O, (k)=k"—yk+2y. (8)

Throughout this paper, we assume that the parameter y is positive
valued. Then, from Eq. (7) we conclude the following:

In the case of trees (¢=0), the terms we added to Z,(G) are necessarily
positive valued. Therefore, whatever structural feature of G
decreases/increases Ty(G), it will equially decreasel/increase Z,(G), i.e.,
the proposed transformation is not applicable to trees.

The proposed transformation is also useless in the case of unicyclic
graphs (c=1), since then T,(G) and Z,(G) coincide.

Therefore, in what follows, we will only consider graphs whose
cyclomatic number is greater than 1, that is, polycyclic graphs.

The parameter y may be (reasonably) chosen to depend on p in many
different ways. We first follow the model from (Gutman, 2014), and then
offer a few more.
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The first model: ¥ = A7

In (Gutman, 1914), the special case A=3 was considered. Instead of it, here

we report to have envisaged another such suitable option, A= 2\/5 .
For A = 2\/5, Eq. (8) becomes
®,(k)=k" —(2N2) k +2(22)" . )

A simple calculation reveals the following:

For p=2, 8,(k)=(k-4)2. Therefore, for all positive integer values of k,
B2(k) is positive valued, except for k=4 when it is zero.

For p=3, by evaluating 62(7), 62(2), 82(3), 62(4) it becomes evidents
that for all positive integer values of k, 82(k)>0.

The same is found also for p=4 and for higher values of p.

This implies:

Theorem 1. Let G be a connected polycyclic graph with n vertices
and m edges. Let among its vertices there are n;, vertices with degree h for
some h different from 4. Then, for any value of the exponent p,

Z (G)22(2N2) (m—n)-® (h)n,
where 6, is the polynomial defined by Eq. (9).

Equality is attained only if p=2 and only if all the n-n, remaining
vertices of G are of degree 4. This equality case pertains to a class of
polycyclic (n,m) graphs with a fixed number of vertices of degree h. Their
Z> values are minimal.

Proof. Rewriting Egs. (5) and (7), we have

k>1
Above, we have shown that the terms 6,(k) are always positive or
zero. Therefore, by deleting the terms 6,(k)n for all k#h, we obtain the
inequality

Z(G)22y(m—n)-0© (h)n,.

Equality will happen if all the deleted terms were equal to zero. This
requires that p=2 and k=4, i.e., that all the remaining vertices be of degree
4.
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Thus, the graphs with a given number of vertices of degree h and all
other vertices of degree 4 have the minimum Z; value.

As it was clarified above, consideration based on the transformation
Z, —T, requires that the underlying graphs be polycyclic. l

The analogous results for the choice A=3 read as follows (the details
are found in (Gutman, 1914)):

Op(7)=1+3P>0 for any value of p=2,

Op(2)=2P>0 for any value of p=2, and

©,(3)=0 for any value of p=2.

For p=2, ©,(4)=-2; for p=3, @3(4)=10; Op(4) is positive valued also for
p>3.
For k=5, ©y(k) is positive valued for any p=2.
This implies:
Theorem 2. Let G be a connected polycyclic graph with n vertices
and m edges. Let among its vertices there are n, vertices with degree h for
some h different from 3. Then, for any value of the exponent p=3,

Z,(G)22-3"(m—n)-0, (h)n,
where 6, is the polynomial defined by Eq. (10):
®,(k)=k" -3k +2-3" (10)

Equality is attained if and only if all the n-n, remaining vertices of G
are of degree 3. This equality case pertains to a class of polycyclic (n,m)-
graphs with a fixed number of vertices of degree h. Their Z, values are
minimal for all p=3.

Proof is analogous to the proof of Theorem 1, mutatis mutandis. |

In Theorem 2, it is required that the exponent p be greater than 2. For
the case p=2, from Eq. (10), we find that 82(4)=62(5)=-2 and 62(6)=0.
Therefore, Theorem 2 cannot be extended to this case.

The second model: ¥ = p”

Within this model,
O,(k)=k"-p’k+2-p". (11)

For p=2, 82(k)=(k-2)>+4, which is positive valued for all k. Therefore,
we may sKkip this case.

For p=3, we calculate that 8(7)=28, 65(2)=8, 63(3)=0, 63(4)=202, and
all the folowing 6s(k) values are evidently positive.

For p=4, we find that 84(7), 84(2), 84(4), 84(5), ... are positive, but 84(3)
is negative.
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For p=5, we find that 85(7), 85(2), 85(6), 8s(7), ... are positive, whereas
05(3), 65(4) and B5(5) are negative. The same kind of anomaly exists also
at p>6.

Thus, the model examined in this section can be used only at p=3,
and we get:

Theorem 3. Let G be a connected polycyclic graph with n vertices
and m edges. Let among its vertices there are n, vertices with degree h for
some h different from 3. Then, for p=3,

Z,(G)z2p"(m—n)-0 (h)n,

where 6, is the polynomial defined by Eq. (11).

Equality is attained if and only if all the n-n, remaining vertices of G
are of degree 3. This equality case pertains to a class of polycyclic (n,m)-
graphs with a fixed number of vertices of degree h. Their Zz values are
minimal.

Note that the equality case in Theorem 3 (necessarily) agrees with
that in Theorem 2.

The third model; ¥ = Ap”

In the previous sections, we have seen that meaningful conclusions
on the property of the sum of powers of vertex degrees can be deduced in
the case when the polynomial 8,(k) is zero for some particular value of p
and k, whereas it is positive valued for all other choices of p and k.
Therefore, in this section, we only focus on the condition 6,(k)=0 within our
third model for the multiplier y.

In this case, y=A p”, and we get

©,(k)=k" ~Ap"k+22-p". (12)

Consider the functions F,(k)=k”and F,(k)=—Ap’k+2A-p”.

Noting that F1(0)=0 and F,(0)=2Ap° > 0, and that F1 is monotonically
increasing whereas f> monotonically decreases, there must exist a point
(not necessarily at an integer k) where they meet. If such a k is an integer,
then 6,(k), defined via Eq. (12), would become equal to zero. Then, the
condition 6,(k)=0, for any chosen value of the exponent p, would determine
a particular value of the parameter A.

In what follows, we show how A is determined when the condition
Bp(p)=0 is imposed.

If 6,(p)=0, then by Eq. (12),

p’—=Ap’-p+24-p" =0.
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from which it immediately follows that A=1/(p-2). This result also
indicated that the condition 8,(p)=0 is not applicable in the case p=2.

Additional examinations of our third model for y, as well as of other
possible models of this kind, is left for some later work. In any case, we
believe that we clearly demonstrated that the paper (Gutman, 2014),
recognized only the tip of an iceberg. It may be that here we did the same.
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Resumen:

Introduccién/propésito: La suma de potencias de los grados de los vértices
de grafos se estudia ampliamente , pero solo para algunos valores fijos de
la potencia. Las propiedades generales de estas sumas se estudian en
mucha menor medida. En este articulo, presentamos resultados en este
sentido.

Meétodos: Se aplica la teoria de grafos combinatorios.

Resultados: Se establecen unos limites inferiores para la suma de
potencias de grados de vértice, aplicables a todas las potencias. Se
caracterizan las clases de grafos policiclicos con una suma minima de
potencias de grados de vértice.

Conclusién: El articulo contribuye al estudio de la suma de potencias de
grados de vértices de grafos.

Palabras clave: grado (de un vértice), suma de potencias de grados de
vértices de grafos, grafos policiclicos.
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Pestome:

BeedeHue/uenb: HecmMompsi Ha mo 4mo cymma cmerneHel 8epuuH
epagho8 WUPOKO u3yyeHa 8 Jfumepamype, MHO2UM 3HaYeHUsIM
cmerieHU He ydeneHo eHuMaHusi. Obwue ceolicmea 3mux CyMMm
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usydyeHol 8 2opa3do MeHbwel cmeneHu. B daHHOU cmamebe
npedcmassieHbl HOBbIE Pe3yfbmamhbi 8 3MOM HarnpasieHuU.

Memodki: B ctaTbe npvMeHeHa kombrHaTopHas Teopus rpados.

Pesynbmamebl; YCmMaHOBMIEHO HECKOMILKO HUKHUX epaHuy Orisi CyMMbl
cmeneHel 8eplwUH, MPUMEHUMbIX KO eceM cmeneHsiM. OrnucaHbl Kracchl
epaghos ¢ MUHUMarbHoOU cyMmoli cmereHel 8epuUIUH.

Bbigo0dbi: Pesynbmambi 0aHHOU cmambU 8HOCSM 8Krad 8 u3yqyeHue
CyMMbI cmerneHel eepuwiuH epaghos.

Kntouesbie criosa: cmerieHb (8EpPWUHbI), CyMMa cmerneHel 8epuluH
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0cobuHe osuUx cyma HeOOBOJBLHO Cy UCmpaxkusaHe, rna ce y 08oM pady
Hagode HOBU pe3ynimamu ucmpaxusarba.

Memode: lNpumer-eHa je KombuHamopHa meopuja epaghosa.

Pesynmamu: [JobujeHo je HeEKonuko epaHuua 3a 36up romeHyupaHux
cmerneHa 480p08a, NMPUMEHIbUBUX 3a cee rnomeHuyuje. KapakmepucaHe cy
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Abstract:

Introduction: This paper focuses on extending the theory of fixed points
in S-metric spaces by introducing new generalized contractive condi-
tions. These developments aim to enrich the analytical tools available
for studying such spaces.

Methods: A variety of fixed-point theorems is established by applying the
newly defined contractive conditions. The methodology includes both
standard and integral-type contractive mappings. Furthermore, a geo-
metric approach is utilized to obtain novel fixed-circle theorems within
the S-metric framework.

Results: Several fixed-point and fixed-circle theorems are proved under
the proposed conditions. lllustrative examples are provided to validate
the theoretical findings and demonstrate the applicability of the results.

Conclusion: The findings of this study not only broaden the scope of
fixed-point theory in S-metric spaces but also offer potential implications
for real-world applications. In particular, the results may contribute to
developments in computational mathematics and the design of neural
network activation functions.

Keywords: S-metric space, fixed-point theorem, generalized contrac-
tion, integral-type contraction, fixed-circle, geometric approach, activa-
tion function, neural networks.

736


https://orcid.org/0000-0002-4535-4019
https://orcid.org/0000-0002-7620-3387
https://doi.org/10.5937/vojtehg73-56176

Introduction and preliminaries

Fixed-point theory has far-reaching implications in mathematics and its
applications to other disciplines. One of its most significant contributions is
in the realm of dynamical systems, where it is used to analyze equilibrium
points or steady states. For example, in economics, fixed points help to
model market equilibria, where no participant has an incentive to change
their strategy. In game theory, Nash equilibrium points are essentially fixed
points of certain types of functions. Furthermore, in computational mathe-
matics, algorithms such as those used in optimization or numerical meth-
ods often rely on fixed point results to guarantee convergence. The general
idea that under certain conditions a system will reach a state of stability is a
profound insight that has shaped much of theoretical and applied research.

Metric spaces are crucial for studying the topological properties of
spaces, such as continuity, compactness, and convergence. They pro-
vide a framework for understanding distance-based relationships between
objects in various fields, from analysis to geometric topology. For example,
the concept of convergence in a metric space allows mathematicians to rig-
orously define limits and study the behavior of sequences and functions.
Metric spaces are particularly important in functional analysis and measure
theory, where the behavior of functions or sequences within these spaces
is a key focus.

On the other hand, generalized metric spaces, including S-metric
spaces (Sedghi et al, 2012), broaden the scope by allowing non-separable
points, making them useful in settings like group theory or quotient spaces.
S-metric spaces extend the traditional concept of metric spaces by incorpo-
rating a three-variable distance function, which enables more flexible mod-
eling of geometric and topological structures. These spaces can model
scenarios where traditional distance functions fail to capture equivalence
relations or where the notion of “closeness” is not strict. In essence, gener-
alized metric spaces offer a more flexible structure, which can be applied to
various advanced topics in algebraic topology, category theory, and even
computer science, especially in the study of data structures and approxi-
mation methods, for more details, see (Fetouci & Radenovic, 2009; Igbal
et al, 2024; Bimol et al, 2024).

Both metric and generalized metric spaces are foundational for many
modern branches of mathematics, and their applications extend to fields
such as signal processing, machine learning, network theory, and math-
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ematical physics, underscoring their importance beyond theoretical inves-
tigations. These concepts help mathematicians and scientists model and
understand complex phenomena in an increasingly interconnected world.

The paper by Ozgiir NY and Tas N., titled “Some Fixed-Circle Theorems
on Metric Spaces”, published in the Bulletin of the Malaysian Mathematical
Sciences Society (Ozgir & Tas, 2019a), explores important fixed-point re-
sults in the context of metric spaces, specifically focusing on “fixed-circle”
theorems. In this study, the authors extend and generalize classical fixed
point theorems by introducing new conditions under which fixed points can
be guaranteed. Their work contributes to a deeper understanding of the
structure of metric spaces and the behavior of certain types of mappings
that preserve geometric properties, such as distance. These findings are
significant for both theoretical and applied mathematics, as fixed point the-
orems play a crucial role in the areas such as dynamical systems, game
theory, and optimization. By providing novel results in the realm of metric
spaces, this research opens new pathways for investigating equilibrium so-
lutions and offers tools for solving complex problems across various math-
ematical and interdisciplinary domains. The importance of this paper lies in
its potential applications to both pure and applied fields, including analysis,
topology, and computational mathematics.

By the above motivations, in this paper, we introduce some generalized
contractive conditions on S-metric spaces. Using these new contractions,
we prove some fixed-point theorem and integral type fixed-point theorems
on S-metric spaces. Also, using the geometric approach, we obtain new
fixed-circle results on S-metric spaces with necessary examples. Finally,
in the conclusion section, we mention the importance of this paper with an
example of activation functions.

The following is a definition of the concept of an S-metric space that was
provided by Sedghi, Shobe, and Aliouche:

DEFINITION 1. (Sedghi et al, 2012) Let X be a nonempty set. An S-metric
on X is a function S : X x X x X — [0,+00) that satisfies the following
conditions for all z,y,z,a € X :

(81) S(z,y,z) =0ifandonlyifx =y = 2,
(S2) S(z,y,2) < S(z,z,a)+ S (y,y,a) + S (z,2,a).
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The pair (X, S) is called an S-metric space.
For an S-metric space, the symmetry condition can be considered as
follows:

S(%%ZU) = S(yaya .%')
for all z,y € X (Sedghi et al, 2012).

EXAMPLE 1. (Sedghi et al, 2012) Let R be the real line. Then
S(IL’,y,Z) = ’.'IZ—Z| + |y_2‘

forall z,y, z € R is an S-metric on R. This S-metric on R is called the usual
S-metric.

EXAMPLE 2. Let X = R and
S(‘T’y)z) = \y+z—2x| + |y—Z‘

for all z,y,z € X. Then, (X, S) is an S-metric space (Sedghi et al, 2012).
But this S-metric cannot be generated by any metric (Hieu et al, 2015) .

ExAMPLE 3. (Ozgir & Tas, 2017) Let X = R and define the function
S(@,y,2) = o —z[+ ]z + 2 = 2y

for all z,y,z € X. Then, (X,S) is an S-metric space. But this S-metric
cannot be generated by any metric.

DEFINITION 2. (Sedghi et al, 2012) Let (X, S) be an S-metric space.

1. A sequence {z,} C X converges to x € X if S(zy,2,,) — 0 as
n — 400.

2. A sequence {z,} C X is a Cauchy sequence if S (xy, xn,zmy) — 0
as n,m — +00.

3. The S-metric space (X, S) is complete if every Cauchy sequence is
a convergent sequence.

DEFINITION 3. (Sedghi et al, 2014) Let f : X — Y be a map from an S-
metric space X to an S-metric space. Then f is continuous at x € X if and
only if f (xz,) — f (x) whenever z,, — x.
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As demonstrated in (Hieu et al, 2015) and (Ozgir & Tas, 2017), certain
S-metrics cannot be derived from standard metrics. Consequently, inves-
tigating new fixed-point theorems within the context of S-metric spaces is
essential.

A recent innovative approach to geometrically interpretations for fixed
points, known as the fixed-circle problem (Ozgir & Tas, 2019a), has
emerged. The following concepts are now recalled, as they were defined
in (Mlaiki et al, 2018), and (Ozgur & Tas, 2019b).

Let (X,S) be an S-metric space and 7' : X — X a self-mapping. A
circle C7 , and a disc D? . are defined by

C% ={ueX:Suumx)=r}

ZTo,T

and
DS :{UEX:S(uvuva)ST}a

To,T

with the center x5 € X and the radius r» > 0.

If Tz = z forall z € CZ . (resp. = € D3 ) then the circle C% . (resp.
the disc wa) is called the fixed circle (resp. fixed disc) of T

For every function ¥ : [0, +0c0) — [0, +00), let ¥ be the nth iterate of .
Then the following holds:

If ¥ is non-decreasing, then for each ¢ > 0, lim,,_,» ¥" (t) = 0 implies
U(t) < t (Raji et al, 2024).

In 2012, Samet et al. (Samet et al, 2012) introduced the class of a-
admissible mappings.

DEFINITION 4. (Samet et al, 2012) Let X be a nonempty set, T : X — X
and o : X x X — R*, we say that T is an a-admissible mapping if

x,y € X,a(x,y) > 1= a(Tx,Ty) > 1.

Main results

In this section, we give some fixed-point theorems on S-metric spaces
inspiring the approaches used in (Raji et al, 2024). Also, we present the
integral versions of our obtained results using the technique given in (Bran-
ciari, 2002). As a geometric approach, we obtain new fixed-circle results
on S-metric spaces.
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Some fixed-point theorems on S-metric spaces

DEFINITION 5. Let (X, S) be an S-metric space and f : X — X be a self-
mapping. f is called a vy-ig-contractive mapping if there exist v : X x X x
X — [0,4+00) and ¢ € ¥ such that

V(@ 3,y) S (fz, fz, fy) < (A(z,y)),

for all z,y € X, where

S(x7x7y)7S(x7x7fx)75(y7y7fy)7
S(x,w:qf(w)s(y),y,fy)
x7x7y )
A (z,y) = max S(x,z, f2)S(y,y,fy)
S(z,z,y)+S (x,x, fy)+S(y,y,f )’
S(@,x, fz)S (2, fy)+5(y,y,f2)S(y,y, fy)
S(y,y,fr)+S(z,2,fy)

THEOREM 1. Let (X, S) be a complete S-metric space and f : X — X be a
~v-1hg-contractive mapping. If the following conditions are satisfied:

(¢) fis y-admissible,
(i7) there exists zp € X such that v (2, o, fzo) > 1, and

(¢¢¢) f is continuous,
then there exists a € X such that fa = a.

Proof. By (ii) , we say that there exists a point o € X such that

v (fxo, fxo, fro) > 1.

Let us define a sequence {z,} in X by fz,, = x,4; foralln > 0. If for some
n >0,

Tn = Tn+1,
then
f$n = Tn+1 = Tn,
and so z,, is a fixed point of f. On the contrary, we suppose that

Tn 7& Tn41,

for all n > 0. Since f is y-admissible, we get

v (zo, 0, fro) = v (w0, 20, 21) > 1
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= v (fxo, fro, fr1) = v (21,71, 22) > 1.

If we continue this process, we have

Y ('Tna L, $n+1) > 17
for all n > 0. Using the ~-yg-contractive mapping definition, we have
S (SUn-l—lv LTn+1, xn) = S (fxny fxn) fxn—l)

Y (.%'n, Tn, $n_1) S (fxm fxna fxn—l)
Y (A (Ty, Tn-1)) (1)

IN A

for all n > 1, where

A (.Z'n, wn—l) -

S (xna Tn, mn—l) , S (xm Tn, fxn) s S (':Un—17 Tn—1, fxn—l) s
S(-rvnxvnfxn)s(xnfl7xn717fxn—1)
S(Tn,Tn,Tn_1) ’
= max S(znaznvfxn)s(xn—l7x71717fxn—1)
S (@ Ty Tn—1)+S(Tny T, fTrn—1)+S(Tn—1,Tn—1,fTn)’
S(@n,Tn, fTn)S(@n, Tn,fTn—1)+S(@n—1,%n_1,fTn)S(Tn_1,%n_1,fTrn_1)
S(mn—l71'11—1:fmn)'i_s(wn:wn:fxn—l)

< maX{ S (-Tn,fljnuxn—l) ) S (xn’inuxn—l—l) ) S (x’n—17xn—17$n)a }
o S (xny Ln, $n+1) s S (xn’ Ln, l'n+1) s S (xnflv Tn—1, xn)

= max {S (Tn, Tn, Tn—1),S (Tn, Tn, Tni1)} -

By 1, we get

S (:cn+1,xn+1,xn) S w (max {S (.’L’n, xnaxn—l) 7S (mna .an,.’IZ'n+1)}) ’

forall n > 1.
Case 1: Let S (zp, oy, Tn—1) < S (Tpn, Tn, Tpy1) . Then we get

S (xn—i-la Tpy1, Tn) < Y (S (Tn, Tny Tpy1)) < S (mm TpyTrtl)

a contradiction.
Case 2: Let S (zy, pn, Tpt1) < S (Tp, Tn, Tp—1) . Then we have

S (I’n+1, xn+1axn) S w (S ('In,xna .’Enfl)) ’

forall n > 1. Using the mathematical induction, if we continue this process,
we obtain

S (Tpt1, Tng1,n) < P" (S (21,21, 20)) ,
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for all n > 1. Then, we get

n+k—1
S (fEnal'n,xn—i—k) < Z 21[)])5 (IL‘l, 1:171‘0) ) (2)

p=n

forall k > 1. By 2, if we take p — 400, we have
S (xnvwn7$n+k) — 07

and so {z, } is Cauchy. Using the completeness hypothesis, thereis a € X
such that

lim x, =a.
n—-+00

By (uii) , we have

fa= f( lim xn> = lim fz,= lim x,41 =a.

n—+400 n—-+00 n——+
Therefore, a is a fixed point of f. O

REMARK 1. Theorem 1 is an existence of a fixed point for the self-mapping
f with the continuity hypothesis.

In the following existence theorem, we do not use the continuity hypoth-
esis.

THEOREM 2. Let (X, S) be a complete S-metric space and f : X — X be a
~v-1pg-contractive mapping. If the following conditions are satisfied:

(¢) fis y-admissible,
(¢2) there exists xg € X such that ~ (z¢, zo, fzo) > 1, and

(ii¢) If {z,,} is a sequence in X such that v (z,, x,, z,+1) > 1 for all n and
xn, — ¢ € X as n — 400, then there is a subsequence {z,, } of {z,}
such that v (z,,, pn,, ) > 1 for all k,
then there is a € X such that fa = a.
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Proof. Using the proof of Theorem 1, we can say that the sequence {z,}
defined by

fan = Tn41,
for all n > 0, converges for some a € X. By (iii) , there is a subsequence
{zp, } of {z,} such that
’}/ (xnmxnk.y CL) Z 17
for all k. Using the -1y g-contractive mapping hypothesis, we obtain

S(xnk+17xnk+17fa‘) = S(fxnkvfxnkvfa‘)
< 7($nk)$nkua)5(f$nkafmnkafa)
< Y (A(zn,,a)), 3)

where

S (xnmxnm CL) 75 (xnk’ xnk’$nk+1) ’ S ((I, a, fa) ’
S(mnk ,znk,xnk“)S(a,a,fa)
S(wnk ,znk,a)
A (wnk,v a) = max S(xnk ,xnk,xnk+1)3(a,a,fa)
S((Lnk Ty, ,a)+S(znk Ty, ,fa)+S(a,a,znk+1) ’
S(:cnk,mnk_,xnk“ S .tnk,:Bnk,fa)+S(a,a,zn,k+1)S(a,a,fa)
S(a,a,mnk_,_l)—s—S(mnk - ,fa) y,

)

Let us take k£ — oo, we have

lim A (zp,,a)=S5(a,a, fa).

k——+o0

Now, we assume that S (a, a, fa) > 0. For large enough k&, we have
A(xp,,a) >0
and
¥ (A (zn,,a)) <A(zn,,a).
By 1, we obtain
S (xnk+1 9 mnk+17 fa) < A (‘rnlﬂ (l) .
Let us take k — +o0, we get
S(CL’a,fa) < S((I?a?fa)?

a contradiction. It should be S (a, a, fa) = 0, thatis, fa = a. Therefore, a is
a fixed point of f. O
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EXAMPLE 4. Let X = {(1,0),(0,1)} ¢ R? and define the S-metric as
S((@,y), (u,0),(a,0)) = |lu—al +u+a— 2|+ |v=b[ + Ju+b—2y,

for all (z,y), (u,v), (a,b) € X. Then, (X,95) is a complete S-metric space
and the S-metric is not generated by any metric. Let us define the self-
mapping f: X — X as

f(zy) = (z,y),
forall (z,y) € X. Itis clear that f is continuous. Also, the following inequal-
ity is satisfied for any ¢ € U,

v((2,9), (2,9), (w,0) S(f (2, 9), f (2,9), [ (u,0)) < (A((2,9), (u,0))),

forall (z,y), (u,v) € X, where

et em ={ o OIS

Then, f is a y-iyg-contractive mapping. Also, f is v-admissible. Indeed, for
all (z,y), (u,v), (a,b) € X, we get

v((z,9), (w,0),(a,0)) = 1
= (z,9) = (u,v) = (a,D)
— [(z,y) = f(u,v) = [(a,b)
= v (f(@9), f(u,0), f(a,)) > 1.
Also, for all (z,y) € X, we have

v (2, 9), (u,v), (a,b)) = 1.

Hence, the conditions of Theorem 1 are satisfied. On the other hand, if
{(zn,yn)} is a sequence in X that converges to some point (a,b) € X with

¥ (@nsYn) s (TnsYn) » (a,0)) > 1,
for all n, then by the definition of v, we get
(l‘n, yn) = (av b) )
for all n, which implies that

¥ ((#n,Yn) s (Tns yn) 5 (@, b)) = 1.

So, the conditions of Theorem 2 are satisfied. Consequently, f has two
fixed points in X, that is, Fiz (f) = X.
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REMARK 2. From Example 4, it can be said that the fixed points of a given
self-mapping which satisfies the conditions Theorem 1 (or Theorem 2) can-
not be unique. For this reason, it is important to investigate the uniqueness
conditions for the existence theorems. For this purpose, we consider the
following condition:

(tv) Thereis z € X such that
v (2,2,2) > 1and v (y,y,2) > 1,
forall z,y € Fix (f).

THEOREM 3. If we add the condition (iv) to the hypothesis of Theorem 1
(resp. Theorem 2), then a is a unique fixed point of f.

Proof. Let b be another fixed point of f with a # b. By (iv), there exists
z € X such that
v(a,a,z) > 1and vy (b,b,z) > 1.

From the a-admissibility of f, we get
v(a,a, f"z) = 1and vy (b,b, f"2) > 1,
for all n. Let us define the sequence {z,} in X by
f2n = 2z,

foralln > 0 and zy = 2. Then, we have

S(fa, fa, fzn)
¥ (A(a, zn)),

S (a7 a, Zn+1)

IN N

where

S(a,a,zn),S (a,a,a),S (zn, 2n, 2n+1)
S(a,a,a)S(2n,2n,2n+1)
S(a,a,zn ’
A (CL, Zn) = max S(a,a,a)g(z",z,)L,z,,LJrl)
S(a,a,zn)+S(a,a,241)+S(2n,2n,a)’
S(a,a,a)S(a,a,2n+1)+S(2n,2n,0)S(Zn,2n,2n+1)
S(2n,2n,a)+S(a,a,zn41)
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< max{S(a,a,z,),S5(a,a,zns1)}.
Hence, using the monotone property of 1, we obtain
S (aya,zp+1) < ¢ (max{S (a,a,z,),5 (a,a,znt1)}),
for all n. Without the generality, we assume that
S (a,a,z,) >0,

for all n.

Case 1: Let max{S (a,a,z,),S (a,a,zp+1)} = S(a,a,zn+1). Then we
have

S (a7 a, zn+1) < w (S (a7 a, Zn-i—l)) <S5 (av a, Zn—i-l) y

a contradiction.

Case 2: max {S (a,a,z,),S (a,a,zn+1)} = S (a,a, z,) . Hence we get

S (avavzn + 1) § ¢ (S (a,a,zn)) 9
for all n. If we continue this process, then we have
S(a,a,z,) <" (S(a,a,z)),

for all n > 1. Let us take n — +o0, we obtain

lim S(a,a,z,) =0

n—-+4o0o

and similarly,
lim S(b,b,2,) =0
n——+0o0
From the uniqueness of the limit point, we have
a=>o.

Then a is the unique fixed point of f. O
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EXAMPLE 5. Let X = [0, 1] and the S-metric be defined as
S(ﬂ],y,Z): |$—Z’+|$+Z—2y|,

forall z,y,z € X (Ozglr & Tas, 2017). Then, the pair (X, S) is a complete
S-metric space. Let us define the self-mapping f : X — X by

1
— 8 xG[O,l)
Jx { 0, x=1 "~

for all z € [0,1]. Itis clear that f is not a continuous function at the point
xo = 1. Now we define the mapping v : X x X x X — [0, +00) by

L s € (0.4 x [0.2] x [£.1)
v(xm{ O[] % [41] x [0, 4))

0, otherwise

We show the validity of this example under the cases:
Case 1: f is a y-ipg-contractive mapping with

¢(t) = 1’

forallt >0.Ifz € [0,%] and z = 1, we have

vy (x,z,y)S (fx, fx, fy) = S(fx, fx, fy)

If 2 =1andy € [0,%], we have

v(z,2,y) S (fx, fx, fy) = S(fz, fz, fy)

= 2|fz— fyl
1

- 20— =
o3|
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<

The other cases are clear.
Case2: f is y-admissible. To show this, we assume that (z,y,2) €
X x X x X such that

v (z,y,z) > 1.

If (z,y,2) € [0, %] x [0, 3] x [£,1] , then (fz, fy, fz) € [5,1] x [£,1] x [0, 3]
which implies

v (fz, fy, f2) =1
If (z,y,2) € [%, 1] X [%7 1] X [O, é} ,then (fz, fy, fz) € [0, %} X [0, %] X [é, 1]
which implies

v (fz, fy, [2) =1
Consequently, f is v-admissible.

Case 3: There is xy € X such that

v (xo, o, fao) > 1.

If we take z¢y = 0, then we have

1
7(x0>$07fx0) =7 <O>O7 8) =1

Case 4: If {x,} is a sequence in X such that v (z,, 2., xn4+1) > 1 for
all n and z,, — = as n — +o0, then there is a subsequence {z,, } of {z,}
such that

7 (xnwmnwx) Z 17
for all k. By the definition of v, we get

o (3]« B3J ) o] )

for all n.
Case 5: The uniqueness condition (iv) is satisfied. Let (a,b) € [0, 1] x
[0,1]. For z = £, we get

v(a,a,z) =1, v(b,b,z) = 1.

Consequently, f has a unique fixed point a = %
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REMARK 3. If the S-metric is generated by any metric, then the notion of
a y-yg-contractive mapping coincides with the notion of a generated a-1)-
contractive type mapping introduced in (Raji et al, 2024). Also, under this
case, Theorem 1 (resp. Theorem 2, Theorem 3) coincides with Theorem
3.2 (resp. Theorem 3.3, Theorem 3.4) proven in (Raji et al, 2024).

If the b-metric d° is generated by the S-metric, then we obtain the fol-
lowing definitions and corollaries.

DEFINITION 6. Let (X,d”) be a b-metric space and f : X — X be a self-
mapping. f is called an a-yy,-contractive mapping if there are two functions
a: X x X —[0,400) and ¢ € ¥ such that

a(z,y)d® (fz, fy) < ¥ (A (2,y)),

for all z,y € X, where

a® (z,y),d% (z, fx),d° (y, fy),
d®(z,fx)d® (y,fy)

Ay (‘T) y) = Inax d(z, f:p()dg)y (y,fv)
Bz g+ds (. fy g+d5( }

d® (z,fx)d> (z,fy)+d° (y, fm)d y fy)
ds(y,fz)+d% (z,fy)

)

THEOREM 4. Let (X, d°) be a complete b-metric space and f : X — X be
an a-,-contractive mapping. If the following conditions are satisfied:

(1) f is a-admissible,

(17) there exists xo € X such that o (xg, fzo) > 1,and

(131) f is continuous,

then there exists a € X such that fa = a.

THEOREM 5. Let (X, d°) be a complete b-metric space and f : X — X be
an a-y-contractive mapping. If the following conditions are satisfied:

(1) fis a-admissible,

(17) there exists xo € X such that a (z¢, fxo) > 1, and

(13i) if {x,} is a sequence in Xsuch that « (z,,x,+1) > 1 for all n and
x, — x € X as n — oo ,then there is a subsequence {x,, } of {z,} such
that o (xy, ,x) > 1 for all k, then there is a € X such that fa=a.

(iv) Thereisz € X suchthata (z,z) > 1and a (y,z) > 1, forall x,y € Fix(f).
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THEOREM 6. If we add the condition (iv) to the hypothesis of Theorem 5
(resp. Theorem 6), then a is a unique fixed point of f.

Some integral type fixed-point results on S-metric spaces

DEFINITION 7. Let (X, S) be an S-metric space and f : X — X be a self-
mapping. f is called an integral type v~ g-contractive mapping if there exist
v:X x X —[0,+00) and ¢y € ¥ such that

/W(:v,w,y)s(fx,fx,fy)

Y(A(z,y))
p(t)dt < / v (t)dt,
0 0

for all x,y € X, where ¢ : [0,4+00) — [0,+00) iS a Lebesque integrable
mapping, which is summable, that is, with finite integral on each compact
subset of [0, 4+00) , nonnegative and such that

3
/ @ (t)dt >0,
0

for each € > 0.

REMARK 4. If we take ¢ (t) = 1 in Definition 7, then the notions of a v-i5-
contractive mapping and an integral type ~-ig-contractive mapping coin-
cide.

THEOREM 7. Let (X, S) be a complete S-metric space and f : X — X be
an integral type ~v-g-contractive mapping. If the following conditions are
satisfied:

(a) f is v-admissible,
(b) there exists xy € X such that v (xo, zo, fro) > 1,and
(c) f is continuous,

then there exists a € X such that fa = a.

Proof. By the similar arguments used in the proof of Theorem 1, this can
be easily proved. O

REMARK 5. If we take ¢ () = 1in Theorem 7, then Theorem 7 and Theorem
1 coincide.
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THEOREM 8. Let (X, S) be a complete S-metric space and f : X — X be
an integral type ~v-g-contractive mapping. If the following conditions are
satisfied:

(a) fisy-admissible,

(b) there exists xy € X such that ~ (zg, zo, fzg) > 1,and

(c) if {z,,} is a sequence in X such that v (z,,xn,xn+1) > 1 foralln
and z,, — x € X asn — oo, then there is a subsequence {z,,} of {z,}
such that v (zp, , xn,,x) > 1 for all k,

then there is a € X such that fa = a.

Proof. By the similar arguments used in the proof of Theorem 2, this can
be easily proved. O

REMARK 6. If we take ¢ (¢) = 1 in Theorem 8, Theorem 8 and Theorem 2
coincide.

THEOREM 9. (d) There is z € X such that
v(2,2,2) > 1and v (y,y,z) > 1,
forall x,y € Fix (f).

THEOREM 10. If we add the condition (d) to the conditions (a)-(b)-(c) given
in Theorem 8 (resp. Theorem 7), then a is a unique fixed point of f.

REMARK 7.

(1) If we take ¢ (t) = 1 in Theorem 10, then Theorem 3 and Theorem 10
coincide.

(2) Theorem 7, Theorem 8 and Theorem 10 are integral type fixed point re-
sults and generalize Theorem 3.2, Theorem 3.3 and Theorem 3.5 proved
in (Raji et al, 2024).

(3) The two examples given earlier provide integral type fixed-point theo-
rems with ¢ (t) = 1.

(4) On b-metric spaces, the notion of an integral type «a-1,-contractive map-
ping can be defined and new integral type fixed point results can be proved
as seen in the previous theorems.

(5) The results obtained in this article are new generalized fixed-point re-
sults for both S-metric spaces and b-metric spaces.
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Some fixed-circle results on S-metric spaces

DEFINITION 8. Let (X, S) be an S-metric space and f : X — X be a self-
mapping. f is called a v-ys-f.,-contractive mapping if there exists xo €
X, 7: X x X xX —[1,400) and ¢ € ¥ such that

S(fz, fx,z) > 0= v (x,x,20) S (fz, fx,z) < ¢ (A" (x,x0)),
for all x € X, where

S(z,z,y),S (x, 2, fx),S (y,y, fy),
A* _ S(.Z’ﬂ?,fl‘)s(’y,y,fy)
(z,y) = max S(z2.y)+S (@, fy)+S(y,y,fx)’
S(z,x,fx)S(z,2,fy) +S (Y9, ) S (y,y,fy)
S(y,y,f2)+S (2,2, fy)

PROPOSITION 1. If f is a y-1s-f.,-contractive mapping with xy € X, then
we have

fro = xo.
Proof. On the contrary, we assume fzy # x¢, that is,
S (fxo, fro,z0) > 0.
Using the contraction hypothesis, we get
7 (w0, w0, x0) S (fxo, fro,0) < 9P (A* (20, 70))
and
S (xo, xo, x0) , S (x0, z0, f20),S (20, Z0, f20),
A* (w9, m0) = ST S e oo b o]

S(20,20,f%0) S(T0,Z0,fT0)+S(T0,20,f%0) S (0,20, fT0)
S(zo,w0,fx0)+S(x0,%0,fT0)

- S(x()?x()afx())

Hence, using the symmetry property and the property of ¢, we have

v (zo, 0, 20) S (fxo, fro,z0) < ¥ (S (fxo, fro,x0))
< S(f'rOfoOaxO)?

a contradiction. So, it should be

fro = xo.
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THEOREM 11. Let f be a y-1)s-f.,-contractive mapping with xy € X and the
number
r=inf{S (fz, fx,z) v € X,z # fx}. 4)

If fx € C3  foreachx € C3 , then f fixes the circle C3 .

Proof. Let us consider the following cases:
Case 1: Let r = 0. Then, we get

cs = {xo}

Zo,T

and so by Proposition 1, we say that f fixes the circle C

Zo,T"

Case 2: Letr >0and x € C’fw be any point such that
S(fz, fx,z) > 0.
Using the contraction hypothesis and fx € C’f(,,r, we get

v (x,2,20) S (fz, fr,r) < (A" (x,20))
and

S (ﬂj‘,l',l'o) aS (l’,l’, f:L‘) 75 (x()a Zo, fx()) s
* S(z,2,f2)S(z0,Z0,fT0)
A (1:7 1'0) = Inax S(z,x,20)+S(x,x,fxo)+S(T0,T0,fT)’
S(z,x,fz)S(z,x,fx0)+S(x0,20,f2)S(T0,T0,fT0)
S(xo,x0,fz)+S (2,2, fx0)
= S(fz, fz,2).

So, we obtain
v (@, m,20) S (f, fr,2) <Y (S(fx, fz,2)) < S (fz, fr,x),
a contradiction and thus, it should be
S(fzx, fr,z) =0 = fzr=u=.
Consequently, f fixes the circle wa. O

COROLLARY 1. Let f be a y-is-f.,-contractive mapping with zo € X and r
be defined as in 4. If fx € D3 , for each x € D; ., then f fixes the disc

To,T?
S

To,r*
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EXAMPLE 6. Let X = R be the S-metric space with the S-metric defined as
S(z,y,2) =z —z|+ |z + 2z —2y|,

forallz,y, z € R (Ozgur & Tag, 2017). This S-metric is not generated by any
metric. Let us define the mappings f: X — X, 7: X x X x X — [1,+00)
and v : [0,4+00) — [0, +00) as, respectively,

feo [ 4 w=40
10 zeR-{0}’

V(x?y7z) = ]'
and

If we take z¢ = 0, then for x = 40, we get

S (40,40,0), S (40,40, f40) , S (0,0, f0)
. 5(40,40,£40)5(0,0,£0)
A" (40,0) = max 5(40,40,0) 1 5(40,40, f40) 1 5(0,0,f40) *
(40,40, 40)5(40,40, £0) +5(0,0,£40) (0.0, £0)
5(0,0,740) +.5(40,40, 0)

160

— 2 _
= max{80, ,0,0, 102}
= 80

and
S (40,40, f40) = S (40, 40,41) = 2.

Then we have

+ (40,40, £40) S (£40, £40,40) = 2 < 40 = % — (A7 (40,0)).
Consequently, f is a y-ys-f,,-contractive mapping with o = 0. Also we

have
r=2

and so f fixes the circle C5, = {—1,1} and the disc Dg, = [-1,1].

Since every S-metric generates a b-metric, then we get the following:
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DEFINITION 9. Let (X, d®) be a b-metric space and f : X — X be a self-
mapping. f is called an a-y,-f,,-contractive mapping if there exist xo € X,
a: X x X —[1,400) and ¢ € ¥ such that

d° (fz,z) >0 = a(x,a:g)ds (fx,z) <Y (A} (z,20)),
for all x € X, where

d% (2,y),d% (w, f2),d% (y, fy),
. _ d®(z,fz)d®(y,fy)
Ab (l’,y) = Imax ds J:y)—l—ds :c fy g+dS( , 7
d*(z, fx)ds(x,fy +d>( )ds W, fy)
ds(y, f:v)+ds(ﬂc Iy)

PROPOSITION 2. If f is an a-yy-f,,-contractive mapping o, € X, then we
have fxy = xg.

THEOREM 12. Let f be an a-yy-f,-contractive mapping with o € X and
the number
—inf{ds(fx,m):xEX,m#fx} (5)

... foreachxz e C?

If fo € CY 2, then f fixes the circle ct

Zo,r* "

COROLLARY 2. Let f be an a-yy-f,,-contractive mapping with o € X and
r* be defined as in 5. If fx € D} . foreachz € Db _, then f fixes the
disc D, ..

Using the integral type technique, we give the following.

DerINITION 10. Let (X, S) be an S-metric space and f : X — X be a self-
mapping. f is called an integral type a--f.,-contractive mapping if there
existzg € X,v: X x X x X — [1,4+00) and ¢ € ¥ such that

(z,x,20)S(fx,fz,x) (A" (z,20))
S(fx, fr,x) >0:>/ (t)dtg/ @ (t)dt,
0

forall x € X.

REMARK 8. If we take ¢ (t) = 1 in Definition 10, then the notions of a -1 s-
fz,-contractive mapping and an integral type v-¢s- f,,-contractive mapping
coincide.

PRoPoOSITION 3. If f is an integral type -1 s-f.,-contractive mapping xo €
X, then we have fxy = xg.
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Proof. By the similar arguments used in the proof of Proposition 1, this can
be easily seen. ]

THEOREM 13. Let f be an integral type v-1s-f,-contractive mapping xo €
X and the number r be defined as in 4. If fz € C3 foreachz € Cy |
then f fixes the circle Cs .

Proof. By the similar arguments used in the proof of Theorem 11, this can
be easily proved. O

COROLLARY 3. Let f be an integral type v-is-f,-contractive mapping xo €
X and the number r be defined as in 4. If fz € D3 foreachz € D3 |,
then f fixes the disc Dy .

REMARK 9.

1. If we take ¢ (t) = 1, then Proposition 1 and Proposition 3 coincide.

2. If we take ¢ (t) = 1, then Theorem 11 and Theorem 13 coincide.

3. If we take ¢ (t) = 1, then Corollary 1 and Corollary 3 coincide.

4. On b-metric spaces, the notion of an integral type a-v-f,,-contractive
mapping can be defined and some integral type fixed-circle results can be
proved.

Conclusion

In this article, three different techniques used in fixed-point theory are
used together. For this purpose, fixed-point theorems are obtained by us-
ing multiple new generalized contractive conditions on S-metric spaces,
which are an example of generalized metric spaces. As an application of
the obtained theorems, new results are obtained for the fixed-circle prob-
lem, which is a geometric generalization approach. On the other hand,
another point that makes this study important is to further investigate the
applications of the obtained fixed-circle results to activation functions. For
example, we consider the Rectified linear unit (ReLU) activation function, (
for more details, see (Nair & Hinton, 2010)), defined as

0, <0
z, x>0

ReLU (z) = {

Let us take X = {—10} U [0, +00) with the S-metric defined as in Example
3 and define the mappings v : X x X x X — [1,400) and ¢ : [0, 4+00) —
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[0, +00) as, respectively,
r’}/ (x7 y? Z) =
and

Yt =3

If we take zy = 20, then for z = —10, we get
A* (—10,20) = 60

and
S (—10,—-10, ReLU (—10)) = 20.

Then we have

~v(~10,—10,20) S (ReLU (—10) , ReLU (—10),—10) = 20 < 30

60

2

= ¥ (A*(-10,20)).

Hence, RelLU is a -y s- f,,-contractive mapping zo = 20. Also, we have
r =20

and so ReLU fixes the circle C5) 5, = {10, 30} and the disc D3, ,, = [10,30] .
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Resumen

Introduccién: Este articulo se centra en la extension de la teoria
de puntos fijos en espacios S-métricos mediante la introduccién
de nuevas condiciones contractivas generalizadas. Estos desa-
rrollos buscan enriquecer las herramientas analiticas disponibles
para el estudio de dichos espacios

Métodos: Se establecen diversos teoremas de punto fijo me-
diante la aplicacion de las condiciones contractivas recientemen-
te definidas. La metodologia incluye aplicaciones contractivas
tanto estandar como integrales. Ademas, se utiliza un enfoque
geométrico para obtener nuevos teoremas de circulo fijo dentro
del marco de la métrica S.

Resultados: Se demuestran varios teoremas de punto fijo y
circulo fijo en las condiciones propuestas. Se proporcionan
ejemplos ilustrativos para validar los hallazgos teéricos y demos-
trar su aplicabilidad.

Conclusion: Los hallazgos de este estudio no solo amplian el al-
cance de la teoria de punto fijo en espacios S-métricos, sino que
también ofrecen posibles implicaciones para aplicaciones practi-
cas. En particular, los resultados podrian contribuir al desarrollo
de las matematicas computacionales y al disefio de funciones
de activacion de redes neuronales.

Palabras claves: espacio S-métrico, teorema del punto fijo, con-
traccion generalizada, contraccion de tipo integral, circulo fijo,
enfoque geométrico, funcién de activacion, redes neuronales.
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Pesrome:

BeedeHue: [JlaHHasi cmambsi nocesuw,eHa pacliupeHuro meopuu
HernodsUXHbIX MOYeK 8 S-mempuyecKkux rnpocmpaHcmeax ry-
mem sgedeHusi Hogbix 0606WeHHbIX ycrosuli cxxamusi. Uccre-
doeaHue HarpaesieHo Ha yryHweHUe aHaaumu4yecKux UHCmpy-
MeHmMo8, 0oCMYrIHbIX 8 U3yYeHUU MoG06HbIX MpocmpaHcme

Memodbi: YcmaHoeneH ps0 meopem O HernoOBUXHbLIX MOY-
Kax c npumeHeHuem ycnosul. Memodornoausi ekrro4aem Kak
cmaHOapmHble, mak U UHme- epasbHble MPUHUUMbI CXXUMaro-
wux omobpaxkeHud. Nomumo moeo, ucrnonb3yemcs 2eomempu-
yeckul nodxod Oris rosy4eHuUs1 HO8bIX MeopeM O Hernod8UXXHbIX
moykax 8 S Mempu4ecKoM rpocmpaHcmae.

Pesynsmamei: [JokasaHbl HEKOMOPbIe MeoPEMbI O HEMO- O8LX-
HbIX MOYKax U HEernoOB8UXXHbLIX OKPYXHOCMSIX. MPeOoXeH- HbIX
ycrnosusix. lNpusedeHbl HaensiOHbIe npumMepsbi 05151 Nodmeepxoe-
HUST meopemu4yecKux 8bi80008 U OeMoHcmpayuu rnpuMeHuUMo-
cmu pesynbmamos.

Baknouerue: Pe3ynbmambl daHHO20 uccredosaHusi He Mofsib-
KO pacwupsitom obsiacmb MPUMEeHEHUsT meopuu Hernodsux-
HOU MOYKU 8 S-MempuyecKux rpocmpaHcmeax, HO U mMo2ym
6bImb UCMOIb308aHbI 8 MPUKIAOHbLIX MPUNIOXeHUsiX. B wyacm-
Hocmu, pesynibmamasi Mo2ym criocobecmeosams Pas3gumuio 8bi-
yucnumernsHol MamemMamuku U paspabomke yHKyul akmu-
sauuu HelipoHHbIX cemel. B yacmHocmu, oHuU Mo2ym crio-
cobcmeosamb pasgUMUIO 8bIHUCTIUMEBbHOU MameMamuKku U
rnpoekmuposa- HU yHKUULU akmusayuu 8 HelPOHHbLIX CEeMSiX.

Knoyesble criosa: S-mempuyeckoe npocmpaHcmeo, meopema
0 HernoosuXXHol moyke, 0606WeHHoe cxxamueéHHas , cxamue
UHMeezparbHo20 muna, Hernoo8UXXHasl OKPYXHOCMb, 2e0Mempu-
yeckul nodxod, hyHKyUs akmusayuu, HelipOHHbIe cemu.
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KATETOPWJA (TWM) YNAHKA: opurMHanHu Hay4Hu pag

Caxxemak:

Y800: Texuwme 0802 pada je Ha Npowuper meopuje Hero-
KpemHux madaka y C-mempuydke rnpocmope yeohereMm Hogeux
2eHeparnu3osaHeux KOHmMpakmugHeux ycrogea. L{urb ogoe rnpo-
wupusarsa jecme O0a ce obozame aHanumuyku anamu éocmyri-
HU 3a rnpoydyasar-e 08aK8UX rpocmopa.

Memode: Pasnudume meopeme O HErNnOKPemHoj madku ycro-
cmaesbeHe cy Kopuwherem Ho800eghUHUCaHUX KOHMpaKmue-
Hux ycnoea. Memodonoezuja obyxeama cmaHOapOHa npecriuka-
garba, Kao U Mpecriukasearba UHmezpanaHoz2 murna KoHmpakuyu-
je Takohe, kopucmu ce u eeomempujcku npucmyn dakako 6u
ce Qoburie Hoge meopemMe O HEMNOKPemHoj maduku yHymap C-
Mempu4Koe rpocmopa.

Pesynmamu: [Joka3zaHo je HEKOMUKO meopema O HEMOKPEMHUM
maydkama U HeroKpemHum Kpy2o8uma rnod rpednoxeHum ycrio-
euma. HaeedeHu npumepu Umycmpyjy meopujcke Hanase u rno-
Kasyjy npuMeH/bueocm pesynmama.

Bakrbyyak: Pesynmamu ogoe pada He camo Oa rpowiupyjy 0o-
MeH meopuje HernoKpemHux mavaka Ha C-mempuyke rnpocmope
eeh, u Hyde nomeHyujanHe umrsukayuje 3a npuMeHy y cmeap-
Hocmu. Takohe, moay Oa QornpuHecy pa3eojy y obnacmuma pa-
YyHapcKe Mamemamuke U rpojeKkmoeara akmugayUuoHUX QOyHK-
yuja HeypoOHCKUX Mpexa.

KrbyuHe pedu: C-mempuydKu npocmop, meopema O Herokpem-
HOj maJyku, eeHepariu3oeaHa KOHmpakuyuja, KoHmpakyuja uHme-
epariHoe muria, HermoKpemHu Kpya, 2e0MempujcKu rnpucmyri, ak-
mueayuoHa hyHKyuja, HEyPOHCKe MpeEXe.
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Abstract:

Introduction/Purpose: The study addressed the existence and uniqueness
of mild solutions for a class of periodic semi-linear functional differential
inclusion systems with state-dependent delays. Such systems are of
growing interest due to their wide range of applications in control theory,
biological systems, and engineering models involving time delays and
uncertainties.

Methods: The investigation was conducted within the framework of Banach
spaces. The Perov fixed point theorem, known for its effectiveness in
handling systems with multiple components, was applied to establish the
existence of mild solutions. The analytical approach incorporated
techniques suitable for differential inclusions and operator theory,
particularly focusing on systems influenced by state-dependent delays.

Results: Several results were obtained concerning the existence and
uniqueness of mild solutions for the considered system. The application of
the Perov fixed point theorem allowed the derivation of sufficient conditions
under which such solutions exist. Furthermore, the periodic nature of the
system was accounted for, ensuring the solutions adhered to the prescribed
temporal structure.

Conclusions: The findings confirmed that under specific assumptions, the
system admits at least one mild solution. The results contributed to the
theoretical foundation of functional differential inclusions with delays.
Researchers were encouraged to further explore these outcomes and to
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develop computational and numerical methods for approximating the
theoretical solutions, thereby extending the applicability of the current
research.

Key words: mild solutions, state-dependent delays, Banach spaces,
multivalued maps, fixed points, functional differential inclusions, semi-
linear systems

Introduction

Functional differential equations and inclusions play a crucial role in
various fields such as biology, physics, and engineering, and have
attracted significant attention in recent years.To navigate the extensive
literature on functional differential equations, valuable resources include
books by Hale (1977), Hale and Lunel (2013), Kolmanovskii & Myshkis,
(1999), along with the references contained therein.

Over the past decades, researchers have conducted extensive
investigations into the existence and uniqueness of solutions for semi-
linear functional differential equations and inclusions. Various types of
solutions, including mild, strong, classical, almost periodic, and almost
automorphic solutions, have been explored using methodologies such as
semigroup theory, fixed point arguments, degree theory, and measures of
non-compactness. Noteworthy contributions to this body of work can be
found in books by (Ahmed, 1991, Kolmanovskii et al, 1999 & Wu 1996),
and the related references such as the articles by (Daoudi et al, 2018;
Mohamed & Tayeb, 2019).

In this paper, we consider a system with state-dependent delays of
the following form:

x'® —Ax(t) EF, (t,x(t — Tt %)), y(t — T (e, yt))) ,t €] :=0,b]

) y,(t) - AZy(t) € FZ (t,X(t - ﬂ(f:xt)):}’(t - Tz(t;yt))):t E] = [0, b]
x() = ¢1(t),t € [-7,0] 1)

y(@) = @2(t), t€[-r,0]
\ x(0) = x(b) and y(0) = y(b)
where the operators A;,i = 1; 2 are the infinitesimal generator of a C,-
semigroup T;(t)¢»o On a Banach space E. b; r are real numbers with

b, r>0 .

Fi{,F, : ] XE X E - P(E) are multifunctions, and

T : [0,b] x C([-r,0],E) » [0,r],i = 1; 2 are the given continuous
functions.
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For any function x defined on [-r; bJand anyt € ]J,we denote
by x, the element of C([—r; 0], E) defined by
x(0) = x(t +0),0 € [-r,0].
Here, x.(-) represents the history of the state from the time t —r, up to
the present time t.

Throughout this paper, the operators A;, i = 1,2 are the infinitesimal
generator of a C, —semigroup T;(t)>o and there exists M > 0 such that

IT)| <M for allt e].

C([-r,b],E) is the Banach space of all continuous functions from
[—7; b]into E with the norm
llles = sup sup flx(c +6)]l.
6€[-r1,0] te[0,b]
Set C,:= C([-r,0],E) and C := C([-r,b],E).

This paper is organized as follows: Section 2 briefy recalls some basic
definitions and preliminary facts which will be used throughout the
following sections.

Section 3 proves the existence of set solutions for a functional
differential inclusions system with state-dependent delays with periodic
conditions.

Preliminaries

In this section, we introduce notations, definitions, and preliminary
facts which are used throughout this paper.

Definition (2.1) (Daoudi, 2018): A square matrix of real numbers is
said to converge to zero if and only if its spectral radius p(M) is strictly less
than 1. In other words, this means that all the eigenvalues of M are in the
open unit disc i.e|A| < 1; for every A € C with det(M — Al) = 0, wherel
denote the unit matrix of M, (R).

Multi-valued analysis

Let (X, d)be a metric space and Y be a subset of X: Denote by

cPX)={Y CcX:Y # @)

* P,(X) = {YEP(X):Y has the property “p”} where p could be:
cl =closed,

b=bounded, cp =compact, cv =convex, etc. Thus,

*Pu(X) = {Y € P(X):Y closed}

e P(X) = {Y € P(X):Y bounded}.

*Pep(X) = {Y € P(X): Y compact}.
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* P.,(X) ={Y € P(X):Y convex}where X is a Banach space.

¢ :Pcv,cp(X) = :Pcv(X)n:Pcp(X)-

Let (X,d,) be a metric space. Denote by Hqy the Hausdorff pseudo-
metric distance on P(X) defined as

Hy: P(X) X P(X) - R,U{oo}, Hy (4, B)

= max {sup d.(a,B),supd.(A4, b),} .
acA beEB

where d,(4,b) = inf d.(a,b ) and d.(a,B) = inf d,(a,b). Then
a€cA bEB

( Py, (X), Hy,) is @ metric space and ( P (X),Hy,) is a generalized metric
space. In particular, Hq, satisfies the triangle inequality.

Consider the generalized Hausdorff pseudo-metric distance
Hq: PX) X P(X) » R} U{o0}

defined by
Hy (A B)

Hy(A,B) = .
Hdn (A, B)

Definition 2.2 (Daoudi, 2018): Let (X,d) be a generalized metric
space, and let N: X —» P.;(X) be a multivalued operator. The operator N is
said to be contractive if there exists a matrix M € M, (R,) such that
M* - 0ask — o

and
Hd(N(u),N(v)) < Md(u,v), forallu,v € X.

Let (X,d) and (Y, p) be two metric spaces and F: X - P(Y ) be a multi-
valued mapping. Then F is said to be lower semi-continuous (l.s.c.) if the
inverse image of Vby F

FTIV)={x€eX:F(x)NV # ¢}

is open for any open set Vin Y . Equivalently, F is I.s.c. if the core of

VbyF

FPlW)={xeX:F(x)cV}

is closed for any closed setVinY .

Likewise, the map F is called upper semi-continuous(u.s.c.) on X if
for each x, € X the set F(x,) is a nonempty, closed subset of X, and if for
each open set N of Y containing F(x,), there exists an open neighborhood
M of x, such that F(M) € Y. That is, if the set F~1(V) is closed for any
closed set V in Y. Equivalently, F is u.s.c. if the set F*1(V )is open for any
opensetVvViny.
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The mapping F is said to be completely continuous if it is u.s.c. and,
for every bounded subset A € X, F(A) is relatively compact, i.e., there
exists a relatively compact set K = K(A) c X such that

F(A) = U{F(x):x €A} cK.

Also, F is compact if F(X) is relatively compact, and it is called locally
compact if for each x € X, there exists an open set U containing x such that
F(U) is relatively compact.

We denote the graph of F to be the set

Graph(F) = {(x,y) e X xY,y € F(x)} , and we recall the following
facts.

Definition 2.3 (Daoudi, 2018): A multivalued map F:[a,b] - P(Y) is
said to be measurable if for every open U c Y; the set

F71(U) = {x € Y:F(x) c U} is Lebesgue measurable.

Definition 2.4 (Djebali et al, 2010): A multi-map F is called a
Carathéodory function if

(a) the multi-map t — F(t, x) is measurable for each x € X;

(b) for a.e. t €], the map x — F(t,x) is upper semi-continuous.

Furthermore, F is L!-Carathéodory if it is further locally integrably
bounded, i.e., for each positive r, there exists h,. € L'(J, R") such that
1t )|l < h(b), fora.e.t € Jandall |x| < r.

Lemma 2.5 (Hale, 1977) : The multivalued map F:[a,b] = P, (Y ) is
measurable if and only if for each x € Y , the function {: [a, b] — [0, +)
defined by

((t) = dist(x,F(t)) =inf{llx —yll:y € F(t)},t € [a,b], is Lebesgue
measurable.

The following two lemmas are needed. The first one is the celebrated
Kuratowski-Ryll-Nardzewski selection theorem.

Lemma 2.6 (Daoudi,_2018): Let Y be a separable metric space and
F:[a,b] » P(Y) a measurable multi-valued map with nonempty closed
values. Then F has a measurable selection.

Lemma 2.7 (Daoudi, 2018): Let I be a compact interval and E be a
Banach space. Let F be an L!-Carathéodory multi-valued map with Spy #
@ , and let T be a linear continuous mapping from L!(I,E) to C(I,E). Then,
the operator

FOSF:C(I:E) - :Pcp,c(E)r y - (FOSF)(y) = F(SF,y);
is a closed graph operator in C(I, E) x C(I,E), where Sg, is known as
the selectors set from F and given by

fe€Spy,={f€ LMULE):f(t) eF(t,y(¥)) fora.e.t € I}.
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Lemma 2.8 (Daoudi, 2018): Let I be a compact interval and E be a
Banach space. Let F be an L'-Carathéodory multi-valued map with S, #
@, and let T be a linear continuous mapping from L'(I,E) to C(I,E). Then,
the operator

FOSF: C(I: E) - :Pcp,c(E)ry - (FOSF)(y) = F(SF,y);
is a closed graph operator in C(L,E) x C(I,E), where Sg, is known as
the selectors set from F and given by

fE€Spy={f € *ULE): f(t) € F(t,y(t)) fora.e.t € I}.
Lemma 2.9 (Aubin & Frankowska, 1990): If G: X — P,,is u.s.c, then
for any lim supG(x) = G(x,).
X—Xgo

Lemma 2.10 (Aubin & Frankowska, 1990): Let (k,)neny € k € X be a
sequence of subsets where K is compact in the separable Banach space

X. Then
E(lim supkn) = ﬂ E(U kn>,
n—-oo
N>0 nz=N

where coA refers to the closure of the convex hull of A.

Lemma 2.11 (Aubin & Frankowska, 1990): Every semi-compact
sequence L}([0; b], E) is weakly compact in L1([0; b],; E).

Lemma 2.12 (Djebali et al 2010): Let E be a normed space and
Xxren € E be a sequence weakly converging to a limit x € E. Then there
exists a sequence of convex combinations y, = Y= a0 with oy > 0
fork=1,2,..,mand y, = Y™ a,,x = 1, which converges strongly to x.

Theorem 2.13 (Sinacer et al, 2016): Let (X; d) be a complete
generalized metric space and F:X - P.,(X) a contractive multivalued
operator with the Lipschitz matrix M. Then N has a unique fixed point.

Theorem 2.14 (Wu, 1996): Let (X, d) be a complete generalized metric
space and F:X -» P,4(X) be a multivalued map. Assume that there exist
A, B, C € M, (R,) such that
H, (F(x),F(y)) < Ad(x,y) + Bd(y, F(x)) + Cd(x,F(x)),

where A + C converge to zero. Then there exists x € X such that x €

F(x).

768



Existence results

In this section, we assume that 1€ p(T(b)) and give our main
existence and uniqueness result for problem (1). Before starting and
proving this result, we give the definition of its mild solution.

Definition 3.1 See details in (Djebali et al 2010).

A function (x,y) € C x C is said to be a mild solution of problem (1) if
x(t) = @1(t), y(t) = @,(t),t € [-r,0] and if there exists v;,v, € L'(J,E)
such that

v, EF; (t,x(t —14(t, xt)),y(t —T,(t, yt))) a.e. on J such that
b t
x(t) =Ty (t)(I — Ty(b)~ ! f T, (b — s)v,(s)ds + f T,(t — s) vy ds,
0 0

b t
Y(©) = Ty (O = Ty (b)) jo Ty(b — $)v(s) ds + fo Ty(t — 5) vpds,

Xo=xpand yo =y,.

Assume that the following conditions:

(G1) F;: ] XEXE - Py, o, (E); t » Fi(t,u,v); i = 1,2 are measurable
foreacht € Jandu,v € C.

(G,) There exist functions [;,1; € L*(J,R) - R,,i = 1,2 such that

Hy(Fi(t,u,v) — Fi(t, %, 7)) < L(©Ollu —all + [, ()|lv — ¥l for every

te J,ui,v, "€ E and
Hd(O, F;(t, 0,0)) < li(t),foralla.e.t € Jandi = 1,2.

(G3) There exists a constant p; > 0,i = 1; 2 such that

Izt w) — @) < pillu — all

forallu; i€ Eand t €].

(G4) There exists a constant k; > 0,i = 1; 2 such that
Hy(Fi(t; u(sy); v(s1) — Fi(t; u(sz); v(s1)) < kqlsy — sol + kalsy — sal,

foreveryt € J, s;; s, € [—r; blandu; v € E.

Theorem (3.2): Assume that (G;) , (G,) , (G3) and (G,) are satisfied
and the matrix

_ < M? ><k1.01 + il kipa + ||21||L1>
M=|————+M - 7
O™ kapy + ol kapo + ||| 2

converges to zero; then problem (1) has a unique mild solution.
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Proof: Consider the operator N: C x C — P(C x C) defined for (x,y) €
C X C by

N(x; y) =

L (hy hy) € C % C: (hl(t))

h,(t)

b
MO0 -10)" [ 1o -9m6ds
0

t
+f T, (t — s)vi(s)ds
= 0 b ,fort
OO R ACER AT
0

t

+J T,(t — s)vy(s)ds
0

€ [0,b] ;

y,
and hy(t) = @,(t); hy(t) = @,(t) fort € [—r; 0], where

v € Spy = {f € MU E): (1)
EF; (t,x(t —11(t, %)), y(t — 72(¢, yt))) ,a.e. t € ]}.

Clearly, the fixed points of the operator N are the solutions of problem

(1). Let
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b
( (Tl O(I-T1 (b))_lf T, (b — s)v,(s)ds
Nl(x,y)={h1€C:h1(t)= : 0 >
k k +J;) T,(t —s)v,(s)ds, t €] :=10,b] )
and
b
( (TZ O -T, (b))_lf T, (b — s)v,(s)ds
Nz(x,y)={hZEC:h2(t)= . 0 >
k k +f0 T,(t — s)v,(s)ds, t €] :=[0,b] )
Hence,

N(x,y) = (Nl(x, v), N, (x, y)) forevery (x,y) € C X C.

Since for each (x,y) € C x C, the nonlinearity F; takes convex values,
the selection set Sg, , , is convex, then N has convex values. We show that
N satisfies the assumptions of Theorem 2.13.

Let (x,y), (], §) € C? x C?and (hy,h,) € N(x,y). Then there exists v; €

F; (t, X(t —1,(t, xt)),y(t —T,(t, yt))) , i =1,2 such that

b
ROU-10)" [ 1o-neds
[
+ | Ti(t —s)v(s)ds
(hl(t)) = 0 ,fort €[0,b]

h,(t) _, b
; T, (0 (1 - T, (1)) " f Ty(b — $)vy(s)ds
0

t
+ f T,(t — s)v,(s)ds
0
(G,) implies that
Hg, (Fi(t,x(t = 71(t, %)), y(t — 72(t, ¥p)))
- Fi(t, f(t —14(t, ft));f’(t —75(t, 37t)))) <
Hg, (Fi(t,x(t = 71(t, %)), y(t — 72(t, ¥p)))
— Fy (6, %(t — 71(t, %)), 9 (t — 72(t, 7)) +
Hg, (F(t,x(t — 74 (t, xt)),f/(t — 75(t,¥)))
- Fi (¢, f(t —1.(¢, ft))'f’(t —T2(t, yt)))) =
l1(t)(||x(t —74(t, xt)) - f(t —14(t, J?t))” + kqllt (& xe) — 71 (8, xt)”)+
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LO([ly(t — 726, 30) = 5(¢ — 126 y)|| + kallzz (&, 30 — (6, 7)) <
ll(t)(”x(t —74(8, xxt)) - f(t —14(2, xt))” + kypqllxe — JZt||) +
l_1(t)(||y(t —1,(t, yt)) - 37(t — 1,(¢, yt))” + kypally: — 372”) ) te]j
and
Hg, (F1 (t,x (t —14(¢, xt)):)’(t - 1,(¢, }’t)))
— Fi(t,%(t = 11 (t, %)), §(t = 12(t, F))) <
Hg, (F1 (t,x(t —14(t, xt)):)’(t —1,(¢, yt)))
- Fi (¢, f(t —14(¢, xt)),f/(t —7,(t, Yt)))) +
Hg, (Fi(t, %(t — 71(t, %)), 7 (t — 72(t, ¥p)))
- F1(t:f(t —14(¢, ft));f’(t — 7,(t, 37t)))) <
lZ(t)(”xt(t —74(8, xt)) - ft(t —14(¢, xt))” + kyllze (6 %) — T4 (8, Jzt)”) +
LO(ly(t =2t y0) — 5(t — 26y || + Fallr2 (. 30) — T2 (TN <
L, (t)(”x(t —14(¢, xt)) - f(t —14(¢, xt))” + kipgllx — % ”) +
1 (t)(”)’(t —1,(¢, J’t)) - )7(t —1,(¢, yt))” + k1pollye — )7”); te].
Hence, there is some

(w,w) € F(t, x(t —14(8, xt))'}’(t —T2(t,¥:))) X Fy (¢, x(t —14(¢, xt))'Y(t
—72(t,¥:)))

such that foreacht € ]

v (6) =Wl < l1(t)(||x(t —14(t, xt)) - f(t —14(t, xt))” + kipllx: — 9?”)
+

21(t)(||3’(t —1,(¢, J’t)) - )7(t —1,(¢, J’t))” + kipallye — )72”)
and
lv2(8) = Wil < L(©)||x(t = 71(t, %)) — X(t — 71.(t, %) || + kypallxe — %l
+1, (t)HJ’(t —1,(t, yt)) - 37(t — 1,(¢, yt))” + kypally: — 37t||)-
Consider the multi-valued maps U;:J - R,i = 1; 2 defined by

Up(8) = {f € Fi(t,x(t — 14 (t, %)), y(t — T2(t, ¥2))):
v (®) —wll < l1(t)”x(t —74(¢, xt)) - J?(t —74(¢, xt))” + k1pqllxe — x|

+Z1(t)||y(t —1,(t, yt)) - 37(t —1,(t, yt))” + kypally: — 37t||)
and

Up(8) = {f € Fa(t, x(t — 7,(t, %)), ¥ (t — 72(t, ¥1))):
lv, (&) —wll < lz(t)”x(t —74(¢, xt)) - f(t —74(¢, xt))” + kypqllx: — %l
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+Z2 (t)lb’(t —1,(t, }’t)) - 37(’5 — 1,(t, }’t))” + kipollye — yt”)-
Then U;(t) is a nonempty set and Theorem Ill,4.1 in (Daoudi, 2018)
tells us that U; is measurable. Moreover, the multi-valued intersection

operator V;(*) = U;(")NF; (x( -1:(, %)), ¥(: —TZ(-,y))) is measurable.

Therefore, by Lemma 2.6, there exists a function t - v;, which is a
measurable selection for V;, that is

U, €F (t,x(t —1,(t, xt)),y(t —T,(t, yt))) and
lv,(®) — 7. (DI < l1(t)”x(t —74(8, xt)) - f(t —74(¢, xt))” + kypqllxe — %l

+Z1(t)||y(t —1,(t, yt)) - 37(t —1,(t, J’t))l + kypally: — 37t||)
and

lv2(8) — (O < LO||x(t — 71t %)) — (¢ — 718, ) || + kapallxe — %l
+1, (t)lb’(t —1,(t, }’t)) - 37(’5 —1,(¢, }’t))” + kypally: — yt”)-
Define hy, h, by

b t
hy(t) = Tl(t)(l — Tl(b))_lf T (b — s)v,(s)ds + f T, (t —s)vi(s)ds,t €]
0 0

and

b t
hy(t) =T, (t)(l —-T, (b))_lf T,(b — s)v,(s)ds + f T,(t — s)v,(s)ds,t
0 0

€J.
Thenfort € ], there is

|1 (&) = A (®) ||
M? b i
< =g, Bl = 12 - 26 =i Gs.00)]

+ I£1P1||xs — Xl +71(5)||3’(5 —1,(5,95) = F(s — 1205, 35)) ||
+ k1p2 ”ys - 5’5”) ds

+M (fy L()||x(s = 12(5,2%9)) = (s = 725, %)) + kapa llxs —

X |l +Z1(5)||)’(5 —15(s, ys)) - }7(5 —T5(s, }’s))” + E1P2||)’s - }75”) ds
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MZ b .
< <m + M) <Jo ll(s)”x(_s —174(s, xs)) — x(s —174(s, xs))”
+ k1p1llxs — Xl +l1(s)||y(s —T5(s, )’s)) —5(s — 12, )’s))”

+ 1_51172”}’5 - ys”)ds>

M? _ _
< <m+ M) (k1P1 + 1l 1, kapo + ||l1||L1) (lx = Zll o, lly = Fll o)

Thus,
~ M2 _
WM—MLS<mt7@m+Mﬂhm+WMmhm

+11all,1) Ul = Zlloo Iy = Flle)-
By an analogous relation, one finally arrives at the estimate
Hd1 (Nl (x,¥), Ny (%, }7))

2 — -
< (e + M) (ks + llalls, Kapa + [Tl ) Cllx = xlleo Iy = Flle)-
Similarly, there is
Hdz(Nz(x,}’);Nz(f;f’))

M? _
S|+ M) (kyps + |I2ll2 k
<”1 — T(b)” ) ( 2P1 211, 2P2

+ 1l ) (1% = Kl lly = Fleo)

Therefore,
llx — Xl

Hy(N(x,y),N(%, 7)) < M(IIy _yllm),for all(x,y), (%,%) € C? x C2.

Thus, by Theorem 2.13, the operator N has a unique fixed point which
is a unique mild solution to problem (1).

Conclusion

This paper, using the recent Perov fixed point theorem technique on
a Banach space, presents an existence result for a mild solution to a semi-
linear operator system of periodic functional differential inclusions.

Researchers are encouraged to explore these findings further and
develop computational and numerical methods to approximate the results,
providing an alternative approach to advancing the current study.
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CAMPO: Matematicas
TIPO DE ARTICULO: articulo cientifico original

Resumen:

Introduccidén/objetivo: El estudio abordé la existencia y singularidad de
soluciones suaves para una clase de sistemas de inclusién diferenciales
funcionales semilineales periédicos con retardos dependientes del estado.
Estos sistemas son de creciente interés debido a su amplia gama de
aplicaciones en teoria de control, sistemas biolégicos y modelos de
ingenieria que involucran retrasos de tiempo e incertidumbres.

Métodos: La investigacion se realizé6 en el marco de los espacios de
Banach. Se aplicé el teorema del punto fijo de Perov, conocido por su
eficacia en el manejo de sistemas con multiples componentes, para
establecer la existencia de soluciones suaves. El enfoque analitico
incorporé técnicas adecuadas para inclusiones diferenciales y teoria de
operadores, con especial atencién a sistemas influenciados por retardos
dependientes del estado.

Resultados: Se obtuvieron varios resultados relativos a la existencia y
unicidad de soluciones suaves para el sistema considerado. La aplicacion
del teorema del punto fijjo de Perov permitid derivar las condiciones
suficientes para la existencia de dichas soluciones. Ademas, se tuvo en
cuenta la naturaleza periddica del sistema, asegurando que las soluciones
se ajustaran a la estructura temporal prescrita.

Conclusion: Los hallazgos confirmaron que, bajo supuestos especificos, el
sistema admite al menos una solucion moderada. Los resultados
contribuyeron a la fundamentacion tedrica de las inclusiones diferenciales
funcionales con retardos. Se alenté a los investigadores a explorar mas a
fondo estos resultados y a desarrollar métodos computacionales y
numeéricos para aproximar las soluciones teoricas, ampliando asi la
aplicabilidad de la investigacion actual.

Palabras claves: soluciones suaves, retardos dependientes del estado,
espacios de Banach, aplicaciones multivaluadas, puntos fijos,
inclusiones diferenciales funcionales, sistemas semilineales

lMepuoamnyeckas nonynuHernHasa PyHKUMOHaNbHO-
anddepeHunanbHas cuctema BKIIOYEHUS C 3aBUCALLMMMN OT
COCTOSIHUA 3aAepXKKamMm

Xanugpa Qayams®®, koppecnongeHT, Moxamed Benanan?

2 YHuBepcuTeTckmin ueHTp Hyp-bawup-Onb-basg, Onb-basg, Amkup,
HayuHbin uHcTUTYT, Onb-basg, Amkup

% Yuusepcutet Cuan-benb-A66eca, Matematudeckas nabopartopus, Amkump,
Cwuan-benb-Abbec, Armxump,

PYBPUWKA T'PHTU: 27.01.00 O6Lume BONpockl MateMaThkm
BWO CTATbW: opurmHanbHas Hay4Has ctaTes
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Pe3some:

BeedeHue/uyenb: B daHHOM  uccriefosaHuu  paccMmampusaruch
cyulecmeosaHue U YHUKallbHOCMb Ms2Kux peweHul Orns Knacca
nepuoduyecKux nonynuHeuHbIX cucmem OyHKYUOHarbLHO-
oughepeHUuanbHO20 BKTIOYEHUST C 3adepxKamu, 3asucswumu om
cocmosiHus. Takue cucmembl 8bi3bigatom 60MbWOoU UHmMepec u3-3a ux
WIUPOKO20 criekmpa NMPpUMEHEHUST 8 Meopuu yrpasieHusi, buono2u4ecKux
cucmeMax U UHXEHEPHbIX MOOesIsiX, C8513aHHbIX C 8PEMEHHbIMU
3adepxKamu U HeorpederneHHOCMsMU.

Metogel:  UccnedosaHue nposodunocb 8 pamkax baHaxosozo
npocmpaHcmea. Teopema [lepoea O  HemnoOBUWXHOU  MOYKe,
omuyarouasics 3¢gbgheKmueHoOCmbio 8 pabome ¢ MHO20KOMIOHEHMHbLIMU
cucmemamu, 6blna rnpumeHeHa Orisi 6bisierieHuUsi crabbix peweHud.
AHanumuyeckull  nodxod ekmodYan MemoOdbl, nodxodsuwue  Ons
OucbgbepeHyuarnbHbIX BKKYEHUU U meopuu ornepamopos, ¢ 0cOobbiM
yriopoM Ha cucmembl, Mo08ePKEHHbIM 3a0epXKKaM, 3asucsauumM om
COCMOSIHUS.

Pesynbmamebi: B xode uccriedogaHusi ObirI0  MOyYEHO HECKOJIbKO
pe3ynibmamos, KacaroUuxcs CyuecmeosaHusi U yHUKanbHocmu criabbix
pelweHul ro aHanusupyemou cucmeme. lNpumeHeHue meopemsi [leposa
0 HernoOBUXXHOU MOYKe TOMOR2IIO 8bISI8UMb YCII08US, MPU KOMOPbIX MaKue
peweHusi Moaym ucronb3oeamecs. [lomumMo moeo, 6bil  y4YmeH
nepuodudeckuli  xapakmep  cCUCMEMbl, 4mMO  2apaHmupoearsio
coomeemcmeue peweHul rnpednucaHHOU 8PEMEHHOU CmpyKmype.
Bbigodbi:  Pesynbmamel  nodmeepousnu, 4mo rpu  orpedesieHHbIX
obcmosimeniscmeax cucmema Oornyckaem xomsi 6bi OOHO Msi2koe
peuwieHue. Pesynbmambi  cniocobcmeosanu  meopemu4ecKoMy
060CHOB8aHUK  (byHKUUOHaIbHO-0UthghepeHyuarnbHbIX  8KITIOYEHUU C
3a0epxkamu. Mccriedoeamernsim 6birio  npedrioXeHo  rpPodormKUMb
u3y4yeHue rorlyYeHHbIX pe3yrbmamos U paspabomamb YUC/IeHHbIe
MemoOb! 0151 annpoKcuMayuu meopemuyecKux peweHul, mem cambiv
pacwupus rnpuMeHUMocme 0aHHO20 UCCie008aHUs.

Knroyesbie criosa: MsiekUue pelwieHus, 3asucswiue Om COCMOSIHUS
3adepxku, 6aHaxoe0 MPOCMPaHCME0, MHO203Ha4YyHbIe OMOBPaXXeHUSs,
HEernoo8UXHbIe mOouYKuU, QyHKYUOHarbHO-0ughgepeHyuasbHble
BKITIOYEHUST, MOMyUHEUHbIE CUCMEeMbI.

nepI/IOﬂ,I/I‘-IHI/I ceMunnHeapHu beHKLI,I/IOHaJ'IHI/I CuUcTemMm I/IHKJ'Iy3I/Ije ca
KalwHkbewbnma 3aBUCHUM O CTaka

Kanugpa Oayon®®, aymop 3a npenucky, Moxamed Benangn@

a YHuBepanuteTcku ueHtap Hoyp baunp En-bajag
WHctuTyT Hayka, En-Bajaa, Amxup, +

6 NaGopaTtopuja 3a MaTtemaTuky, YHuBepautet Cuan Ben-Abec,
Cwnamn ben-Abec, Anmxup,
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OBJIACT: matemaTtumka
KATEFOPWUJA (TWIM) YNAHKA: opurnHanHu Hay4Hu pag

Caxemak:

Yeod/Lurb: Y o8oj cmyduju obpaljyje ce nocmojare U jeduHcmeeHocm
criabux pelwersa 3a Kracy nepuodUYHUX CeMUTUHeapHUX (hyHKUUOHaITHUX
OugbepeHyujanHux cucmema UHKIy3Uje ca KalWlHerUuMa 3a8UCHUM 00
cmara. Cee je sehe uHmMepecosar-e 3a 0oge cucmeme 3602 HUX0802
WupoKoe criekmpa rfpuMeHe y meopuju yrpasrbara, OuonowKum
cucmeMuma, Kao U UHXeHepCKuM ModesiuMa Koju yKIbydyjy epeMeHcka
KawHeHa U Heu3gecHocmu.

Memode: cmpaxuearbe je criposedeHo yHymap baHaxosux npocmopa.
Teopema o ¢bukcHoj mauku lepoesa, nosHama no ceojoj echukacHocmu
rpu pady ca 8ULWEKOMITOHEHMHUM cucmemuma, npuMer-eHa je Kkako bu ce
ymepousio riocmojarbe  cnabux pewera. AHanumuyku  rpucmyn
YKIby4HUBao je MmexHUKe [0200He 3a OucbepeHyujanHe UHKIy3uje U
meopujy ornepamopa, ¢ rnocebHum ¢hoKycom Ha cucmeme rnod ymuuyajem
KawHeHa 3agUCHUX 00 cmarba.

Pesynmamu: [obujeHo je HEKOnuko pesynmama Koju ce 00Hoce Ha
rocmojarse U jeduHcmeeHocm criabux pewera 3a pasmampaHu cucmem.
lNpumeHa meopeme o ¢ukcHoj mayku leposa omoeyhuna je uzeohere
dososbHUX ycrioea rod KojuMa makea pewera rocmoje. Llimasuwe,
y3ema je y 063up nepuoduyHa rnpupoda cucmema, wmo je obezbedurio da
ce peuwierba npudp>xaesajy nporucaHe 8peMeHCKe CImpyKmype.

Sakrbyyak: Hanasu cy nomepdunu  OGa, nod  crneyughudHum
npemrocmaskama, cucmem 00380sbasa HajMarbe jedHo criabo peulerse.
Pesynmamu cy QOorpuHenu meopujcKoj OCHO8U  QbYyHKUUOHAaHUX
ducbepeHyujanHux UHKysuja ca Kawmewuma. Hicmpaxueayu ce
nodcmudy Ga darbe ucnumyjy oea pewera u 0a paseujajy padyHapcke u
Hymepu4ke mMemode 3a arpoKcuMauujy meopujckux peuwiera, wmo 6u
omoeyhuro wupy npumeHy 080e ucmpaxusarba.

KmbyyHe peyu: crnaba pewera, Kawrera 3asucHa 00 cmama,
baHaxosu mnpocmopu, euwespedHOCHe Mare, HEernoMu4yHe madke,
yHKUuoHarHe dughepeHyujanHe UHKIy3Uje, ceMunuHeapHuU cucmemu
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Abstract:

Introduction/purpose: Higher educational service quality (HSQ) is one of the
prominent areas redefined in 14, imposing many challenges on higher
educational institutions (HEIs). In this context, the present work aims to fulfill
two objectives: a) to develop a novel risk assessment framework for failure
mode and effect analysis (FMEA) using the intuitionistic fuzzy set (IFS) and
b) to assess potential risk factors or failures faced by HEIs in delivering
superior HSQ in Industry 4.0 (14).

Methods: The present work uses a multi-criteria decision-making (MCDM)
model, such as comparisons between ranked criteria (COBRAC), with IFS-
based Dombi aggregation for group decision making to develop a novel
extension of the FMEA framework. The present work proposes an
innovative approach by incorporating an additional dimension in the
classical FMEA model such as intractability. The failure modes (FMs) are
identified from the viewpoint of the HSQ afttributes. Subsequently, the
present work examines the validity of the outcome by comparing several
MCDM models and sensitivity analysis.

Results: Based on the opinions of 23 experts, the current work reveals the
dominance of risk factors such as ethical concerns (FM-9), infrastructural
constraints (FM-2), and shortage of funds (FM-6).

Conclusion: The paper highlights the need to build a holistic ecosystem with
available resources. The ongoing study provides several novelties, such as
an extension of FMEA with an additional dimension and IFS-Dombi

779

in higher education pp. 779-825

Biswas B. et al,, A novel intuitionistic fuzzy FMEA framework with dombi aggregation for service quality in industry 4.0: application


https://orcid.org/0000-0001-5869-4998
https://orcid.org/0000-0002-9243-2403
https://doi.org/10.5937/vojtehg73-55682

EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 3

aggregation, using the COBRAC model for FMEA, and an innovative
approach to risk assessment for HSQ, which are helpful for decision makers
and researchers.

Key words: service quality, higher educational institutions, FMEA,
intuitionistic fuzzy set, COBRAC, Dombi aggregation.

Introduction

The higher education system (HES) is pivotal in ensuring economic
growth, fostering sustainable development, developing and nurturing
talents for future potential, and building an innovative ecosystem while
integrating society, business, and government. A well-developed and
executed HES promotes innovation and technical progress, sustaining
economic prosperity. It advances social fairness, enabling more seamless
transfers within the job market. Higher education investments favourably
correlate with economic growth, particularly in human capital development
(Chaabouni & Mbarek, 2023). After the beginning of Industry 4.0 in 2011,
the HES and higher educational institutions (HEIs) have witnessed
phenomenal technological growth in Industry 4.0 (14). The recent
pandemic has pronounced the power of digital technologies in higher
education. Digital technologies like smart classrooms, augmented and
virtual reality, the Internet of Things (loT), cloud-based interactivity and
computing, cutting-edge computing tools and techniques, digital twins,
chatbots, and blockchains have redefined HSQ offered by the HES in 14.
The changes are reflected in the curriculum transformation (emphasizing
technical, cognitive, and problem-solving skills, entrepreneurial mindset
and adaptive thinking for career development, and ethical concerns),
innovative teaching-learning environment (using flipped classrooms,
AR/VR-based interactions, use of avatars and simulations, emphasis on
experiential learning, personalized and blended learning and content
delivery), student engagement, stakeholder connect, administrative
process, and collaborative research and partnerships (Jamaludin et al,
2020; Moraes et al, 2023; Dempere et al, 2023; Alenezi, 2023; Biswas et
al, 2023; Wang et al, 2023).

While technological progress has offered several opportunities for
HEIs, the HES has also been exposed to many unprecedented challenges
or potential risk factors. The risks stem from the factors such as digital
inclusion,  accessibilty and implementation of technological
advancements, competency building for faculty members and students,
and re-alignment of the existing HES and teaching-learning processes in
the realm of technological progress while maintaining diversity and ethics
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to satisfy the needs of stakeholders (Majid et al, 2022). The digital
revolution of higher education encounters obstacles in equipping
educators with essential digital competencies for effective teaching.
Assessing digital competencies is essential for successful digital learning
programs, and inadequate training may impede these advantages
(Akhmetshin et al, 2020; Chaabouni & Mbarek, 2023). Given the
opportunities and challenges posited by technological advancements for
HEls, the present age invokes adaptability to the evolving demands of
students and other stakeholders, including corporate bodies, efficient
technology utilization, and prioritization of quality and accessibility (Liu &
Shi, 2023; Abulibdeh et al, 2024). Digital transformation in higher
education emphasizes tailored learning environments, improving
engagement and motivation, and aligning with the connectivism theory to
ensure sustainability and academic achievement and address different
student requirements (Shenkoya & Kim, 2023; Leow et al, 2023). HEIs
must bring about a cultural shift within and around the HES to overcome
the challenges and risk factors for developing a conducive and adaptable
innovative ecosystem to ride on technological growth (Alenezi & Akour,
2023). The myriad of contributions toward unlocking the potential and
challenges for HEls in 14 necessitates the development of a
comprehensive risk assessment framework for evaluating possible failure
modes or risk factors. The existing literature does not reveal plentiful
contributions using a multidimensional risk assessment framework for
unearthing criticalities of the risk factors. The aforesaid gap in the literature
motivates us to be committed to this work.

The current work utilizes a widely used risk assessment framework
such as failure mode and effects analysis (FMEA). The classical FMEA
framework embodies priority scores of the risk factors based on three
dimensions such as severity (S) (signifying the extent to which the
concerned risk factor is affecting the system), occurrence (O) (indicating
the likelihood of occurrence of the corresponding risk factor), and
detectability (D) (reflects the extent to which the system can identify the
corresponding risk factor). The overall priority of the risk factor is
determined by a risk priority number (RPN) (RPN = S x 0 x D) (Bowles &
Pelaez, 1995).

FMEA has been widely applied by scholars in various risk assessment
problems, see, e.g., (Peddi et al, 2023; Sun et al, 2023; Resende et al,
2024). The existing literature shows several applications of FMEA in higher
education, see, e.g., (Lin & Lo, 2024; Nasrallah et al, 2023). Nevertheless,
FMEA has enormous potential for applications in higher education to
evaluate risk priority in various processes, including HSQ (Zulfigar et al,
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2024). Some contributions used FMEA vis-a-vis HSQ (Anastasiadou &
Zirinoglou, 2020). However, the applications of FMEA for figuring out
service quality risks for higher education in 14 are limited, almost rare. This
has motivated us to utilize FMEA to evaluate the priorities of the failure
modes (FM) of HSQ. Further, we learn some limitations of the classical
FMEA model from scholars (Salah et al, 2023; Liu et al, 2024; Sumrit &
Keeratibhubordee, 2025). The classical FMEA model suffers from
limitations such as the following ones: a) Conventional FMEA model
cannot capture the impreciseness of information and subjective bias; b) In
the conventional FMEA model, there is no prioritization of individual
dimensions. Further, there is no room for assigning relative importance to
the risk factors from the perspective of the context of the problem. As a
result, on many occasions, there may be multiple FMs having the same
RPN value; c) There are no options to assign weights to decision makers
(based on their expertise or experience, etc.) in traditional FMEA; and d)
The calculation of the RPN is relatively simple, which often dilutes the
outcome.

Given these limitations, numerous contributions have modified
classical FMEA using uncertainty-based modelling (Yu et al, 2023; Sun et
al, 2023). This paper uses |IFS-based analysis to capture uncertainty and
subjective bias for carrying out FMEA. Some studies incorporated
additional dimensions in the conventional FMEA model. For instance,
Salah et al. (2023) used an additional criterion, such as the dependency
of the risk factors on each other. Besides dependency, the aforesaid work
also applied the Pareto principle to classify the risk factors. The work of
Sumrit & Keeratibhubordee (2025) proposes three additional dimensions:
cost of FM, complexity of resolution, and impact on business. However,
none of the previous extensions of FMEA have precisely considered a
crucial aspect called the manageability of risk. It is important to determine
the mitigation plan for managing the risks effectively. Given volatility,
uncertainty, complexity, and ambiguity (VUCA) prevailing over the external
environment, the identified risks' manageability helps decision makers
prepare contingency and preventive action plans. The proposed FMEA
approach of this study is thus an action plan driven approach with wide
practical applications. In this work, we fill the stated gap in the literature by
providing an innovative approach of carrying out FMEA. Hence, the current
study sets the following research objectives:

- RO 1. To develop a multi-perspective framework for evaluating the

priorities of the risk factors or failure modes of higher education
service quality in Industry 4.0.
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- RO2. To modify the conventional FMEA framework and extend it

using subjective information under uncertainty.

To widen the applicability of classical fuzzy sets (CFSs) (Zadeh,
1965), the concept of IFSs was proposed to capture the vagueness
through two types of membership functions such as the membership (u)
and the non-membership (), subject to their interrelationship determined
by the inequality p + 9 <1 (Atanassov, 1986). Table 1 provides a summary
of some of the advancements of CFSs. Table 1 shows that the IFS
provides more pragmatic analysis under uncertainty than the CFS, yet it is

simple to apply and conceptualize.

Table 1 — Evolution of fuzzy sets and its advancements

Type of Concept Remarks Reference
Fuzzy Sets
CFSs Consider only Limited but straightforward to Zadeh
e [0, 1] consider the imprecision (1965)
Type 2 Fuzziness of the Can handle a higher level of Zadeh
Fuzzy Sets | membership degree uncertainty, but complex in (1975a)
calculation, and consider a
single membership
Interval- Membership degree is A better representation than Zadeh
Valued expressed in terms of CFSs but limited to a single (1975b)
Fuzzy Sets | the interval membership interval
IFSs Consider both Simple to understand and a Atanassov
1,3 €[0,1] such that better representation of (1986)
imprecision. However, they
M+ g<1 are constrained by the cases
where 1 +9>1
Hesitant Existence of multiple Able to deal with Torra
Fuzzy Sets | membership degrees indeterminacy but (2010)
computationally complex for
large datasets
Spherical Consider the neutral A generalization of PyFS with Glindogdu
Fuzzy Sets | membership degree the degree of neutrality. They &
such that are limited to spherical Kahraman
qu +7]2 +92 <1 constraint and complex (2019)
P, 9- Consider both Further generalization of Seikh &
Quasirung 1,9 €[0,1] such that qROFSs but suffer from Mandal
Orthopair complexity in parameter (2022)
Fuzzy Sets | u’ +93? <1;p,q>1 | selection
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The remainder of this manuscript is organized in the following
manner. The subsequent section (Section 2) revisits recent studies
published in related fields. Section 3 exhibits the preliminary concepts of
the IFS. Section 4 outlines the steps of the research methodology. Section
5 records significant findings. Section 6 discusses the findings and outlines
research implications. In the end, Section 7 provides the concluding
remarks and highlights future scopes.

Underpinning of related work

This section revisits the existing literature to provide a theoretical
foundation for the current study.

Theoretical underpinning: Service quality models

The SERVQUAL model defines service quality (SQ) as a measure to
close the gap between expected and experienced service levels. The
classical SERVQUAL framework has five underlying dimensions:
reliability, tangibles, responsiveness, assurance, and empathy. HEIs have
adopted the SERVQUAL model to define HSQ. According to the
SERVQUAL model used in the HES, HSQ is measured by the
effectiveness in teaching and learning, faculty and student quality, and
facilitating conditions to support students. Many HEIs have used the
SERVQUAL model to define measurable performance attributes while
upholding the reliability and trust of service delivery, ultimately leading to
stakeholder satisfaction and organizational excellence (Oliso et al, 2024;
Fuchs & Fangpong, 2021; Abbas, 2020). For the enduring performance
and competitiveness of HEIs to achieve sustainable growth, the nexus
between service quality, satisfaction, and loyalty is essential (Nguyen et
al, 2024).

Nevertheless, several scholars highlighted the pressing need to
revise the conventional SERVQUAL model while being adopted in the
HES. Researchers devised an alternative framework, such as the
HEJPERF (Higher Education PERFormance) model (Abdullah, 2005).
This model evaluates service quality in higher education through five
dimensions: academic and non-academic components, reputation,
access, and program-related difficulties. It assesses instructional quality,
extracurricular attributes, prestige, accessibility, and course pertinence to
ensure an exceptional educational experience (Feifei et al, 2022).

The SQM-HEI approach, created by Indian academics, emphasizes
the assessment of service quality in higher education, incorporating
instructional methods, environmental modifications, and disciplinary
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measures to improve educational quality in the nation (Khan et al, 2022;
Subandi & Hamid, 2021). Research indicates a favorable correlation
between transformative service quality and satisfaction in higher
education. The technical dimension of service quality, incredibly
transformational service quality, profoundly influences student
satisfaction. Students' mental goodness shapes their emotional response
toward their university, and they anticipate equitable treatment. Functional
service quality significantly influences the perceived value more than the
technical component (Teeroovengadum et al, 2019).

The theoretical contributions reveal that HSQ depends on several

attributes. Some of the crucial attributes are outlined below.

- The evolving and contemporary curriculum is a pivotal attribute in
enhancing HSQ. It is the cornerstone for skill development,
enhancing students' employability, promoting analytical reasoning,
innovative concepts, efficient decision making, and adaptability to
evolving educational requirements.

- Knowledge discovery and dissemination play crucial roles in HSQ.
They indicate the development of requisite competencies and
skills, fostering research, innovation, curriculum development, and
stakeholder engagement.

- Innovative teaching-learning environment: This is required to foster
experiential learning, linking theoretical knowledge to practical
application, and equipping students for employment.

- Physical and technological infrastructure: This attribute entails the
resources supporting interdisciplinary programs, experiential
learning, and entrepreneurial programs, innovative teaching and
learning through flipped classrooms, online platforms, innovative
delivery, and simulations to provide students with a
comprehensive, personalized and immersive learning experience
while enhancing student satisfaction and upholding institutional
prestige.

- Support services: Refer to the availability of responsive,
empathetic, and accessible administrative and academic support
to cater to the needs of diverse student categories while offering
necessary guidance and counseling.

- Organizational culture is about shared values and ethics and
promoting community impact. An open culture, led by good
governance, promotes student development, equity, and
adaptability.
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Challenges of HEIs in the digital age

This section summarizes some related past studies discussing
challenges or potential risk factors for HEIs to deliver superior HSQ in 14.
The challenges are discussed in various contexts, and scholars have
adopted different methodologies, as recorded in Table 2.

E VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 3

Table 2 — Summary of some research contributions discussing challenges for HEIs

Author(s) Context The | Key challenges Methodology
ory
Benavides | Digital NA | Curriculum upgradation Qualitative: a
et al, 2020 | technology and flexibility, lack of review of the
applications in innovation, knowledge literature
higher education and competencies,
organizational change
Bonfield et | Application of 14 NA | Shortage of skills, Qualitative —
al, 2020 technologies in creation of a memorable scenario analysis
HEIls across student experience, and case studies
different security and privacy,
countries innovative teaching
methods
Mahyoob, | Challenges Inefficiency in technology | Descriptive
2020 faced by learners g‘ use, language issues analysis of the
attending e- @ responses
. e .
learning = received from 148
programs in the =z students
context of B
COVID-19 <
Fahim et Enrolment in NA Poor employability, lack Subjective
al, 2021 MBA programs of entrepreneurial information-based
offered by HEls programs, cost, long grey incidence
payback period, poor ROI | analysis
Zaléniené | Sustainability in NA | Sustainability-focused Qualitative-
& Pereira, | higher education curriculum development discussions and
2021 and organizational perspectives
culture, community
connect
Wang et HEls in 14 NA Upgradation and Subjective and
al, 2023 development of objective
contemporary curriculum, | information-based
integration of digital application of the
technologies, adoption of | g Rung Orthopair
advanced computing fuzzy MEREC-
such as cloud computing | SWARA-CoCoSo
framework
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Author(s) Context The | Key challenges Methodology
ory
Rasul et Use of Con | Maintenance of ethics Qualitative: a
al, 2023 generative Al stru | and equity, academic review of the
(ChatGPT) in ctivi | integrity, information literature and
higher education | st distortion, lack of skills, conceptual
theo | evaluation of learning framework
ry of | outcome
lear
ning
Chan & Students’ NA | Ethics and privacy Mixed method:
Hu, 2023 perception of the issues, lack of empirical analysis
use of generative competencies, diluted of 339 responses
Al in higher human values, improper | from Hong Kong
education policy using descriptive
and thematic
analysis
Abulibdeh | Digital NA | Shortage of IT and Qualitative: a
et al, 2024 | technologies for analytical skills, review of the
sustainable curriculum update, literature
development shortage of infrastructure,
and industry connect
Li, 2024 Role of higher NA | Skill development Qualitative: a
education in review of the
developing literature and
workforce for conceptual
manufacturing framework
This paper | HSQ of Indian Mix | Ethical concerns, Modified FMEA
HEls in 14 ed infrastructural framework with
theo | constraints, shortage of the IFS-Dombi
ry funds aggregation-
based COBRAC
method

Failure Modes and Effect Analysis framework for risk
assessment

The FMEA framework is a widely used model for evaluating risk
factors. Its applications are found in various domains such as engineering,
technology, basic science, social science, and management. Scholars
have modified and extended the FMEA model using uncertainty measures,
MCDM models, and machine learning methods. Table 3 provides a

summary of some of the recent contributions.
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Table 3 — Summary of research contributions applying FMEA

Author(s) Application Dimen | Information Approach
area sions type
Sun et al, 2023 Lead-acid S, O, D | Subjective FMEA using regret
battery theory and ORESTE
manufacturing
process
Ervural & Ayaz, Manufacturing | S, O, D | Objective FMEA using
2023 modified CRITIC
and Alternative by
Alternative
Comparison (ABAC)
Park et al, 2023 | Cybersecurity S, O, D | Subjective FMEA using a rule-
based Bayesian
network (RBN)
Ceylan et al, Maritime S, O, D | Objective and Classical FMEA
2023 logistics subjective
Liu et al, 2023a Aircraft power S, O, D | Subjective FMEA using the
system unbalanced hesitant
fuzzy linguistic term
sets and experts’
weighting
Peddi et al, Food waste S, O, D | Subjective Dynamic prediction
2023 management of RPN values using
in the supply deep neural network
chain (machine learning)
based FMEA
Liu et al, 2023b Social network | S, O, D | Subjective Probabilistic double
analysis hierarchy linguistic
term sets and
WASPAS method
and weight
determination
Yu et al, 2023 Maritime S, O, D | Subjective Interval-valued
logistics intuitionistic fuzzy
(submarine rough number and
pipeline modified TODIM and
failures) PROMETHEE-II
methods
Xue et al, 2024 Identification of | S, O, D | Subjective FMEA using interval-

barriers to
electric
vehicles

valued intuitionistic
fuzzy sets, grey
relational analysis,
and expert weighting
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Author(s) Application Dimen | Information Approach
area sions type
Sumrit & Sustainable S, O, D | Objective and FMEA with MCDM
Keeratibhuborde | supply chain + cost, | subjective models such as
e, 2025 management comple LOPCOW, AHP, and
xity, ARAS
and
impact
on
busine
S
Nasrallah et al, Safety risk S, O, D | Objective Classical FMEA
2023 measures in
laboratories
This paper Higher S, O, D | Subjective FMEA with
education + intuitionistic fuzzy
service quality | Intract sets and the Dombi
in 14 ability aggregation-based
(new COBRAC method
dimen and experts’
sion) weighting

MCDM methods for criteria weighting

The field of MCDM methods for determining criteria weights using
subjective opinions has been rapidly expanded over the last few decades.
The Analytic Hierarchy Process (AHP) method is one of the widely used
approaches. However, AHP suffers from more pairwise comparisons and
demonstrates inconsistencies in decision making while considering more
criteria and respondents. Scholars (KerSuliene et al, 2010) gradually
developed a SWARA method that requires only (n-1) pairwise
comparisons. However, this method requires sorting the criteria at the
beginning and considerably depends on the values assigned to the criteria.
Rezaei (2015) introduced BWM to solve the issue of cognitive burden.
BWM sets the references at the beginning by identifying the best and worst
criteria. BWM requires much fewer pairwise comparisons (2n-3) than AHP,
can deal with an extensive criteria set, and provides a consistency
checking. Pamucar et al. (2019) developed the FUCOM method to reduce
pairwise comparisons while checking for consistency. FUCOM requires
only (n-1) number of global pairwise comparisons.

Related work on the applications of Dombi aggregation

Several researchers have applied Dombi aggregation to MCDM-
related problems using imprecise information. Seikh and Chatterjee (2024)
developed a confidence level based IFS Dombi aggregation for e-learning
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website selection. Zhang & Ye (2024) introduced single-valued
neutrosophic fuzzy trigonometric Dombi aggregation operators for vaccine
selection. Ali & Yang (2024) defined circular qROFS based Dombi
aggregation operators for MCDM applications. Liu et al. (2024) devised
complex Pythagorean fuzzy Dombi aggregation for green supply chain
management applications. Recently, Khan et al. (2025) applied
intuitionistic fuzzy rough set and Dombi aggregation to solar cell selection
problem.

Research gaps and motivations of the present study

The following research gaps, revealed from Table 1, can be noticed.
First, studies using theoretical lenses are not plentiful. Second, except for
a few studies, most past contributions used conceptual and review papers
to address the application and challenges of digital technologies in higher
education. Third, there is a lack of focus on HSQ in 14.

It can be noticed (Table 2) that most contributions are made in
manufacturing, logistics, supply chain management, and engineering
problems. However, FMEA has also been used in several problems
concerning the HES. It is evident that FMEA has not been applied
extensively concerning HSQ in 4. Several studies have used subjective
information-based analysis, many of which have used MCDM models. A
few studies have put forth extended FMEA models, but none have
considered manageability.

Some studies incorporated additional dimensions in the conventional
FMEA model. For instance, Salah et al. (2023) used an additional criterion
such as the dependency of risk factors on each other. Besides
dependency, the aforesaid work also applied the Pareto principle to
classify risk factors. The work of Sumrit and Keeratibhubordee (2025)
proposes three additional dimensions: cost of FM, complexity of resolution,
and impact on business. However, none of these extensions have
precisely considered a crucial aspect called the manageability of risk,
which is very important to know for mitigation.

Scholars have felt the importance of Dombi aggregation in solving
complex real-life problems with MCDM applications. However, we could
not trace any application of Dombi aggregation with FMEA to discover the
key risk factors of HSQ. The application of Dombi aggregation in higher
education is scant. Because of its usefulness, Dombi aggregation
effectively decides the key risk factors. Furthermore, the use of IFSs
reduces the computational complexity.
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Contributions of the present study

In summary, the present work offers several contributions to the

growing strand of literature, as outlined below.

1) The present work is the first contribution that provides a novel
modification of the existing FMEA framework with an additional
dimension known as Intractability (I).

2) A novel IFS and Dombi aggregation-based modified FMEA is
proposed that uses the robust algorithm of COBRAC to determine
the relative importance of FMs from the perspective of higher
education and compute the scores of the FMs under each
dimension of FMEA. COBRAC has an inherent advantage in
examining deviations from consistency. Further, the COBRAC
method uses fewer local pairwise comparisons, reducing
computational complexity. Thus, the COBRAC method provides a
more reliable approach to determining the risk appraisal score
(RAS). Further, IFS and Dombi aggregation helps capture the
respondents' impreciseness and subjective bias simply and
flexibly.

3) The use of Dombi aggregation provides several advantages
(Dombi, 1982; Xu & Yager, 2006): a) it provides a flexible
aggregation by tuning the parameter (B) to capture optimism,
neutrality, and pessimism; b) it helps to aggregate the effect values
when criteria are not additive in nature, rather following a nonlinear
relationship; c¢) depending on the parameter values, Dombi
aggregation stands as a generalization of the simple arithmetic,
geometric or harmonic means; d) it provides a better discrimination
of the alternatives or criteria when the performance or effect values
are subtle, i.e., very close to each other; and e) it also enables the
examination of the sensitivity of the outcome concerning the
variations in the external conditions. In this problem, we decide the
RAS depending on the aggregated result of four risk dimensions.
The experts who rated the risk factors have different risk
perceptions - aggressive, conservative, and neutral. Hence, a small
imprecision in the subjective opinion-based prioritization of the risk
factors may result in an amplified error in the RAS. Therefore, the
IFS with Dombi aggregation provides a reliable risk assessment
framework for complex real-life problems.

4) An innovative approach using the conceptual approach of a simple
additive weighting (SAW) method to determine the RAS using the
relative importance of FMs and their positions based on FMEA
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dimensions such as S, O, D, and I. In effect, a scientific basis is
provided to arrive at the RAS other than a simple multiplication of
the dimensions of FMEA.

5) It is also evident that the application of FMEA in HSQ literature is
minimal, almost negligible. Hence, the present paper demonstrates
an efficient approach to determining the RAS of various risk factors
of HSQ in 14.

6) Four-dimensional modified FMEA with IFS and Dombi aggregation
is apparently the first application for assessing the RAS of the FMs
to ensure HSQ in 14. The existing literature shows past
contributions related to various barriers or challenges to the HEIs'
adoption of digital technologies in 4. However, there is a
scantiness of contributions weighing the risk factors based on their
likelihood of happening, consequence, detectability, and
manageability. This paper fulfills the gap in the literature on HSQ
concerning the effect of advanced digital technologies.

7) It demonstrates the sensitivity analysis and reliability assessment
of the FMEA framework with an additional dimension and IFS-
based appraisal.

Preliminary concepts

The present module discusses some preliminary definitions and rules
for operating with IFSs. Past studies (Atanassov, 1986; Hong & Choi,2000;
Xu & Yager, 2006; Xu, 2007) have given the basic definitions and
operations below.

Definition 1.

Let ©2 be the universe of discourse containing the IFS, defined as
Y ={(3, 4(»), ()| y €}

where H(»), 8(3) are defining the degree of membership and non-
membership of the elements Y such that

0<u(»)+3(»y)L1l  forall ye Q—]0,1]

The degree of indeterminacy is derived from the definition of the IFS
as

C)=1-u(y)-90») (1)
In line with the definition of the IFS, an intuitionistic fuzzy number (IFN)

can be expressed as y=(u,9) such that # € (0,18 e[0,1]; p+ 8= 1.
Definition 2.
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Let =81 :('u"‘gl)and 72 = (#,5,) be three IFNs. Here are
the following definitions for operations on IFNs.

7 ®72 = (,u1 + 4, _/“11/'12»‘91‘92)

7 ®y, = (9 +9,-99,)

ay=(1-(1-wp)"*,9*);a >0 is any scalar quantity

yi=w1=-(1=-9")a>0

7 =09 1)

Definition 3.

The following definition is used to determine the score value of an
IFN.

§ =Score(y) = u-8 p e[-11] (2)
The accuracy value of an IFN is obtained as

R =accuracy(y)=(u+39); & €[0,1]
The following comparison rules are used to compare two IFNs.
if #1782 then /1 =7 otherwise
if 1 <2 then 71 <72 else
If 1= P2then if A, <7bthen e

Proceeding further, the scholars (Deb et al, 2022, 2023) came up with
a new definition of the score function below.

3)

« 1

' ==(1+n-9)
2 (4)
Definition 4.
Dombi aggregation
The Dombi t-norm and t-conorm (Dombi, 1982) for any two real

> .
numbers Rland R, with the parameter value B=1 (RI’RZ)E[O’I]X[O’I]
can be expressed as

1
Tnorm (Rl b RZ) =

1

5T (58}
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TCU—VIOVWI

Given a series of IFNs

1

(R, R,) =1~

p
1+ R +
1-R

7, =(1,9); (i=1,2..n)

w, (W, >0; 2w, =1)
i=1 , the intuitionistic fuzzy Dombi weighted geometric
aggregation (IFDWGA) is defined by scholars (Seikh & Mandal, 2021) as

IFDWGA(y1,725y39“"7/n) = 9(7/!)%

n l9
1+ : i
;W’(l—s.

1

1
]ﬁﬂ

Materials and methods

In this section, the research methodology is briefly outlined.

Description of the failure modes

(6)

having weights

(7)

The present study identifies nine FMs, as described below in Table 4.

Table 4 — Failure modes or risk factors for delivering HSQ in 14

S/L Failure mode Description
FM-1 Lack of information It describes the stakeholders' unfamiliarity and lack
about digital of knowledge (students, parents, and staff) about
technologies digital technologies and their usage.
FM -2 | Infrastructural It indicates inadequate digital infrastructure, including
constraints tools, internet connectivity, and resources. It also
includes good administrative support services.
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S/L Failure mode Description

FM-3 Potential skill gap It indicates a lack of expertise among instructors and
students in using advanced digital technologies, a
lack of training programs and development initiatives,
and a lack of connection among industry, R&D,
society, and HElIs. It also entails inadequate
knowledge capital and intellectual outputs.

FM-4 Cultural inertia It describes the cultural barriers and resistance to
adopting new technologies and modes of operation,
such as flipped classrooms, hybrid modes, self-
paced personalized learning, immersive experiential
learning, fear of becoming outdated, and a lack of
room for innovation. It also showcases the absence
of supportive leadership.

FM-5 Difficulty in matching | It entails difficulty offering personalized learning

diverse student experiences to students with diverse socio-

needs demographic backgrounds and ineffective academic
advising, career counseling, and mental health
services. This is a critical issue, especially for
students from rural and less tech-savvy
backgrounds. In effect, student engagement
becomes a challenge.

FM-6 Shortage of funds It indicates the inadequacy of fund support for
adopting advanced technologies, building supportive
infrastructure, providing experiential learning,
connecting with the community, and instilling training
and development programs to bridge the skill gaps.

FM-7 Interoperability risk It is important to compare a new technology system
with the existing one before adopting it. The
advanced technologies of 14 and new systems like
flipped classrooms, experiential learning, and gaming
require seamless integration with the existing
process.

FM-8 Inability to scale up This indicates the limited access of all departments in
HEIs or all regional units to advanced technologies
and processes. Further, implementing a new system
on a massive scale within a short period poses a
significant operational challenge.

FM-9 Ethical concerns This includes security and privacy issues, data

mismanagement, gender disparity, lack of equity,
and regulatory and compliance issues.

Data collection

Twenty-three experts participated in this study's survey. These
experts have substantial experience in higher education management and

recruitment. Their profiles are summarized in Table 5.
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An online questionnaire (using the identified FMs) was prepared and
circulated to the experts. Informal discussions were also held with them
while finalizing the FMs. The rating scales in linguistic terms and their
corresponding IFNs are given in Table 6. Weights were also assigned to
the experts based on their experience. Table 7 gives the linguistic scale to
rate the experts.

Table 5 — Profile of the experts

Role Number Qualification Number
Faculty member 13 Ph.D./ post-doctorate 11
Academic administrator 7 Master degree 11
Industry Practitioners/Entrepreneurs 3 Graduation 1

Total 23 Total 23
Background Number Experience Number
Management/ Social Science 8 More than 25 years 7

Basic Science/ Technology 7 20 to 25 years 8
Arts/Humanities 3 15 to 20 years 4
Commerce 5 10 to 15 years 4

Total 23 Total 23

Table 6 — Linguistic rating scale and the IFNs
(to rate the FMs on the dimensions S, O, D, and 1)

Linguistic scale Code p b

Very High 5 09 0.1
High 4 0.7 0.3
Medium 3 05 05
Low 2 03 0.7
Very Low 1 0.1 0.9

Table 7 — Linguistic rating scale and the IFNs (to rate the experts)

IFN
Linguistic scale Code 0
Very experienced 4 0.85 041
Experienced 3 06 0.35
Medium 2 0.35 0.6
Less experienced 1 0.1 0.85
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Modified FMEA framework with the IFS and Dombi
aggregation

The steps of the modified FMEA framework with the IFS and Dombi
aggregation are below.

Step 1. Figure out the FMs
The FMs are identified based on a literature review and experts'

opinions (Table 4). Suppose fmj denotes the j’h FM.

Step 2. Selection of experts and finding out their weights
Suppose there are i=1,2,...,k experts. Then, the weight of the i
expert is calculated by using Eq. 8 (Tooranloo & sadat Ayatollah, 2016)

Hy
[ﬂk +&, (,Uk 19, ]J

i(ﬂi + é/i (MJJ
i=1 Hi + ‘91 (8)

Step 3. Rating of each FM by the experts based on each of the
dimensions of the modified FMEA model, such as S, O, D and |.
Let

Piis) = ("‘U<S>"9zj(S>)’%<0> = (ﬂmow‘gzj(m ) @iy = (ﬂyw)"gﬁw)) and @y, = (ﬂy'u)"giﬂn
be the ratings (expressed in terms of IFNs corresponding to the linguistic

scale selected for rating) of j”’ FM, given by the i” expert based on the

dimensions of the modified FMEA model, such as S, O, D, and |,
respectively.
Step 4. For each of the dimensions of the modified FMEA (M-FMEA)
model, aggregate expert responses by using Dombi aggregation (Eq. 7).
The aggregated ratings of the FMs for all dimensions of M-FMEA are
given by

Pjcs) :(/‘jm"gj(S))’ (0) :(/‘j<0>"91<0>)’ (D) :(/‘jwv‘g/‘w)) and @, :<ﬂj(1>"gj<1>
respectively. For instance,

th

W, =

)

)
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Pis) = ('”/(S)’ ‘9;(S)) TEDWGA(P, 5y @ js)5+++> Paics))

1
l’
Blp
Jgafe)
i Hijs)
- 1
1- 1
BB
gl )
i=1 1- l91](5)

(9)

k
where o, > 022@ = 1is the weight assigned to the i" expert (see Eq.
i=l1
8) and fis the parameter of Dombi aggregation. In a similar way, all other
aggregations are calculated.
For example,
Pjoy = (%(0)"9/(0))’ (D) (1“;(13)"9](0)) and @; ) = (:“/(wlgxn)

Step 5. Obtain the score values of the aggregated ratings.
The score values are obtained using Eq. 4 for all aggregated ratings.

For example, the score value of ¢, = (,uj(s),&(s)) is obtained as

o =—(+p. o -9
£ j(s) 2( His) = s)) (10)
In a similar way, ¢, and @, are derived.
Step 6. Use the computed score values for ranking, pairwise

comparison, and calculation of FMs' risk scores for each dimension of M-
FMEA separately. For this purpose, the procedural steps of the COBRAC

method (see Section 4.4) are followed. Let ¢, .99, and ¢,

denote the risk scores of j” FM on the dimensions of M-FMEA.

Step 7. Obtain the priority weights of the FNs based on their
importance to HEls.
The experts use the linguistic scales and the corresponding IFNs in

Table 5 to rate the FNs. Let, w, be the priority weight of j’h FM. The priority
weight is obtained by executing the process described in steps 2 to 5.
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Step 8. Find out the weighted risk scores of the FNs for each
dimension of M-FMEA separately. This can be obtained by multiplying the
risk score with the priority weight. For example, the weighted risk score of

7" FM for the dimension S is found as

Vi) =W %X 9is) (11)

In a similar way, the weighted risk scores for all other dimensions of
M-FMEA, i.e., ¥ ),V ;p, and y , ,, are found.

Step 9. Obtain the final risk appraisal scores (RASs) of the FMs.
The simple additive weighting (SAW) method (MacCrimmon, 1968) is

followed to calculate the RAS. Accordingly, the RAS of j” FM is calculated
using Eq. 12, as follows:

@ =Y Vo Vi TV (12)
The higher the RAS, the more significant the corresponding FM.

Conventional COBRAC method

The Comparisons Between Ranked Criteria (COBRAC) method is
developed to derive criteria weights based on localized pairwise
comparison and minimization of deviation from the consistency level.
COBRAC offers several benefits to analysts, providing: a) a lesser number
of local comparisons helping to reduce subjective bias and produce
reliable decision making; b) a large scale for local comparisons to decision
makers; ¢) a built-in mechanism to examine consistency in decision
making; and d) a reliable and consistent calculation for varying the size of
attributes or criteria sets. COBRAC has started garnering attention from
researchers in various applications (Biswas et al, 2024; Demir & Moslem,
2024).

The procedural steps of the conventional COBRAC method are
described below.

Step 1. Ranking of the criteria

Assuming that C;(j €[l,n]) is the most influential or important

criterion as compared with other criteria from the set, the preferential order

is obtained as C,, >C,, >....>C,;, where te[l,m]Indicates the

corresponding rank. This selection can be based on experts’ opinions on
a pre-defined linguistic scale or their performance score values.
Step 2. Pairwise comparison of the criteria
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COBRAC works on the philosophy of local pairwise comparisons.
After a pairwise comparison of the criteria, each pair of criteria is assigned

a value. &£, €[0,1]. For instance, &, ,is the assigned value to the first

and second-ranked criteria, and &, , , is the assigned value for the pairwise

-1,n
comparison between the next to the last and the last ranked criterion. The
result of the local pairwise comparison is expressed as a percentage
contribution of the corresponding criteria in the interval [0,1]. For example,

if C,,>C,with an assigned value ¢, , , =0.60, then it implies that C,
holds 60% of the interval [0,1], while the contribution of Cjis 40%. In the

next step, a transitive relationship is formulated to obtain the global
significance of the criteria.

Step 3. Obtain the weights of the criteria
The COBRAC method performs a total of (n—1)number of pairwise

comparisons for the 7 criteria. The relationships can be expressed as
wWw, = 651,2 :(1_61,2)3
W, tWy = 52,3 (1= 52,3)5
Wn—l : Wn = gn—l,n : (1 - gn—l,n) (1 3)

Consistency in decision making can be achieved by meeting the
transitivity condition.

Wn_l _ é:n—l,n — O
Wn (1 - én—l,n) (14)
In reality, the objective is set to minimize the deviations from the
a) m—1,m .
consistency, i.e., | ml _ S, |SO;] =12..m
| a)m (l_émfl,m)|

To achieve the aforementioned objective, the following model is
formulated.
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Figure 1 — Flowchart of the research methodology
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|Wn—] gn—l,n |

min max -
| Wn (1 - é:nfl,n)

J

S.t.

ZW_/ =Lw,; 20 V)
J= (15)
The above model (Expression 15) is converted into a final model, from
which the criteria weights are obtained.

Min y

S.t

|W,h1 _ é:n—l,n |< i

W, a7

Zn:w_i =Lw, 20Vj

= (16)

The steps of the research methodology are depicted in Figure 1.

Findings

This section demonstrates the step-by-step findings. Nine FMs
(mentioned in Table 3) are involved in this work, and 23 experts
participated in the study. Hence, there are j = 9 and k = 23. The experts
are rated in linguistic terms (Table 7) according to their experience. Then,
the experts' weights are found using Eq. 8. Table 5 outlines the experts’
profiles, and Table 8 summarizes the calculation of their weights.

Table 8 — Calculation of the weights of the experts

Expert Rating p 9 w Expert Rating [V 0 w

R1 4 0.85 0.10 0.0677 R13 4 0.85 0.10 0.0677
R2 1 0.10 0.85 0.0080 R14 3 0.60 0.35 0.0478
R3 3 0.60 0.35 0.0478 R15 4 0.85 0.10 0.0677
R4 4 0.85 0.10 0.0677 R16 3 0.60 0.35 0.0478
R5 2 0.35 0.60 0.0279 R17 2 0.35 0.60 0.0279
R6 3 0.60 0.35 0.0478 R18 3 0.60 0.35 0.0478
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Expert Rating p 3 w Expert Rating M 9 w

R7 3 0.60 0.35 0.0478 R19 1 0.10 0.85 0.0080
R8 2 0.35 0.60 0.0279 R20 4 0.85 0.10 0.0677
R9 4 0.85 0.10 0.0677 R21 1 0.10 0.85 0.0080
R10 3 0.60 0.35 0.0478 R22 3 0.60 0.35 0.0478
R11 2 0.35 0.60 0.0279 R23 4 0.85 0.10 0.0677
R12 1 0.10 0.85 0.0080

As a demonstration, the weight of the fifth expert is calculated as

slita)

-4

)

b=
;[wa[ﬂfj SD [ul 6

(O 35+005[

e
)

Hos
+..+ +
j (,Uzz & [:un +9,

0.85+0.05 0.85 +| 0.1+0.05
0.85+0.1

0.1

0.1+0.85

oo

0.85+0.1

=0.0279

JJ

The experts rate various FMs based on their severity (S), occurrence (O),
detectability (D), and intractability (1) using the linguistics scales provided
in Table 6. For instance, experts' responses to rate various FMs based on
severity are shown in Table 9. Table 6 is then used to find the
corresponding IFNs for the linguistic ratings. The ratings of FMs for other
dimensions (i.e., occurrence, detectability, and intractability) are shown in
Tables A1 to A3 (Appendix A). Tables A5 to A8 exhibit the corresponding
IFNs. Then proceed to step 4. The IFDWGA operator (Eq. 7) aggregates
individual ratings of various FMs. For example, the aggregation of
individual ratings for the fifth FN (indicating its severity) can be
demonstrated by applying Eq. 9.
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Dssy = (IUS(S)’ ‘95(S)

) = IEDWGA(P)55)> Piaysisy >+ Piamscs))

1
1 2
v
23 1—u
Y
i=1 Hiss)
1
1= 1
v
k 4
1Yo o
i=l 1_‘9;5(5)

By setting 3 =1(initial case), one gets ¢, =(0.7046, 0.2954)

The aggregated values for all other FNs are similarly obtained
according to their severity. It may be noted that all these aggregated
results are IFNs. Next, Eq. 10 is applied to get the score values (i.e.,
defuzzified values) of these aggregated IFNs. For instance, the score

value of

. 1
Fss) = 5(1 + sy — SS(S)) =

Ps(s)is
1+0.7046 —0.2954

obtained as

=0.7046

2

Table 9 — Rating of the FNs by the experts (Dimension: severity)

Respondent FM1 FM2 FM3 FM4 FM5 FM6 FM7 FM8 FM9
R1 4 4 4 4 4 4 4 4 4
R2 1 4 5 3 5 4 4 5 5
R3 3 3 3 3 5 3 4 3 4
R4 5 4 4 2 4 4 3 3 2
R5 4 5 4 4 4 3 4 4 4
R6 4 5 4 2 3 5 5 5 2
R7 3 4 4 4 3 4 3 2 4
R8 2 3 4 3 2 5 4 3 4
R9 3 4 4 4 4 3 3 4 4
R10 4 3 3 4 3 4 3 4 4
R11 4 5 5 4 5 4 5 5 4
R12 1 4 4 2 3 4 3 4 3
R13 2 2 3 3 4 5 5 5 5
R14 4 4 5 2 4 3 4 4 5
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Respondent FM1 FM2 FM3 FM4 FM5 FM6 FM7 FM8 FM9
R15
R16
R17
R18
R19
R20
R21
R22
R23

w
w
w
w
w
w
w

N NN OO W - 00 p~DN
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Table 10 — Dombi aggregation (8 = 1) and the calculated score values (Dimension:

severity)

Failure mode p 0 Score

FM1 0.7148 0.2852 0.7148
FM2 0.7961 0.2039 0.7961
FM3 0.7495 0.2505 0.7495
FMm4 0.6045 0.3955 0.6045
FM5 0.7046 0.2954 0.7046
FM6 0.8208 0.1792 0.8208
FM7 0.7630 0.2370 0.7630
FM8 0.7459 0.2541 0.7439
FM9 0.7798 0.2202 0.7798

The aforementioned defuzzified score values are used as inputs to
the procedural steps of the COBRAC method for determining the risk
scores of the FNs based on their severity. The use of the COBRAC method
is justified for two reasons: the consistency in decision making is thus
examined and, in some instances, two FNs may obtain the same
defuzzified score values making them inseparable. Following the steps
mentioned in Section 4.4, one derives the risk scores of the FNs based on
their severity (Table 11). The final model to derive the risk scores is given
below.
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Min y

s.t.
Yo _1.0310[< 7,2 -1.0208| < 7,22 ~1.0221| < 7,2 ~1.0181|< #,
w, W, w, A
M 1.0047 < 7,128 —1.0436| < 7, —1.0144]< 7|5 11657 < 4
Wy w, Wy w,
9
2w =lw,; 2 0Vj
-1 (17)
Table 11 — Calculation of the risk scores using the COBRAC method (Dimension:
severity)
Failure mode Score & 1-¢ &/(1-€) w
FM6 0.8208 0.5076 0.4924 1.0310 0.1229
FM2 0.7961 0.5052 0.4948 1.0208 0.1192
FM9 0.7798 0.5055 0.4945 1.0221 0.1168
FM7 0.7630 0.5045 0.4955 1.0181 0.1142
FM3 0.7495 0.5012 0.4988 1.0047 0.1122
FM8 0.7459 0.5107 0.4893 1.0436 0.1117
FM1 0.7148 0.5036 0.4964 1.0144 0.1070
FM5 0.7046 0.5383 0.4617 1.1657 0.1055
FMm4 0.6045 0.0905
X 0.00000 Sum 1.0000

Similarly, one calculates the risk scores of the FNs based on
occurrence, detectability, and intractability (see Tables 12 to 14). Lingo
(version 20) was used for solving Eq. 17. The sample code is given in
Appendix A.

Table 12 — Calculation of the risk scores using the COBRAC method (Dimension:

occurrence)
Failure mode Score g 1-¢ &/(1-€) w
FM2 0.8101 0.5136 0.4864 1.0559 0.1252
FM6 0.7672 0.5035 0.4965 1.0139 0.1186
FM9 0.7566 0.5071 0.4929 1.0289 0.1170
FM1 0.7354 0.5059 0.4941 1.0238 0.1137
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Failure mode Score 4 1-¢ &/(1-¢) w
FM8 0.7183 0.5010 0.4990 1.0042 0.1111
FM7 0.7154 0.5102 0.4898 1.0416 0.1106
FM3 0.6868 0.5117 0.4883 1.0481 0.1062
FMm4 0.6553 0.5125 0.4875 1.0511 0.1013
FM5 0.6234 0.0964
X 0.00000 Sum 1.0000
Table 13 — Calculation of the risk scores using the COBRAC method (Dimension:
detectability)
Failure mode Score g 1-¢ &/(1-¢) w
FM9 0.7394 0.5370 0.4630 1.1600 0.1389
FM7 0.6374 0.5037 0.4963 1.0150 0.1198
FMm4 0.6280 0.5130 0.4870 1.0533 0.1180
FM5 0.5962 0.5094 0.4906 1.0384 0.1120
FM6 0.5742 0.5119 0.4881 1.0486 0.1079
FM1 0.5476 0.5015 0.4985 1.0058 0.1029
FM3 0.5444 0.5055 0.4945 1.0224 0.1023
FM8 0.5325 0.5049 0.4951 1.0198 0.1001
FM2 0.5221 0.0981
X 0.00000 Sum 1.0000

Table 14 — Calculation of the risk scores using the COBRAC method (Dimension:

Intractability)

Failure mode Score 4 1-¢ &/(1-¢) w
FM6 0.7748 0.5089 0.4911 1.0363 0.1275
FM9 0.7477 0.5019 0.4981 1.0075 0.1231
FM2 0.7421 0.5062 0.4938 1.0252 0.1222
FM4 0.7238 0.5129 0.4871 1.0530 0.1192
FM7 0.6874 0.5217 0.4783 1.0909 0.1132
FM5 0.6301 0.5017 0.4983 1.0069 0.1037
FM8 0.6258 0.5110 0.4890 1.0451 0.1030
FM3 0.5988 0.5237 0.4763 1.0997 0.0986
FM1 0.5445 0.0896

X 0.00000 Sum 1.0000
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Next, the priority weights of the FNs are calculated based on their
importance to HEIs. The rating of the FNs in the linguistic scales and the
corresponding IFNs are given in Tables A4 and A9 (Appendix A). The
same process is followed as in finding out the risk scores. Table 15 shows
the calculated priority weight values of the FNs. It may be noted that in all
these calculations (of risk scores and priority weights), the deviations from
consistency (y ) are almost negligible (~0.0000). It reflects the

robustness of the calculation.

Table 15 — Calculation of the priority weights of the FNs using the COBRAC method

Failure mode Score g 1-¢ &/(1-¢) w
FM2 0.8426 0.5121 0.4879 1.0496 0.1282
FM6 0.8028 0.5012 0.4988 1.0048 0.1222
FM9 0.7990 0.5151 0.4849 1.0624 0.1216
FM1 0.7520 0.5074 0.4926 1.0302 0.1144
FM3 0.7299 0.5135 0.4865 1.0553 0.1111
FM7 0.6917 0.5035 0.4965 1.0142 0.1053
FM5 0.6820 0.5005 0.4995 1.0022 0.1038
FM8 0.6805 0.5355 0.4645 1.1530 0.1036
FM4 0.5902 0.0898
X 0.00000 Sum 1.0000

Eq. 11 is subsequently used to obtain the weighted risk scores of the
FNs for each dimension of M-FMEA, i.e.,
detectability, and intractability. Then, Eq. 12 is used to compute the RASs
of all FNs and to rank them (Table 16).

severity, occurrence,

Table 16 — Calculation of the RASs of the FNs (M-FMEA)

Weighted risk scores

Failure Priority S (0] D | RAS Rank
Modes weights

of failure

modes
FM-1 0.1144 0.1070 0.1137 0.1029 0.0896 0.0473 5
FM-2 0.1282 0.1192 0.1252 0.0981 0.1222 0.0596 2
FM-3 0.1111 0.1122 0.1062 0.1023 0.0986 0.0466 6
FM-4 0.0898 0.0905 0.1013 0.1180 0.1192 0.0385 9
FM-5 0.1038 0.1055 0.0964 0.1120 0.1037 0.0433 8
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Failure Priority S (0] D | RAS Rank
Modes weights

of failure

modes
FM-6 0.1222 0.1229 0.1186 0.1079 0.1275 0.0583 3
FM-7 0.1053 0.1142 0.1106 0.1198 0.1132 0.0482 4
FM-8 0.1036 0.1117  0.1111  0.1001 0.1030 0.0441 7
FM-9 0.1216 0.1168 0.1170 0.1389 0.1231 0.0603 1

Validation

A two-stage validation is performed in this paper.

First, the FMs are ranked based on their weighted risk scores related
to the dimensions of M-FMEA. The FM with the highest weighted risk score
is ranked first. Then, the rank index method (RIM) (Yang et al, 2019) is
used to obtain the rank frequency numbers and the final rank index values.
The alternative with the lowest rank index value is ranked first. Next, both
ranking orders (the one obtained with M-FMEA and the other obtained with
RIM) are compared, followed by the Spearman’s rank correlation test. The
value of the Spearman’s rank correlation coefficient is obtained using Eq.
18.

2
- 6> d,

d,is the difference in the ranks between the constituent elements of

the ;" pair and # is the number of elements.

The value of p=0.9167is obtained. This is significant at the 0.05

level (two-tailed), which confirms a significantly positive association or
consistency between M-FMEA and RIM.

The existing literature shows the comparison of several MCDM
models to ascertain the reliability of a specific method (Biswas & Pamucar,
2021; Pamucar et al, 2023). The FMs are ranked based on the RASs for
each such case. Then, the study examines the correlation of the rankings
(obtained using alternative methods) with the original results obtained
using the COBRAC method. The Spearman’s rank correlation test is
performed to examine the correlation (Table 17).
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Table 17 — Comparison of the MCDM models for the ranking of the FNs (M-FMEA)

Method COBRAC  LBWA g'PREC'A' FUCOM
LBWA Spearman's g33 e __

rho

p-value <.001 —

PIPRECIA- Spearman's 0.904 *** 0.979 *** .

S rho
p-value <.001 <.001 —

FUCOM i%earma” S 0083 **  0917* 0887 ** —
p-value <.001 0.001 0.001 —

*p <.05, *p<.01, **p<.001

The MCDM models maintain a very high and significant correlation
with the COBRAC method, suggesting its reliability.

Sensitivity analysis

MCDM models are susceptible to various external conditions that
influence the outcome of data analysis. The selection of methodological
steps, model formulation, normalization schemes, the interplay between
alternatives and criteria, the size of the alternatives and criteria sets, and
aggregation approaches often make MCDM results sensitive to external
variations. Therefore, the stability of the outcome is a crucial aspect of its
reliability (Puska et al, 2023). Sensitivity analysis is performed to examine
the stability of the outcome. The study varies the parameter values in
Dombi aggregation (Gorgun et al, 2023). Eight experimental cases are
generated and the FNs are ranked under each such case (Table 18). The
result of the sensitivity analysis is plotted in Figure 2. It is visible that the
top five and bottom-most positions remain unaltered despite changes in
the value. It indicates the stable ordering of the superior and inferior
options. It can be noticed that for high values of B (focusing more on the
membership aspect), the sub-optimum alternative FM-5 shows an
improvement in its risk scores (a jump of two positions), while FM-3 and
FM-8 exhibit one-step inferiority. Hence, it may be contended that this
paper’s model shows considerable stability.
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Table 18 — Ranking of the FNs (M-FMEA) under various experimental cases

Failure
Mode
FM1
FM2
FM3
FM4
FM5
FM6
FM7
FM8
FM9
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Discussion

The paper introduces a new methodology for assessing the risk
factors associated with HSQ in 14. It proposes a new M-FMEA model that
utilizes IFS and Dombi aggregation to fill the gaps in the literature on risk
assessment frameworks and measurement of HSQ. The newly added
feature (intractability) evinces the manageability of risks while providing
practical insights for HEIs. From the result analysis, it is noticed that ethical
concerns (FM-9), infrastructural constraints (FM-2), and shortage of funds
(FM-6) are positioned as the top three FMs. More advanced technologies
are invading all spheres of higher education, and ethical conduct breaches
have risen. For instance, the recent development of generative Al has a
double-edged effect on HSQ for good and evil intentions. Cybersecurity
and privacy are of great concern today and are often affected implicitly.
Moreover, scholars have been emphasizing the dark side of technology in
terms of its effect on mental health and social misconduct. The breach of
ethical conduct is, in fact, a silent enemy that can make or break HEIs.

Although there is a proliferation of data and rapid technological
developments, many HEIs cannot leverage them because of inadequate
infrastructure and resources. The availability of adequate infrastructure is
a key cornerstone of the successful use of advanced technologies to
deliver superior HSQ. In 14, internet connectivity and digital tools are
essential to providing fast, timely, and personalized services. The
traditional HES needs to undergo a massive transformation, which
requires a lot of initial capital expenditure. Moreover, HEIs need to be
prepared for offsetting technological obsolescence. In order to make use
of digital technologies, HEIs need to create awareness and educate their
stakeholders at all corners. A conducive ecosystem must connect all
stakeholders, including alumni and corporates. For this, visionary and
vigilant governance is of paramount importance. HEls must prioritize the
implementation of rigorous data governance frameworks and cultivate an
egalitarian digital ecosystem to prevent these threats. However, the
elevation of the level of HSQ requires a seamless transition, during which
the compatibility of the new and existing systems stands out as a crucial
success factor.

The proposed method shows high reliability, resulting in a) almost no
deviation from consistency, b) a highly significant correlation with other
MCDM models, and c) a high amount of internal stability. The modified
FMEA approach has several advantages. First of all, this model considers
the manageability aspect, which helps analysts understand the risks from
the perspective of mitigation. Also, the proposed framework uses IFS-
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based analysis which enables to capture the subjectivity in a simple
manner. Further, the use of Dombi aggregation allows decision makers to
flexibly select the parameter values to examine the model sensitivity. In
addition, the present model assigns weights to experts (based on their
expertise/experience), which enables to consider their opinions
comprehensively. Then, the developed model uses the COBRAC method
to calculate the risk scores of FNs on each of the dimensions ( S, O, D and
). In effect, an inherent consistency checking is built into the process for
each such calculation. Hence, the calculation is examined for its
robustness. The same is examined when one calculates the importance of
FNs from the perspective of HEIs. Finally, in this model, the final RAS
considers the dimensions like S, O, D, and |, and the priorities of FNs to
HEIs. Therefore, the modified FMEA model provides a comprehensive
prioritization of FNs.

The focal point of the developed FMEA framework is the use of the
COBRAC method that requires only the (n—1)number of local pairwise

comparisons, contrast to its counterparts like BWM (2n—3) and AHP
(n(n—1)/2). In this study, the number of risk factors is #=9. The

COBRAC method (8) clearly has an advantage over BWM (15) and AHP
(36). The contemporary methods like FUCOM, LBWA and SWARA also
require the (n—1) number of comparisons. However, FUCOM works with

a globalized comparison. The LBWA method sometimes suffers from the
issue of the criteria's level-wise inseparability, resulting in a high elasticity
coefficient value. The SWARA method often suffers from judgmental
errors.

However, the current model showcases foreseeable limitations, one
of them being a slight limitation in selecting the membership and non-
membership grades from a wider perspective because of linear inequality.
Also, it does not consider the degree of indeterminacy. These limitations
could be avoided by using other variants of fuzzy sets like p, g — Quasirung
Orthopair fuzzy sets, picture fuzzy sets, and spherical fuzzy sets. Another
drawback is that this framework considers a single aggregation operator
and suffers from generalizability. It may be an interesting study to use
multiple aggregation methods such as Dombi-Bonferroni (DOBI) that also
considers the risk attitude of decision makers. Finally, the present model
does not separately calculate the weights of the risk dimensions since we
use priority to business as a multiplier for each of them. Nevertheless, in
some cases, multiplier values and risk scores on the dimensions of the
modified FMEA may be equal, resulting in possible inseparability of FNs.
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The results of this study possess considerable social consequences,
especially in improving equity and accessibility in higher education. By
emphasizing infrastructural enhancements and tackling ethical issues like
data privacy and digital ethics, HEIs may cultivate inclusive educational
settings. The focus on customizing solutions for varied student
requirements, particularly for individuals from minority or rural
backgrounds, reduces systemic inequalities. Furthermore, the framework
facilitates the identification of practical measures to establish a resilient
and adaptive higher education ecosystem, crucial for cultivating socially
responsible graduates prepared to succeed in a digitally driven
environment.

From a managerial viewpoint, the present study demonstrates a
systematic framework for resource allocation and risk management in
higher education institutions. It integrates intractability to prioritize
investments in feasible domains, maximizing resource allocation. The
COBRAC-based ranking ensures a consistent risk assessment, facilitating
strategic planning and operational efficacy. The framework incorporates
modern digital technologies while adhering to ethical and legal
requirements, enabling higher education institutions to be competitive in
Industry 4.0. Ethical concerns, such as security, privacy, and compliance,
are identified as the primary risk factor. Institutions must prioritize data
governance rules and create an egalitarian digital ecosystem.
Infrastructural limitations, such as inadequate digital resources and
connectivity, highlight the need for scalable and sustainable infrastructure.

Conclusion

The present work demonstrates the use of a novel FMEA framework
with uncertainty measures for risk appraisal. This paper considers HSQ as
a problem statement. The attributes of HSQ in I4 are figured out through
literature review and theoretical underpinning. Subsequently, potential risk
factors or FMs have been identified. This work has formulated a focus
group of 23 experts to confirm and prioritize the identified FMs according
to their severity, occurrence, detectability, and a new dimension called
intractability. The modified FMEA used IFSs to capture subjective bias
involved in group decision making. Dombi aggregation is used to
aggregate experts’ responses, which provides notable flexibility to decision
makers when examining the model sensitivity. The COBRAC method has
been used to ascertain the least deviation from consistency, ensuring the
robustness of the model. The results indicate that the essential risk factors,
including ethical issues, infrastructural limitations, and financial
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deficiencies, profoundly affect the provision of quality education in the
digital era.

Nevertheless, the current study offers several scopes for further
research. First, the present work has not used any causal analysis to delve
into the interrelationship among various risk factors and their effects on the
performance of HEls. Second, technological capability and intention to use
have not been studied distinctly. In future work, the effect of technology
adaptation as a mediator can be analysed. Third, the perspectives of
various stakeholders have not been precisely considered regarding their
expectations of the services rendered to them. Future studies may try to
figure out the additional attributes of HSQ and incorporate these aspects
into the FMEA framework to update FMs. Fourth, future studies may
further augment the dimensions of M-FMEA by adding dimensions like
complexity and opportunity cost. Fifth, the proposed M-FMEA framework
may be applied to other various complex problems. Sixth, the IFS has a
limitation in selecting membership and non-membership grades. Future
studies may overcome these issues using q Rung Orthopair or p, q —
Quasirung Orthopair fuzzy sets. Rough sets or intuitionistic fuzzy rough
sets may also be explored for granular analysis. Seventh, the present work
is also constrained by the limited sample size, which may be overcome by
conducting analysis on a large scale.
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Resumen:

Introduccién/objetivo: La calidad de los servicios de educacion superior
(CSS) es una de las areas destacadas que se han redefinido en la 14, lo
que plantea numerosos desafios a las instituciones de educacién superior
(IES). En este contexto, el presente trabajo busca cumplir dos objetivos: a)
desarrollar un nuevo marco de evaluacion de riesgos para el analisis modal
de fallos y efectos (AMEF) mediante el conjunto difuso intuicionista (IFS) y
b) evaluar los posibles factores de riesgo o fallos que enfrentan las IES al
ofrecer una CSS superior en la Industria 4.0 (14).
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Métodos: El presente trabajo utiliza un modelo de toma de decisiones
multicriterio (MCDM), como la comparacion entre criterios jerarquizados
(COBRAC), con agregacion Dombi basada en IFS para la toma de
decisiones grupales, con el fin de desarrollar una nueva extensién del
marco AMFE. El presente trabajo propone un enfoque innovador al
incorporar una dimensién adicional al modelo AMFE clasico, como la
intratabilidad. Los modos de fallo (MF) se identifican desde la perspectiva
de los atributos HSQ. Posteriormente, se examina la validez de los
resultados mediante la comparacion de varios modelos MCDM y un
analisis de sensibilidad.

Resultados: Basado en las opiniones de 23 expertos, el trabajo actual
revela el predominio de factores de riesgo como preocupaciones éticas
(FM-9), limitaciones de infraestructura (FM-2) y escasez de fondos (FM-6).

Conclusién:. El articulo destaca la necesidad de construir un ecosistema
holistico con los recursos disponibles. El estudio en curso aporta varias
novedades, como una extension del AMFE con una dimensién adicional y
la agregacion IFS-Dombi, utilizando el modelo COBRAC para AMFE, y un
enfoque innovador para la evaluacion de riesgos en HSQ, que resultan
utiles para los responsables de la toma de decisiones y los investigadores.

Palabras claves: calidad del servicio, instituciones de educacion
superior, FMEA, conjunto difuso intuicionista, COBRAC, agregacion
Dombi.

HoBas nHTynumoHucTckaa HedeTkas mogens FMEA c arperaumen
Dombi anga noBbiweHUsa ka4ecTBa ycnyr B anoxy YeTBepTomn
NPOMBILLIIEHHON PEBOMOLMN: NPUMEHEHNE B BbICLLEM 06pa3oBaHun

Bunnab buweac?®, CaHdxue buweac’, KoppecnoHAeHT

@ YHueepcumem ICFAI, Panyu, [QxapkxaH0, Pecrniybnuka VHOus

6 Ynusepcumem 3mumu, busHec-wkona Amumu, Kanskymma, 3anadHas
BeHeanus, Pecnybnuka UHOus

PYBPUKA TPHTU: 27.47.00 MaTtemaTnyeckasi KnbepHeTuka,

27.47.19 ViccnegoBaHue onepauui,

28.17.31 MogenupoBaHve NpoLeccoB ynpasneHus
BWO CTATbW: opurmHanbHas Hay4Has ctaTbs

Pe3some:

BeedeHue/yenb: Kavecmeo ycnye ebicuiezo obpasosaHusi (KBO)
senssemcsi 0OHOU U3 eaxHelwux obrnacmel, NepecMOmMpPEHHbIX 8
ycro8usix Yemeepmol MpOMbILWIIEHHOU PeeonoyuU, Komopasi cmasum
rneped 8bICWUMU y4ebHbIMU 3a8e0eHUsIMU MHOXecmaeo 3adad. B amom
KoHmMeKkcme OaHHasi cmambsi HarpaeneHa Ha docmuxeHue 08yx uerneu:
a) paspabomamb HOBYI cUCMeMy OUEHKU pUCKO8 Or1s1 aHau3a pexumos
u nocrnedcmeuti cboes (FMEA) ¢ ucrnonb3o8aHUeM UHMYUUUOHUCMCKUX
Heuemkux MHoxecme (MIHM); 6) oueHumb riomeHuuarsbHblie ¢hakmophbl
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pucka unu cboes, ¢ KOMOPbIMU CMAasIKUBAKMCs 8y3bl Mpu obecrnedyeHUU
8bICOK020 kKavyecmea KBO e ycriosusix yemeepmol poMbILUIEHHOU
pesornroyuu (14).

MemoOdbi: B cmambe ucrofnb3yemcsi MHO20KpumepuanabHas Mooerib
npuHamusi  peweHuli  (MKMIIP), ocHoeaHHasi Ha  CcpasHeHUU
parxupoeaHHbix kpumepues (COBRAC), ¢ azpezayueti Dombi Ha ocHoge
IFS epynnosoeo npuHsamMus peweHuli Ornsi  pa3pabomKu HO8020
pacwupeHusi cucmembl FMEA. B 0OaHHOU cmambe rnpednazaemcsi
UHHOBAUUOHHbIU rodxoo, 3aknodarowutics 80 eHedpeHuU
0Q0rMoHUMEsbHO20 U3MEPEHUST OMKa30oycmou4yu8ocmu 8 KracCu4yecKyto
molenb FMEA. Budbi omka3os (FM) ornpedenisitomcss ¢ moyku 3peHust
ampubymoe KBO. B 3akmodeHuu cmambu rpogedeHa eanudayusi
docmogepHOCMU  [O/TyYEeHHbIX — pe3ynbmamos [ymeM CpasHeHUsi
Heckornbkux modenel MKMIIP u aHanusa yyscmeumerbHocmu.

Pesynbmamel: Ha ocHo8aHUU MHeHUs1 23 3KCrepmos 8bIsi8IeHb!
OoMuHuUpytowue cakmopbel pucka: amudeckue eonpockl (FM-9),
UHgbpacmpykmypHbie ogpaHudeHusi (FM-2) u Hexeamka cpedcme (FM-6).

Bbisod: B cmambe noddepkugsaemcsi HeobxoOumocmb CO30aHUst
uesnocmHol 3KocucmeMbl C UCIMO/Ib308aHUEM UMEHOUUXCST Pecypcos.
HaHHoe uccrnedosaHue co0epum HECKOMbKO HOBWECMS, MaKux Kak
pacwupeHue FMEA 3a cuem dononHuUmesibHo20 USMEePEHUs U agpea2ayuu
IFS-Dombi ¢ ucnonb3osaHuem modenu COBRAC dna FMEA, a makxe
UHHOBaUUOHHbIU nodxo0 k oueHke puckos KBO, komopbie 6ydym
ronesHbiMu 07151 11Ul, MPUHUMAaKWUX peweHus, u uccriedosamerned.

Knrouessle criosa: kadecmeo ycnye, ebicuuue y4ebHbie 3asedeHusi, FMEA,

UHMyuyuoHuUcmckoe Hedemkoe wMHoxecmeo, COBRAC, azpeesauyus
Lombu.

HoBu nHTynctuykm pacnnmHytn ®MEA oksup ca [lombu arperaumjom
3a KBanuTeT ycnyre y nHayctpmjm 4.0 — npymeHa y BUCOKOM
obpasoBamy

Bunnab Buweac®, CaHyue buwesac®, aytop 3a npenucky

2 Yuusepanutet ULPAWN, Panuu, Llapkana, Peny6nvka Nhamja

6 Yuueepantet AmuTu, MocnosHa Lwkona AMUTH,
Kankyta, 3anagHu Bexran, Penybnuka Nuauja

OBNACT: maTemaTuka, onepaumoHa NCTpaxnBama
KATEFOPWUJA (TWIM) YNAHKA: opuriHanHu Hay4Hun pag

Caxemak:

Yeod/yurb: JeOHa 00 8axkHUX 0briacmu Koje ce rnpeucrniumyjy y 4emepmoj
UHOycmpujckoj  pesosniyuyuju  jecme  Keanumem  ycriyea  8UCOKO2
obpasosarba (HSQ), wmo npedcmasrba U3a308 3a BUCOKOWKOSICKE
ycmaHose. Y moM KOHmeKkcmy, o8aj pad uma 080cmpyKu Yurb: da passuje
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HOBU OK8UpP 3a MPOUEHY pu3uKa 3a aHasu3y Ha4uHa U eghekama omka3sa
(FMEA) nomohy uHmyumusHoz ¢hasu ckyrna (IFS), kao u da npoueHu
rnomexyujanHe ¢hakmope puluka Unu omkasa ca Kojuma ce
BUCOKOLUKOJICKE yCmaHo8e cyo4asajy rpu rpy>arby 8UCOKOe2 Keanumema
y yuemespmoj uHdycmpujckoj pesosyuuju (14).

Memode: Y pady je kopuwheH Modes suweKkpumepujyMckoe o0ryqusara
(MCDM) kao wmo je nopehere paHaupaHux kpumepujyma (COBRAC) ca
Hombu aepeesayujoM 3acHO8aHOM Ha UHMYyUumMueHOM ¢ba3u CKyrny 3a
epyrnHo o0ryqusaH-e padu pa3eujaH-a Hoge ekcmeH3uje memode FMEA.
lMpednoxeH je uHOBamueHU MApucmMyn Koju yKkibydyje meuwkohy
KOHmMpornucarma kao 0o0amHu Kpumepujym y KrnacudyHu moden FMEA.
Hauyunu omka3sa (FM) udeHmucbukyjy ce ca cmaHogsuwma ampubyma
HSQ. Takohe, ucnumara je ganudHocm ucxoda ropeheHemM HEeKOIUKO
modenia MCDM u aHarnuse ocemrbugocmul.

Pesynmamu:Ha ocHogy muuwirbersa 23 ekcriepma, y pady ce ymephyjy
OoMUHaHMHU ¢hakmopu pu3uka, Kao Wmo cy emuyka numara (FM-9),
UHgbpacmpykmypHa ozgpaHudyersa (FM-2) u Hedocmamak ¢buHaHCUjCKUX
cpedcmasa (FM-6).

Sakrbyyak: Y pady ce Haenawasa nompeba 3a KpeupaHeM Xo/IUCMUYKoe
ekocucmema ca pacriofioxxusum cpedcmeuma. Cmyduja y passojy
npednaxe HEKOMUKO HOBUHA KOPUCHUX 3a JQoHocuoue odnyka u
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Abstract:

Introduction/purpose: The possibility of optimizing a short-range surface-to-
air artillery- missile (short-range SAAM) system design process by applying
the hybridized multi-criteria decision-making (integration of DEMATEL and
MABAC methods) approach in the triangular interval type 2 fuzzy
environments is shown in the paper. By analyzing the content of the
literature, the tactical-technical requirements and sub-requirements were
selected. Furthermore, the weights of these requirements and sub-
requirements are determined. After that, a multi-criteria decision-making
(MCDM) model was created for the evaluation of different initial projects of
designing a short-range SAAM, which was also tested in this paper.

Methods: The proposed approach that combine the DEMATEL and
MABAC methods have been modified by triangular interval type 2 fuzzy
sets (IT2FSs). The triangular IT2F-DEMATEL method was applied to
determine the weights of the requirements and sub-requirements, while the
triangular IT2FS -MABAC method was applied to evaluate the alternatives
— Initial project designs of a short-range SAAM.

Results: Integrating the multiple triangular IT2FS-MCDM approach into a
unique model that can be applied in the process of defining the optimal initial
design project of a short-range SAAM.

Conclusion: The paper contributes to military science in making decisions
related to the design of a short-range SAAM.

Keywords: DEMATEL, MABAC, Triangular Interval Type 2 Fuzzy Sets,
Short-Range Surface-to-Air Artillery-Missile System.
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Introduction

This paper will rely on the state's ability to design and mostly produce
new air defense weapons in its limited qualitative and quantitative
capabilities (in terms of population, size of territory, development of the
military-industrial complex, GDP, geopolitical influence, etc.). An example
of the development of a short-range air defense missile system is given in
the paper. This case is possible only in conditions of exponential
development of the military-industrial complex and the transfer of
technology and knowledge (Petrovi¢ & Petrovi¢, 2024). As an initial step
in the design of a new, technologically advanced, short-range air defense
missile system, the formation of a certain number of tactical and technical
requirements and sub-requirements is imposed, which the weapon must
meet in order to oppose modern threats from the air space. An example
of the evaluation of these requirements is given in order to determine their
importance in the formation of requirements and sub-requirements of each
requirement for the design of a modern short-range SAAM (Petrovi¢ &
Petrovi¢, 2024). The research aims to optimize the design process of a
short-range SAAM using a hybrid MCDM approach. The specific objective
is aimed at improving the accuracy of the decision-making process,
handling uncertainty, and optimizing the selection of tactical-technical
requirements. Namely, the process of forming requirements for military
technical-technological solutions is currently based on normative-legal
documents that do not take into account precise scientific validation. The
current process is based on a detailed content analysis, a large database
of processed data, but scientific methodology is not used when drawing
conclusions. Bearing in mind that military organizations are used in
partially controlled conditions (in a combat environment they depend on
the enemy and other components of the operational environment), it is
clear that the selection of requirements for the selection of weapon
systems takes place in conditions of uncertainty (military decision making
is realized in partially determined and indeterminate conditions). Bearing
this in mind, the aforementioned military decision making can be improved
by applying fuzzy theory, in this case IT2FSs. Also, decision making in
military processes aims to create optimal conditions for the implementation
of the decision, based on the proposals of experts from several fields (as
is the case when defining the initial requirements for designing a weapon
system). This results in the need to improve the decision-making process
in order to optimize the decision, which results in the application of MCDM
methods.
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By analyzing the literature, it was concluded that there are scientific
articles that researched this problem or similar research problems. There
are also studies relating to the development of the technology of individual
elements of weapons systems including anti-aircraft missile systems
(Cheng & Mon, 1994; Ding et al, 2018; Jiang et al, 2011). Particularly
interesting is the work that deals with the formation of initial requirements
for designing a fighter aircraft based on overall evaluation criteria by Mavris
& DelLaurentis (1995). The optimization of equipping with a missile system
for combat operations using multi-criteria decision-making methods was
also investigated in some scientific papers (TeSi¢ & Bozani¢, 2023;
Karadayi et al, 2019; Dagistanli, 2025; Dagdeviren et al, 2009). Based on
the aforementioned papers, initial tactical and technical requirements were
formed in this research, with the help of a group of experts who evaluated
them for the needs of optimizing the design of a new short-range air
defense missile system. The formed requirements are as follows: spatial
capabilities (R1), fire capabilities (R2), time capabilities (R3), forces
protection capability (R4), and accessibility and technological reliability
(R5) (Petrovi¢ & Petrovi¢, 2024). These requirements are further classified
into sub-requirements. The spatial capabilities (R1) can be classified into:
ability to detect targets (R11), size of the destruction zone of aerodynamic
and ballistic targets (R12), RCS of the detected target (R13). The fire
capabilities (R2) can be classified into: probability of target destruction
(R21), mathematical expectation of the number of destroyed targets (R22),
channel by target (R23), channel by missile (R24), and system armament
(R25). The time capabilities (R3) can be classified into: fire maneuver
(R31), movement maneuver (32), firing cycle (R33), ability to provide
ordnance and anti-aircraft rockets (R34), and reaction time (R35). The
forces protection capability (R4) can be classified into: frequency agility of
autonomous radars (R41), pulse repetition frequency (R42), autonomy in
operation of combat platforms (R43), ability of passive sensors (R44),
combined guidance (R45), and the ability to protect against continuous
interference (JATDS) (R46). The accessibility and technological reliability
(R5) can be classified into: investment costs (R51), operating costs (R52),
possibility of an "offset" component production (R53), possibility of
installation of components of domestic production (R54), and possibility of
linking with the existing surface to air assets (R55). The sub-requirements
investment costs (R51) and the operating costs (R52) are the cost sub-
requirements. Other sub-requirements are benefit sub-requirements. The
research is conducted by using multi-criteria decision-making methods
(MCDM). The types of MCDM methods used in the research are multiple-
attribute decision-making (MADM) methods. MADM involves the selection
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of the "best" alternative from the pre-specified alternatives described in
terms of multiple attributes (Zavadskas et al, 2014; Sabaei et al, 2015).
These methods enable the prioritization of a discrete - finite number of
requirements and sub-requirements and attributes in hierarchically
structured qualitative - quantitative ambiguous (imperfect) problems
(Petrovic & Milenkovi¢, 2024). Bearing in mind that in the work it is
necessary to prioritize the final number of requirements and sub-
requirements, as well as the ranking of the final number of the alternatives
— initial project documentation, the application of hybridized MADM
methods is completely approved. For the purpose of determining the
mutual influence between the requirements and the sub-requirements, the
Decision - Making Trial and Evaluation Laboratory (DEMATEL) method
was applied in the paper. The evaluation of the project documentation was
performed using the Multi-Attributive Border Approximation area
Comparison (MABAC) method. The justification for applying the hybridized
DEMATEL-MABAC approach is based on the following facts. Using the
DEMATEL method, it is possible to investigate the mutual influence of the
requirements and the sub-requirements for choosing the optimal offer for
designing a SAAM. Bearing in mind that all the capabilities of a weapon
system depend on the mutual influence of its tactical-technical
characteristics, as well as on the influence of other factors of the
operational environment during combat operations, the application of the
DEMATEL method fully ensures the prioritization of the requirements and
sub-requirements of the weapon system, such as a SAAM. The MABAC
method ensures optimal ranking of the project documentation from a pre-
defined number of bidders. Also, this method provides an assessment of
the distance of the quantitatively expressed characteristics (requirements
and sub-requirements) of the offered project documentation from the
boundary approximate areas, which, in addition to the numerical results,
enables the visualization of the obtained results. Also, the MABAC method
provides a solution to problems where there is a conflict between criteria -
requirements, which is also the case when designing a SAAM (for
example, increasing the number of target aircraft affects the reduction of
the protection of forces from the enemy action). All this results in the
DEMATEL-MABAC approach being completely complementary to the
research problem.
The research algorithm is shown in Figure 1.
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START

1

Literature review - gathering iformation for
identification of tactical - technical requirements

+
List of requirements
for the short range SAAM
desion
v

Gathering information from experts about mutual
impact

(DEMATEL questionnaire)
i

Formation of matrices of direct influences

1

Prioritization of tactical - technical requirements
(application of the IT2FS-DEMATEL method)

+
Multirequirements
model for the short range
SAAM design

+

Gathering self-assessment information from
respondents (Likert scale questionnaire)

.
Self — assessment itial
decision matrix
]
Evaluation of SAAM designs
(application of the IT2FS-MABAC method)
il

Ranking of designs - alternatives
(DECISION MAKING)

Figure 1 — Algorithm of the research

Background of the methodology

Bearing in mind that type 1 fuzzy sets are not appropriate to model
words, T2FSs are developed. This type of fuzzy sets is an extension of
type 1 fuzzy sets, and they ensure the use of a linguistic variable in the
conditions of linguistic uncertainty (Kahraman et al, 2014). Type-1 fuzzy
sets have been applied successfully in many areas including modeling,
control, and data mining (Huang et al, 2014). Other types of fuzzy numbers
have been developed in fuzzy theory. For example, unlike type 1 fuzzy
sets, intuitionistic fuzzy sets take into account more uncertainties in the
form of the membership function (membership degree, non-membership
degree, and hesitation degree, Deng et al, 2016). However, neither type-
1 fuzzy sets nor intuitionistic fuzzy sets represent the optimal choice when
making decisions in conditions of uncertainty characterized by the
ambiguity of the collected linguistic data. A Type-2 Fuzzy Set (T2FS) is
characterized by membership functions, i.e., the membership values for
each element of this set. The membership value of a T2FS is a fuzzy set
in [0,1], not a crisp number (Huang et al, 2014). The T2FS can express
more fuzzy semantics of humans’ thoughts, and recently it has attracted
the researchers’ attention. It has been widely developed and successfully
used in many practical real-world applications and many areas, including
signal processing, human silhouette extraction, diet application, and
pattern recognition design (Huang et al, 2014). Bearing in mind the
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aforementioned, the use of T2FSs when solving the problem of evaluating
the project documentation for designing the short-range SAAM is fully
justified. The data, collected for the research purpose, and referring to the
determination of the importance of requirements and sub-requirements for
the creation of the model, as well as for the evaluation of the initial project
documentation, are ambiguous and of a qualitative type. Also, these data
reflect the subjective assessment of a small number of respondents. The
foregoing implies that decision making takes place in conditions of
uncertainty and multi-knowledge, which is the reason why the triangular
interval type 2 fuzzy sets (IT2FSs) were applied in the paper. IT2FSs are
widely used in solving optimization issues in various fields. For example,
Hsien-De Huang et al. (2014) proposed a novel soft-computing
mechanism based on the ontology model for malware behavioral analysis
by using IT2FSs. Liu et al. (2024) used IT2FSs for the control design of
uncertain dynamical systems to relax this limitation of conventional T1FS-
based control design. Tekeli et al. (2024) conducted a numerical
performance analysis of tank coatings in chemical tankers to contribute to
the decision-making process of shipowners and safety professionals by
IT2FSs. This type of fuzzy sets ensures the unambiguity of the answers
obtained from a small number of corespondents in conditions of
uncertainty and increases the reliability of the obtained results. Namely, in
contrast to a type-1 fuzzy set, which has the membership grade as a crisp
number, an IT2FS has membership functions which are also fuzzy
numbers. Whilst type-1 fuzzy sets have membership functions which are
two-dimensional, type-2 fuzzy sets are three-dimensional (Baratimehr et
al, 2023; Kiraci & Akan, 2020; Ucal Sari et al, 2013). The third dimension
provides additional degrees of freedom for possibility in models of
uncertainty (Ugal Sari et al, 2013).
The form of the triangular ITFS is (Kahraman et al, 2014):

~
~

4, =(2v.4" )=V a%.a8: 1 (37 )t alal 1 (7))
where:
H(ZiU) is the membership value of the element a, in the upper

(1)

triangular function of the membership, and H(;if) is the membership
value of the element a, in the lower triangular function of the membership,
H(Z,.U)e [O,l],H(Zl.)e [0,1]1 <i < n(Kiraci & Akan, 2020; Baykasoglu &

Golcik, 2017; Petrovi¢ & Petrovi¢, 2024).
For two triangular IT2FSs:
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o sl (2 M a1 ()

U 7L u U U 1Y . L
4, = (A 4, ) (a21 Ay slys,s H(Az )),(a21,a22,a23,H( 2 ))
Their elementary operations are respectively given as follows (Kiraci
& Akan, 2020; Kahraman et al, 2014):

4,=(av.7)

4,04, =[a" +a.a" +a%.al +almin(E (A7 ) min(g (2 )]
[afl +as,ah, +ay,al + aé;min(H(ZlL )) min(H(NZL ))] 2)
Z —Zz = [aﬁ —a;,ag —ai,ag —a;;min(H(ZIU),H(Zf))],
o, ~aty.aly — ak.aty ~ ak:min(r (0 ) (2 )| 3)
Z ® Zz =|af, x a3, a;, X ay,,a; a%;min(H(Z]U )), min(H(ZZU ))1

[afl X aZL1 ,afz X aZL2 ,aé X aé;min(H(Zf )l min(H(ZZL ))] (4)

A at a’ af ~ ~

j_;_{a;; az ag mln( (AlU),H(AzU))} o
i i )

a23 azz,ale 1 :

k©4 =k®(dY, 45 )=(kxa kxalkxa’;H(3"))
(kxalﬁ,kxafz,kxaé;H(Nf)) (6)
ol [ ot
k is a scalar

Tl CE U
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The ranking value of the triangular IT2FS Zl. can be calculated as

follows (Kiraci & Akan, 2020; Baykasoglu & Golcik, 2017; Petrovi¢ &
Petrovic, 2024):

Rank(”) M, (A7)+ M, (A1) + M, (A7) + M, (AF)——
(8, (A7) +8, (A7) +8, (A7) +5, (A1) +5, (A7) +5,(4 ))+H(AU)+H(AL)(10)

Mp(gif)J“f?+“]fp+1)%,1gpsz (11)

SP(Z ) the standard deviation of the elements a;, and a(pﬂ)

> > aj,

Sp(;if)=\/;:;£ = A<p<2 (12)

S, (le:") - the standard deviation of the elementsa;,, 1< p <3:

S3(2f)=\/;2( Za,k) (13)

k=1

~

The formula for the defuzzification of the triangular IT2FS 4, is
(Kahraman et al, 2014):

DTl’iTji — l{[(atg _aillj)"‘(ag —aillj )]/3 +Cllllj + ]}

2 H(ZiL)X[[(aiLS_aiII)+(a12 11)/3+“ (14)

Interval type-2 fuzzy sets-DEMATEL method

The weights of the requirements and the sub-requirements of each
requirement were calculated by using the triangular IT2FS-DEMATEL
method. This method is based on the determination of direct and indirect
influences between each criterion on each criterion (Lee et al, 2013;
Kahraman et al, 2014). It was developed with the aim of studying groups
with complex and connected relationships. This method was chosen for
the prioritization of criteria because it analyzes structures with complex
causal relationships between their elements in partially determined or non-
deterministic organizational systems and processes (Petrovic &
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Milenkovi¢, 2024; Shieh & Wu, 2016). It should be noted that there are
limitations when using the hybridized MCDM approach when using the
DEMATEL method, as has been written about by a number of authors
(Demir, 2025; Kolour et al, 2025). The procedure of the triangular IT2FS-
DEMATEL method is as follows (Baykasoglu & Golcuk, 2017; Petrovi¢ &
Petrovi¢, 2024):

1) The average IT2FS matrix of the influence between the tactical -

technical requirements was obtained as follows:

[ = } 13(.” &) 15.(.2) D...D 13(“
_ ij ij ij
nxn k

nxn (15)
D® =[l§;")} - individual IT2FS matrix of the influence between the

requirements of the k-th expert (after the transformation of linguistic
variables in the IT2FS),

k - number of experts,

n - number of requirements.

=~ ~nU RL U U U, ~U

D; = (Di/ Dy ): (dz/vdzmde(Dz/ ))> (d
triangular IT2FS element of the non-negative average IT2FS matrix of the
influence between tactical - technical requirements.

n n
Ifs = %nax(mwzd;mvw Zd%} the normalized direct-relation matrix
Jj=1 i=1

is:

Ldh.dhsH(DE) s the

1> %2> 43

X = [% J ,

2 _(~=U ~L\_(.U U _U. ~U L L _L. ~L
IT2FS element of the normalized direct-relation matrix.
=5 D,.j

')%U
H (%) )= H (D] ). H (%)) = H (D )si =1ooom. j =1.2.0000m o0

2) The total relation matrix is:
= [z 2 (U zL\_ (U U LU. ~U L L L, ~L
T_[t,.jlxn,t,j =(i.1] )—(tw,t[jz,th(t[j )),(t,.ﬂ,zm,sz(zU ))

The IT2FS element of the total relation matrix, where:
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U _ U .U U -1 U _ U U U -1
tyn = Xy X} (i = Xy ) ens By = 55 X (B3 = X53)
L L
Ljg = X

H(i )=H (%)), H (&} )=H (%] ).i=1,..n,j =12

- L L \—1 L L - L L \—1
X = X5 e tys = X5 X (s —X53)

I 7) (17)

7 z[gjlxn 1 =(i;,i;fz,i;g;ﬂ(xg)),(z‘;l,il.j?z,i;;H(il;))- is the
triangular IT2FS identity square matrix with the elements on the main

diagonal:
b =(LLLH(R))), (LU H (R)) 1 <i<n1< j<ni=j

Other elements are:
iy =(0.0,0:H (5)),(0,0,0:H (%)) 1< i <1< j<mi#

3) Using formula 10, the defuzzification of the elements of the
triangular IT2FS total relation matrix elements

DTriTT =T = [tl.j ]nxn was obtained. From the defuzzificated

total relation matrix, the sum of the rows D, ,i = 1,2,..., n (efect

each requirements on other requirements) and the sum of the
columns R ., j =1,2,..., n(cause relationship —influence other

requirements on each requirement) were calculated as follows
(Baykasoglu & Golctuik, 2017; Petrovi¢ & Petrovi¢, 2024):

D, =11 (19)
j=1

R, =2 t;7 (20)
i=1

4) The requirements’ weights of importance are :

impw, = \/(D, + R))*> + (D, — R,)’

(21)
5) The normalized requirements’ weights of importance are:
6) impw, = _impw, [ =1,...,7 - number of requirements(22)
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The same procedure was used to evaluate all sub-requirements of
each requirement. After normalization, the sum of weights for all sub-
requirements of each i - requirement is:

m
i
VVi = 2 :Wr , ¥ =1,...,m - the number of the sub-requirements of
r=1

the 7 - requirement, respectively, sum of all sub-requirements, is:

PIPRTES
r=1 i=1 (23)

Where W; represents the weights of the 7 sub-requirements of the i -
requirement.

Interval type-2 fuzzy sets-MABAC method

One of the MADM methods that provides a solution to a wide range
of problems is the MABAC method developed by Pamuéar & Cirovi¢
(2015). The application of the MABAC method ensures evaluation and
selection of the most appropriate alternative among a set of pre-specified
alternatives. By applying the MABAC method with simplier computation
steps, the most suitable solution is determined based on the comparison
of the distance of each observed alternative from the boundary
approximate areas - BAA (Pamuéar & Cirovi¢, 2015). Furthermore, this
method ensures solving the MADM problem with the properties of
attributes that can be in conflict. Also, it allows selection and ranking of
alternatives using linguistic variables for forming the initial decision matrix
(Torkayesh et al, 2023). There are also limitations related to the application
of MABAC as described by Mehdiabadi et al. (2025) and Yalgin et al.
(2025). For model testing, the integrated IT2FS-MABAC approach was
applied. This approach provides valid results in the conditions of high level
of uncertainty, which is the situation with the initial projects of designing
combat systems.

The procedure of the IT2FS-MABAC method is as follows (Pamucar
& Cirovi¢, 2015; Torkayesh et al, 2023):

1) In the first step, from the data about the sub-requirements and the
alternatives (project designs of the short-range artillery-missile air
defense system) the initial decision matrix is formed by applying
formulas 2 and 7.
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ﬁ:[;jjlxn g[f(l) 69f(2) D @f(k)]

nxm

ﬁ:[ﬁj] d<i<nml<j<m

Ty = (707 = (1t st (FO)) (Ao 1o 155 (7))

- The IT2FS element of the initial decision matrix,
n - number of sub-requirements,
m - number of alternatives — number of offers for designing a short-range
artillery-missile air defense system,
k - number of experts who evaluate the submitted documentation for
each element of the initial decision matrix (the summary initial decision
matrix is calculated from the individual initial decision matrices that were
formed on the basis of expert evaluation - for each expert individually).

2) The normalized IT2FS decision matrix is calculated as follows:

R=[7y] o= (57 ) = (tomnonss H (7))o (oo nssH (7 )
- The IT2FS element of the normalized decision matrix, where:
a) For the sub-requirements of the benefit type:

I L )|
- VIR S S A S
Ty = L U- L U- L U-
el e e (i)
=1 | ”
b) For the sub-requirements of the cost type:
fU++_ﬁlj]3— jfo:_‘f’Z]Z ’ f‘{]:_ﬁ]l ’H(fJU) ?
I | e S T
ry =
‘ ij+_ UL3 fJU+_fu2 ij+_ IJLl . ~L
U+ U-"> pU+ U-> pU+ _ ’H(rj )
=1 =1 | 25)
where:
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[ =max(j<1<m(f)),
e =min( P <1<m(f}, )

) 3) In the next step, the weighted decision matrix is constructed:
V= [St'j:lnxm ’Si' = (‘7[-],‘7;) = (VU Vi,V 'H(\?U)),(V.L vE vk ‘H(ﬁ%

ij ij 12 7522 i3 ij jl1° 72> T3 ij ))-The
triangular IT2FS element of the weighted decision matrix, where:
ﬁj =W, ®(;§ij @I), or (according to formulas 2 and 6):

51.}. =(WI x (r + 1), W, x (1)

il i2

DI x (0 + D5 H (7)),

(x4 0., s+ 0. x 5+ 1 H (7))
H( )= H (7} )
~LY\ _ ~L
(7)=H(7), (26)
4) Using formulas 4 and 9, the border approximation area (BAA) is

calculated as follows (for each sub-requirement):

G=[g] .2 =45 0%,0.07, 1<i<n o

5) The distance matrix from the BAA is calculated as follows:
Q= [qNZ/ ]nxm = [‘711 -8 ]nxm (28)

6) By summing the elements of the matrix Q for each alternative
(for all values of n) the final values of the requirement functions

of the alternative (the closeness coefficient §j to the BAA for
each alternative) are obtained:

~

$.=3,9G,®..©7,,j=L..m

(29)
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7) Ranking values Sj. are calculated by formulas 10-13:

~
~

S, = Rank(Sj),j =1,..,m

8) Finally, the alternatives are ranked. The optimal alternative is
the one that has the largest value of S .

Results

The requirements’ weights (R1-R5) were calculated by using the
triangular IT2FS-DEMATEL method. There is no influence of the
requirement in itself. The values of influence expressed by linguistic
variables and IT2FS are shown in Table 1.

Table 1 — DEMATEL Causal influence linguistic variables

Linguistic variable of
influence

No (N) ((0,0,0;1),(0,0,0;0.8))
Low (L) ((0,0.2,0.4;1),(0,0.1,0.3:0.8))
Medium (M) ((0.2,0.4,0.6;1),(0.1,0.3,0.5;0.8))
(
(

Triangular IT2FS

High (H) (0.4,0.6,0.8;1),(0.3,0.5,0.7;0.8))
Very high (VH) (0.6,0.8,1;1),(0.5,0.7,0.9;0.8))

Firstly, by using DEMATEL causal influence linguistic variables of
pairwise comparisons between requirements, the mutual influence
between the requirements was determined by four experts individually
(Table 2), and transformed into the triangular IT2FS (based on Table 1).

The average IT2FS matrix of the influence between the requirementsf)
was obtained by using formula 11 (Table 3).

Table 2 — Answers of experts in linguistic variables - matrix of mutual influence (Petrovic¢
& Petrovic, 2024)

R R1 R2 R3 R4 R5

R1 N 3L+M 2L+2M H+3VH H+3VH
R2 3L+M N 2M+2H 4VH H+3VH
R3 3L+M 3L+M N H+3VH 2H+2VH
R4 L+M+2H 2M+2H 2H+2VH N 4VH

R5 L+3M 3M+H 2M+2VH 4VH N
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Table 3 — Average IT2FS matrix of influence (Petrovi¢ & Petrovi¢, 2024)

R [R1 R2 R3 R4 R5

R |0,00; 0.05,0.25,0.45 | 0.1,0.3,0.5; | 0.55,0.75,0.95 | 0.55,0.75,0.95

1 10,0,0 ; 0.05,0.2,0. |; ;

0.03,0.15,0.35 | 4 0.45,0.65,0.85 | 0.45,0.65,0.85

R |0.050.25,0.45 | 0,0,0; 0.3,0.5,0.7; | 0.6,0.8,1; 0.55,0.75,0.95

2 |; 0,0,0 0.2,04,06 | 0.5,0.7,0.9 ;
0.03,0.15,0.35 0.45,0.65,0.85

R | 0.05,0.25,0.45 | 0.05,0.25,0.45 | 0,0,0; 0.55,0.75,0.95 | 0.5,0.7,0.9;

3 |; ; 0,0,0 ; 0.4,0.6,0.8
0.03,0.15,0.35 | 0.03,0.15,0.35 0.45,0.65,0.85

R | 0.250.45,0.65 | 0.2,0.4,0.6; 0.5,0.7,0.9; | 0,0,0; 0.6,0.8,1;

4 | 0.3,0.5,0.7 0.4,0.6,0.8 | 0,0,0 0.5,0.7,0.9
0.18,0.35,0.55

R | 0.13,0.35,0.55 | 0.25,0.45,0.65 | 0.4,0.6,0.8; | 0.6,0.8,1; 0,0,0;

5 |; ; 0.3,0.5,0.7 | 0.5,0.7,0.9 0,0,0
0.08,0.25,0.45 | 0.15,0.35,0.55

H(D])=1,H(D})=08,i=1,.,5=1..5

~

The normalized direct-relation matrix )z( and the total relation matrix

1’ were obtained using formulas 12-13. The defuzzificated total relation
matrix was obtained using formula 10, and the sum of rows and the sum
of columns of the total relation matrix were calculated using formulas 14
and 15. The weights of importance of the requirements were calculated
using formulas 16-17, respectively (Table 4) (Petrovi¢ & Petrovi¢, 2024).

Table 4 — Defuzzificated total relation matrix and requirements’'weights (Petrovi¢ &
Petrovic, 2024)

R R1 R2 R3 R4 R5 D, R, w, W,

R1 0 0.017 | 0.024 | 0.074 | 0.073 | 0.188 | 0.084 | 0.292 | 0.143
R2 |0.017 |0 0.042 | 0.087 | 0.078 | 0.223 | 0.100 | 0.342 | 0.168
R3 | 0.015 | 0.016 | O 0.073 | 0.066 | 0.171 | 0.180 | 0.350 | 0.172
R4 | 0.030 | 0.036 | 0.064 | O 0.087 | 0.217 | 0.318 | 0.549 | 0.270
R5 | 0.022 | 0.031 | 0.051 | 0.085 | O 0.189 | 0.304 | 0.502 | 0.247

The weights of the sub-requirements, shown in Table 5 and Figure 2,
were determined in the same way.
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Table 5 — Total relation matrix and sub-requirements’ weights

R D! R! impw. impW W:
R11 | 0.294 0.245 | 0.734 0.306 0.044
R1 R12 | 0.323 0.375 | 0.835 0.348 0.050
R13 | 0.351 0.338 | 0.830 0.346 0.049
R21 | 0.224 0.214 | 0.662 0.212 0.036
R22 | 0.157 0.211 | 0.607 0.194 0.033
R2 R23 | 0.274 0.224 | 0.706 0.226 0.038
R24 | 0.124 0.097 | 0.470 0.150 0.025
R25 | 0.214 0.254 | 0.684 0.219 0.037
R31 | 0.122 0.134 | 0.506 0.162 0.028
R32 | 0.217 0.202 | 0.647 0.208 0.036
R3 R33 | 0.214 0.243 | 0.676 0.217 0.037
R34 | 0.199 0.175 | 0.611 0.196 0.034
R35 | 0.243 0.217 | 0.678 0.217 0.037
R41 | 0.045 0.053 | 0.313 0.095 0.026
R42 | 0.055 0.071 | 0.355 0.108 0.029
R4 R43 | 0.317 0.285 | 0.776 0.236 0.064
R44 | 0.194 0.212 | 0.637 0.194 0.052
R45 | 0.185 0.174 | 0.599 0.182 0.049
R46 | 0.194 0.173 | 0.606 0.184 0.050
R51 | 0.371 0.285 | 0.810 0.262 0.065
R52 | 0.199 0.203 | 0.634 0.205 0.051
R5 R53 | 0.092 0.147 | 0.489 0.158 0.039
R54 | 0.103 0.135 | 0.488 0.158 0.039
R55 | 0.234 0.219 | 0.673 0.218 0.054
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RiZ%R13

Sub-requirements

Figure 2 — Weights of importance of the sub-requirements

The initial estimations were transformed into the triangular IT2FS
based on the equivalence shown in Table 6.

Table 6 — MABAC linguistic and triangular IT2FS variables for the rating of alternatives

Linguistic variable of
influence

Very poor (VP) ((0,0,0;1),(0,0,0;0.8))
Poor (P) ((0,0.2,0.4;1),(0,0.1,0.3;0.8))
Medium (M) ((0.2,0.4,0.6;1),(0.1,0.3,0.5;0.8))
((
((

Triangular IT2FS

Good (G) 0.4,0.6,0.8;1),(0.3,0.5,0.7;0.8))
Very good (VG) 0.6,0.8,1;1),(0.5,0.7,0.9;0.8))

After the calculated weights of the sub-requirements and the formed
model for ranking and the delivery of the bidder's initial project
documentation (five bids) in accordance with the established
requirements, the model was tested. Model testing was performed using
the triangular IT2FS-MABAC method. This method was applied due to the
fact that the offers are of a descriptive-qualitative nature, which is why the
triangular IT2FS was applied in order to eliminate ambiguity in the project
documentation offers. Hypothetically, the project teams submitted the
initial project documentation, and the experts completed the initial
assessment for each submitted offer. For each sub-requirement, experts
for the selection of the short-range SAAM individually perform a qualitative
assessment in the form of the following linguistic variables: very poor (VP),

842




poor (P), medium (M), good (G), and very good (VG). Linguistic variables
were adapted based on the Likert scale of ranking. The obtained estimates
are grouped in Table 7.

Table 7 — Initial decision matrix (linguistic variables)

Criteria/Alt. A1 A2 A3 A4 A5
R11 3G+2VG 3M+2VG | 5VG 5VG VG+4G
R12 2G+3VG 4G+VG G+4VG | 4VG+G | VG+4M
T |R13 4G+VG 3G+2M 4VG+G | 4VG+G | G+4M
R21 2G+3VG 5M 3M+2G | M+4G 3M+2G
R22 G+4VG 2M+3P VP+4P | 5VP 2M+3G
R23 G+4VG 2M+3G M+4G 5VP 3M+2G
R24 AM+P VP+2P+2M | M+4G M+4P 4VP+P
S | R2s 2G+3M 3M+2G VG+4G | M+4P 4P+M
R31 3VG+2G 3G+2M 3G+3VG | G+4VG | G+4VG
R32 2VG+3G VG+4G 5VG G+4G 5VG
R33 M+4G 2M+P+2VP | G+4G 5VG M+4P
R34 2VG+3G G+4M 5VG 5VG M+4P
© |R35 5G 2VG+3G | 5G 2M+3G | G+4M
R41 4G+M 2G+2M+P | 4G+1VG | G+4M 5G
R42 3M+2P M+4G M+4P M+4P 5M
R43 AM+G 5VG 4VG+G | 3G+2VG | 2M+3G
R44 3M+2G G+4M 3G+2M | G+4VG | 5VG
R45 P+4M M+4P 3G+2M | G+4VG | G+4VG
3y | R46 5VG G+4M G+4G 5M G+4VG
R51 3G+2M 4VG+G M+4P 5G 2M+3P
R52 VG+4G M+4P G+AVG | G+4VG | G+4M
R53 VG+4G 5VG G+4VG | G+4VG | VG+4G
R54 2G+2M+VG | G+4M M+4G G+4VG | G+4M
o | R55 G+4VG M+3G+VG | 2G+3VG | G+4VG | G+4M

After the linguistic variables were transformed into the triangular
IT2FS, the summary initial decision matrix was calculated. After that, the
normalized triangular IT2FS decision matrix was calculated by formulas
24-25. The weighted IT2FS decision matrix was calculated by using
formula 26. The border approximation area (BAA), the distance matrix
from the BAA, was calculated respectively by using formulas 27 and 28.
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The criterion functions for all alternatives - bids 51. were calculated by

using formula 29. The ranking values S, were calculated by using

formulas 10-13. Based on the obtained results, the project documentation
was ranked. The obtained results are shown in Tables 8-9.

Table 8 — Summary IT2FS initial decision matrix F

Criteria/Alt. | A1 A2 A3 A4 A5
Ri1 | 243444 [ 182838 | 345 3,4,5; 2.2,32,4.2;
192939 |132333 |253545 |253545 | 17,2737
Rip | 263646 | 223242 | 283848; |283848; | 14,2434
21,3141 [172737 |233343 233343 |091929
Ri3 | 223242 | 162636, [ 283848, |283848; |122232
% 172737 | 11,2131 |233343 |233343 |0717,227
Ro1 | 263646, [ 1.23; 142434, [182838; | 142434
213141 | 051525 |09,1929 |132333 |09,1.929
Rop | 283848 | 04,1424, 00816, [000; 1.6,2.6,3.6;
233343 |020919 |00412 |00,0 1.1,2.1,3.1
Ro3 | 283848, | 162636; [ 1.82838; | 000, 1.4,2.4,34;
233343 | 112131 [132333 |00,0 0.9,1.9,2.9
Ros | 081828, 04122 [182838; 021222 |00204
04,1323 [020816 |132333 |01,0717 |00.103
o | Ros | 142434 | 142434, 1223242 [021222; [021222;
& 09,1929 [091929 [172737 |01,0717 |010717
R31 | 263646 | 162636, | 2434,44; 283848, | 283848
21,3141 [112131 192939 |233343 |233343

R3p | 243444, | 223242, [ 345 2,3,4; 3,4,5;
19,2939 |172737 |253545 | 152535 |253545
R33 | 182838 | 04,116 [234; 34,5, 0.2,1.2,2.2;
13,2333 | 020713 | 152535 |253545 |0.1,0717
R34 | 243444, | 122232, [ 345 34,5, 0.2,1.2,2.2;
19,2939 |07,1727 | 253545 |253545 |0.1,0717
| Ras | 234 24,3444; | 234; 1.6,2.6,36; | 1.2,22.3.2;
2 152535 192939 |152535 |1.12131 |0717,227

Rai | 182838, [ 122232 [ 223242 [ 122232 | 234
132333 | 081727 |172737 |071727 | 152535

Rap | 061626, | 182838 [ 021222 [021222 [123,
03,1121 [132333 [01,0717 |01,0717 |051525
o | Ras | 122232 | 345 2.83.84.8; |243444; | 162636
5 071727 |253545 |233343 |192939 | 11,2131

844




Criteria/Alt. | A1 A2 A3 A4 A5
R44 142434; | 122232; | 1.6,26,3.6; | 2.8,3.8,4.8; | 3,4,5;
091929 |071727 |112131 |233343 | 253545
R45 0.8,1.8,2.8; | 0.2,1.2,2.2; | 1.6,2.6,3.6; | 2.8,3.8,4.8; | 2.8,3.8,4.8;
04,1323 |01,0717 |112131 |233343 |233343
S | Ré6 3,4,5; 1.2,22,32; | 234, 1,2,3; 2.8,3.8,4.8;
253545 |071727 |152535 | 051525 | 23,3343
R51 1.6,2.6,3.6; | 2.8,3.8,4.8; | 0.2,1.2,2.2; | 2,34; 0.4,1.4,2.4;
11,2131 | 233343 |01,0717 |152535 |0.2091.9
R52 223242; 1021222; | 28384.8; | 2.83.84.8; | 1.2,22,3.2;
172737 |01,0717 |233343 |233343 |0.71727
R53 2.2,3.24.2; | 3,4,5; 2.8,3.8/4.8; | 2.8,3.8,4.8;, | 2.2,3.2,4.2;
172737 |253545 |233343 |233343 |17,2737
R54 1.8,2.8,3.8; | 1.2,22,32; | 1.8,2.8,3.8; | 2.8,3.8,4.8; | 1.2,2.2,3.2;
132333 | 071727 |132333 |233343 |0.71.727
o | R55 2.8,3.8,4.8; | 2,3,4; 2.6,3.6,4.6; | 2.8,3.84.8; | 1.22.23.2;
4 23,3343 |152535 |213141 |233343 |0.71.7.27
H(f)=LH(f})=08i=1,.,24j=1..,5

Table 9 — IT2FS and ‘crisp’ values of the closeness coefficient to the BAA and the rank of

the alternatives

Candidates | = =z Ranking

S, Rank (S ; )
A1 (0.035,0.039,0.044;1),

(0.027,0.037,0.044;0.8) 1.943248956 2
A2 (-0.057,-0.057,-0.056;1),

(-0.056,-0.057,-0.059;0.8) 1.570539829 5
A3 (0.085,0.088,0.091;1),

(0.081,0.086,0.086;0.8) 2.141097582 1
A4 (0.030,0.019,0.010;1),

(0.036,0.024,0.017;0.8) 1.877131511 3
A5 (-0.025,-0.026,-0.026;1),

(-0.023,-0.026,-0.028;0.8) 1.694628858 4

A sensitivity analysis was done through changes in the weights of
requests. The sensitivity analysis was carried out through 20 scenarios
(Table 10). In each scenario, the weights of all sub-requirements within
one requirement are increased (reduced) by 20%, and 40%, respectively.
The weights of the other requirements and sub-requirements are
increased (decreased) so that the sum of the criteria values is 1.
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Table 10 — Sensitivity analysis of the results

R =R, x12 R =R, x14 R =R, %08 R =R, x0.6
A3> Al > A4 > A5> A2 Al>A3> 44> A2> AS | A3> Al> A4> A5> A2 | A3> Al> A4> 42> A5
R,=R,, x12 R, =R, x14 R,=R,,,x08 R,=R,,; %006
A3> Al> A4 > A5> A2 Al> A3> A4> A5> A2 | A3> Al> A4> A5> A2 | Al> A3> A5> 44> A2
R, =R, x12 R, =R, x14 R,=R,,x08 R, =R, x0.6
A3> Al> A4 > A5> A2 A3> A1> A4> A2> A5 | A3> AL> AS> AA> A2 | A3> Al> A4> A5> A2
R, =R, x12 R,=R,,x14 R,=R,,, x08 R,=R,,;x006
A3> Al> AS5> A4 > A2 A3> Al> A4> A5> A2 | A3>A1> A5> A4> A2 | A3> A4> Al > A5> A2
R, =R, x12 R, =R, x1.4 R,=R,,, %038 R =R, x0.6
Al> A3> 45> A4 > A2 A3> AL> A5> A4 > A2 A3> Al> A4> A5> A2 | A3> A4 > A1> A5> A2

The results in the table show that the ranking of the alternatives
changed through 11 scenarios. In other scenarios, the ranking of the
alternatives did not change. The correlation of the results was tested using
Kendall's coefficient of concordance W. This coefficient represents a
measure of the agreement between several judges (in this case 20
scenarios) who have rank ordered a set of entities (in this case five
alternatives) (Field, 2005). The value of Kendall's coefficient of
concordance for all 20 scenarios and 5 variables is 0.8635. The value of
the coefficient of 0.8635 is extremely significant for a significance of 0.05.
Thus, it can be concluded that there is a very high correlation (closeness)
of ranks through the scenarios and that the results obtained using the
hybridized fuzzy-DEMATEL-MABAC approach are credible.

Discussion

Based on the obtained results (Tables 3 — 4), it can be concluded that
the requirement related to the ability to protect forces has the greatest
weight (Petrovi¢ & Petrovié, 2024). The next requirement in order of
importance is the ability to protect forces, followed by: time capabilities,
spatial capabilities and fire capabilities which represent the requirement
that has the least weight - the least importance (Petrovi¢ & Petrovi¢, 2024).
It is obvious that, according to the experts, the most important ability to
protect forces and force's survival (R4) is the most important requirement
when using a modern weapon system. In order to carry out a combat
mission, it is necessary to ensure the survival of the forces. Bearing in
mind the modest GDP and the limited capabilities of the military industry,
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the experts believe that when designing new weapons, the cost of the
technological process, as well as the cost of use and maintenance, are
very significant - requirement (R5). The importance of the time capabilities
of (R3) is reflected in the modern conditions of Air Force and Air Defence
warfare, which affect the need for high maneuverability of units with the
ability to repel mass air strikes. The importance of the other two
requirements, R1 and R2, is a bit lower than that of the others, but despite
that their influence on the design of a new air defense missile system is
extremely large.

The obtained results for the sub-requirements (Table 5 and Figure 2)
indicate that the experts single out two sub-requirements during
evaluation, while they evaluate the others almost equally. Sub-requirement
R43 (autonomy in operation of combat platforms) - 0.064 and R52
(investment costs) have significantly greater importance than the others.
This is justified by the fact that the SAAM for anti-aircraft operations,
following the tendencies of the complexity of modern conflicts, must be
able to react completely independently and in a timely manner to threats
in the airspace. An extreme importance of operational autonomy is evident
on the example of missile systems of older technological generations,
composed of several subsystems. In the event that any of these
subsystems is damaged or destroyed by enemy action, the system's
operation would not be possible. It is also understandable that the price of
the investment is of great importance, regarding that a complex asset like
that is viewed as a long-term investment in the defense system. The
experts placed slightly less importance on sub-requirements R44 (ability
of passive sensors) -0.052 and R55 (possibility of linking with the existing
surface to air assets) - 0.054 and R52 (operating costs) - 0.051 and R12
(size of the destruction zone of aerodynamic and ballistic targets) - 0.050.
This is a consequence of the fact that there is a constant tendency to
passivate the operation of the system, which reduces the total radiation
time and thus enables safer work in terms of observation, detection and
tracking of targets in the airspace. Also, the possibility of linking with the
existing surface to air assets increases overall compatibility and excludes
additional costs of procurement and training of staff. Also, SAAMs often
require constant maintenance, training, and logistical support. High
operating costs can strain a nation's budget, especially if these systems
need to be kept at a high state of readiness at all times. Ensuring that
operating costs are manageable helps maintain a sustainable defense
posture over the long term. The destruction zone's size is crucial for air
defense, directly affecting interception effectiveness. A larger zone
increases the chances of neutralizing aerodynamic and ballistic threats by
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providing more engagement opportunities. It accommodates evasive
maneuvers, enables simultaneous target management, and improves
tracking of stealth aircraft or decoys. A broader zone also enhances
adaptability to various attacks, ensures comprehensive coverage, and
strengthens system integration. Ultimately, it optimizes resources and
boosts overall defense reliability and success.

According to the experts, the least important sub-requirements are
R24 (channel by missile) - 0.025, R41 (frequency agility of autonomous
radars) - 0.026, R31 (fire maneuver) - 0.028, and R42 (pulse repetition
frequency) - 0.029. Although rated much lower, sub-requirement R41
(frequency agility of autonomous radars) should not be forgotten because
the ability of radars to work at different frequencies is crucial for the
effectiveness of the SAAM because it increases their ability to detect and
track different targets. Lower frequencies extend the detection range,
aiding in spotting large objects such as aircraft. Higher frequencies
improve resolution, enabling precise tracking of small or fast-moving
targets such as missiles or drones. Low-frequency radars perform better
in poor weather, while high frequencies are more vulnerable to
interference. Multi-frequency radars resist countermeasures, enhancing
reliability in combat. Higher frequencies also enable faster tracking of
threats like incoming missiles. Overall, operating across different
frequencies maximizes detection, resolution, and defense resilience. The
weights of other sub-requirements are approximate. Based on the
obtained data, it can be concluded that the ability to protect forces has the
greatest importance. This is understandable because in combat
operations, the human resource is the most important resource. Protecting
forces in combat is crucial for maintaining capability and minimizing losses,
ensuring operational continuity. It also boosts morale, which is a key to
long-term success. Reducing manpower losses lowers training costs and
shortens the time needed to regain readiness. Ultimately, sustained force
protection increases the chances of success in combat. After the analysis
of the obtained results of the weights of certain requirements and sub-
requirements, a model was created for evaluating the initial project
documentation of the respective bidders (project teams) for the design of
the short-range SAAM. In the next step, the mentioned MCDM model was
tested. It was assumed that five bidders applied for the competition and
that they submitted the basis of the project proposal based on the created
model. The obtained results are shown in Table 9. Based on the obtained
results, it can be concluded that the offer number 3 is the best, while the
offer of the project team number 2 is the worst. It can also be seen from
the results that the MCDM model is successful and that there is a clear
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numerical difference between the bidders (alternatives) that ensures their
ranking. In this way, by applying the IT2FS-COPRAS method, the MCDM
model was successfully tested and it was shown that it works.

Conclusion

The paper shows the possibility of applying the IT2FS-DEMATEL-
MABAC approach for the purpose of forming a model with which it is
possible to evaluate the initial project documentation for designing the
short-range SAAM. The IT2FS-DEMATEL approach was applied for the
evaluation of requirements and sub-requirements and the formation of a
model for the evaluation of the INITIAL project documentation. The IT2FS-
MABAC approach was applied to test the model based on the estimated
data for five providers of the initial project documentation. The application
of the IT2FS was conditioned by the need to eliminate ambiguity in the
obtained results. Based on the results obtained in the research, it can be
concluded that this approach when defining the basic conditions -
requirements that are necessary for the assessment of the initial project
documentation for designing a short-range SAAM can have its
scientifically based application.

There are numerous practical possibilities of applying the results of
this research. Namely, in the future, based on the obtained results, it is
possible to form a unique model with the help of which it is possible to
design the production of SAAMs or similar combat systems. Also, this
model can serve as a basis for choosing the optimal weapon system when
equipping armed forces. Also, this model can serve as a basis for the
modernization of certain weapon systems based on the estimated
requirements for modernization. The MCDM decision-making model can
also have a comprehensive practical application during the optimization of
the decision-making process when solving other numerous problems in
military units.

In the following research, it is necessary to consider the
operationalization of tactical-technical requirements in order to create a
wider scope of conditions that determine the ability of the project contractor
to design a short-range SAAM in accordance with real current and future
needs. Also, it is possible to improve the model through the application of
other MCDM approaches that will include other MADM methods in
different fuzzy theory conditions.
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Resumen:

Introduccién/objetivo: La posibilidad de optimizar el proceso de diserio de
un sistema de artilleria-misil tierra-aire de corto alcance (SAAM de corto
alcance) mediante la aplicacion del enfoque hibrido de toma de decisiones
multicriterio (integracion de los métodos DEMATEL y MABAC) en entornos
difusos de intervalo triangular tipo 2, se muestra en este articulo. Mediante
el analisis del contenido de la literatura, se seleccionaron los requisitos y
subrequisitos tactico-técnicos. Ademas, se determinaron los pesos de
estos requisitos y subrequisitos. Posteriormente, se cre6 un modelo de
toma de decisiones multicriterio (MCDM) para la evaluacion de diferentes
proyectos iniciales de disefio de un SAAM de corto alcance, que también
se probo en este articulo.

Métodos: El enfoque propuesto, que combina los métodos DEMATEL y
MABAC, se modifico mediante conjuntos difusos de intervalo triangular tipo
2 (IT2FS). El método triangular IT2F-DEMATEL se aplicoé para determinar
los pesos de los requisitos y subrequisitos, mientras que el método
triangular IT2FS-MABAC se aplicé para evaluar las alternativas (disefios
iniciales del proyecto de un SAAM de corto alcance).

Resultados: Integracion del enfoque triangular maitiple IT2FS-MCDM en
un modelo tnico que se puede aplicar en el proceso de definicion del
proyecto de disefio inicial 6ptimo de un SAAM de corto alcance.

Conclusién: El articulo contribuye a la ciencia militar en la toma de
decisiones relacionadas con el disefio de un SAAM de corto alcance.

Palabras claves: DEMATEL, MABAC, conjuntos difusos de intervalo
triangular tipo 2, sistema de artilleria y misiles tierra-aire de corto
alcance.

OnTMMmM3aums npoLecca NPOeKTUPOBaHMS 3eHUTHO-PAKETHOTO
KoMnnekca Maron ganbHOCTU C UCMoMb3oBaHMeM rmbpuaHoro
TpeyronbHoro noaxoga IT2FS-DEMATEL-MABAC

UeaH B. NeTpoBuy, koppecnoHaeHT, MunaH [1. MNeTposuy

YHuBepcuTeT 06opoHbl B Benrpage, BoeHHasn akagemus,
r. benrpag, Pecnybnuka Cepbus

PYBPUKA T'PHTWN: 27.47.19 ViccnepgoBaHue onepauui,
28.17.31 MopenupoBaHue NpoLeccoB yrnpasreHus
BWO CTATbW: opurmHanbHas Hay4Has ctaTes

Peswome:

BeedeHue/uenb: B 0OaHHOU cmambe rpedcmasnieHbl 803MOXHOCMU
onmumu3sayuu  fpoyecca  MPOeKMuUpPOBaHUsi  3€HUMHO-PaKemMHO20
Komririekca marnoli  QanbHocmMu € [TOMOWbHO 2ubpudHo20
MHO20KpuUmepuarnbHo20 rnodxoda K MpUHSIMUK peweHul (UHmeapayusi
memodos DEMATEL u MABAC) 8 Heuemkol cpede C mpeyaosibHbIiM
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UHmMepeasniom emopoz2o murna. KoHmeHm-aHanu3 ucrosb3oearcs Oss
8bIbopa maKkmu4ecKux U mexHu4yeckux mpebosaHul u 3aday. B cmamee
paccmasernieHbl npuopumemsl mpebosaHul, onpedesieHbl UX 8eco8bie
KoaghpuyueHmsl, a makxxe paspabomaHa MHO20KpuUmMepuarsHas Mooesb
npuHsamus peweHut (MKMIIP) dns oueHKU rep8oHayasibHbIX Mpoekmos
3€HUMHO-paKkemHo20 KOMrifiekca rnpomueogo3dyuwHol 0bopOoHbl Marou
OQanbHocmu. B cmambe makxke rnpedcmaesrneHbl pe3yribmamal
mecmuposaHusi daHHOU Moderu.

Memodebi: lNpednoxeHHbIlt nodxod, covemarouuti memodsl DEMATEL
u MABAC, moducbuyuposaH C MOMOWbIO HEYEemMKUX MHOXecms C
mpeyaosbHbIM uHmepsanom emopozco muna (IT2FS). TpeyzonbHbll
memo0 IT2F-DEMATEL 6bin npumeHeH 0nisi oripedernieHuUsi 8ecoebixX
KoaghpuyueHmos mpebosaHuli u 3aday, a mpeyaosibHbIl Memod
IT2FS-MABAC  6bi1  npumeHeH Ofi  OUEHKU  allbmepHamue
rnepgoHayvasibHbIX  MPOEKMHbIX  peuweHuli  3eHUMHO-PaKemMHoO20
Komrinekca manol danbHocmu.

Pesynbmamsi:  WIHMezpayusi  MHOXECMBEHHO20  mpey20/1bHO20
nodxoda IT2FS-MCDM e eduHyro moOenb, Komopass Moxem
pumeHsmbcsi 8  rfpouyecce  onpedesieHuUss  onNMmMuUMasbHO20
repeoHayasibHo20 MpoeKma 3eHUMHO-paKkemHo2o Komrsekca manou
danbHocmu.

Bb1800: [aHHasi cmambsi 6Hocum 8kJiad 8 pa3sumue 80€HHOU HayKu 8
obnacmu npuHaMuUs peuweHul, cesi3aHHbIX C pa3pabomkoli 3eHUMHO-
pakemmHoeao Komririekca masol 0arnbHOCMU.

Knoueebie crioea: DEMATEL, MABAC, Heyemkue MHoXecmea ¢
mpeyeaosbHbIM UHMEePB8asioM 8mopo20 mura, 3€HUMHO-pPakemHbil
KoMmrinekc marioli 0aribHoCmu.

OnTumMmMsaumja npoueca An3ajHupatba apTUIbePUjCKO-PaKETHOT
cucTemMa 3a NpoTMBBAa34yXOMNoBHA AejcTBa NPMMEHOM XMbpuaHor
Tpoyrnactor npuctyna NT20C-OEMATEJT-MABAK

UeaH B. NeTposuh, ayTop 3a npenucky, Muna+ [. Netposuh
YHuBepauteT onbpaHe y beorpaay, BojHa akagemuja

OBJIACT: npumer-eHa maTtemaTtunka, onepaLlmoHa NCTpaxmseara, BOjHE Hayke
KATEFOPWJA (TWIM) YNAHKA: opuriHanHu Hay4Hu pag

Caxemak:

Yeod/yure: Y pady je npukasaHa moz2yhHocm onmumu3auuje rpoueca
Ou3sajHuparba apmurbepUjcKo-pakemHoa cucmema 3a
npomuesea3dyxoriniogHa dejcmea Marnoe domema rnpUMeHoOM XubpudHoe
guwekpumepujymckoe (uHmeepauujom memoda LJEMATEJT u MABAK)
npucmyrna 'y 00ry4queary Yy mpoyasacmoM UuHmepeasnHoMm ¢hasu
OKpyXXery muna 2. AHanusoMm calpxaja u3epuleHa je cernekyuja
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maKmu4Ko-mexHUYKUX 3axmeea u rnodsaxmesa. Takofje, obaerbeHa je
npuopumemu3ayuja 3axmesa, o0pefieHe cy peramueHe MmeXuHe
3axmeea U nod3axmeea U KpeupaH BUWEKPUMEPUjyMCKU Modes
odnyyuearba (BKO wmoden) 3a eesanyayujy mnod4emHux rpojekama
du3sajHuparba apmurbepUjcKo-pakemHoa cucmema 3a
npomuesea3dyxoriioeHa Oejcmea Marnoe Oomema. W3epweHo je U
mecmuparbe moderna.

Memode: [pednoxeH modenn BKO kombuHyje memode AEMATEJT u
MABAK modugpkosaHe nomohy mpoyanacmux uHmMepsasHux ¢hasu
ckynoea muna 2 (MT2®C). Tpoyenacmu memod UT2OC-LEMATEJS]
npuMerbeH je 3a odpehusare mexuHe 3axmesa u nodsaxmesa, 00K je
mpoyenacma memoda UNT2®C-MABAK npumer-eHa 3a eearyauujy
anmepHamuea — [fo4YemHe [ipojekmHe  OOKyMeHmauuje 3a
ousajHupar-e apmurbepujcKo- pakemHoe cucmema 3a
npomueea3sdyxorniogHa dejcmea marnoe domema.

Pesynmamu: WHmeepucawe esuwecmpykoe BKO  npucmyna
3acHoeaHoz Ha mpoyanacmum UT2OC y jeOuHcmeeHuU Moderi MOXe ce
npumeHuUmMu y npouecy 0eguHucarba onmumasiHe rnovYemHe rnpojekmHe
dokymeHmauuje 3a OusajHupaH-e apmusrbepujcKo-pakemHoea cucmema
3a npomuessa3dyxoryioeHa dejcmea mMasioe domema.

3akbyyak: Pad donpuHocu 80jHOj Hayyu npusiukom oHowera odsykKa
y npouecy OQu3ajHuparba apmurbepujcKo-pakemHoe cucmema 3a
npomueea3sdyxorniogHa ejcmea masnoe domema.

KmbyyHe peuu: JEMATEJ], MABAK, mpoyanacmu uHmepesanHu ¢asu
CKyriogu muria 2, apmusbepujcKo-pakemHu cucmem masoz domema.
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Summary:

Introduction/purpose: The paper presents the application of multi-criteria
decision-making methods in order to select an airsoft replica of an
automaitic rifle for practicing tactical actions in urban combat. First, experts
ranked the criteria according to which alternatives would be selected. By
applying the Borda and AHP methods, the weighting coefficients of the
criteria were determined, and then the most favorable alternative was
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selected by applying the SAW method. The selection procedure was
repeated when the selection was made without experts, but the weighting
coefficients of the criteria were determined by the objective Entropy,
CRITIC, and FanMa methods and a comparative analysis of the results was
performed. The aim of the paper is to select the most effective airsoft rifle
for professional and civilian use for practicing tactical actions and actions in
urban combat by combining multi-criteria decision-making methods.
Minimal resource consumption is always the starting point today, while
ensuring the most efficient way to practice tactical actions that are as close
as possible to real conditions.

Methods: For the first time, the method of determining the weighting
coefficients of criteria using multidisciplinary methods of multi-criteria
decision making on a specific problem in the field of tactics with weapons
systems was shown with expert opinion, and then the results were
compared when experts were not engaged. The experts in the field of
Tactics and Weapons from the Military Academy first selected and ranked
seven criteria. Then, their opinions were refined using the Borda method,
and the results were entered into the AHP method to select the weighting
coefficients of the criteria. Finally, the most favorable alternative was
selected based on the SAW method. Since the above procedure for
determining the weighting coefficients of the criteria was calculated for the
first time by engaging experts in this way, the procedure for selecting the
most favorable alternative was repeated without engaging experts, but the
weights of the criteria were determined using objective methods and the
results were compared through comparative analysis. The alternatives are
five airsoft rifles with a hopup chamber, some of which are used at the
Military Academy and in special army units for training in various combat-
tactical actions, while in civilian life they are used by airsoft weapon
enthusiasts.

Results: The most affordable airsoft rifle was chosen to provide minimum
resource consumption with maximum performance and bring the greatest
possible realism to combat situations when practicing tactical actions in
urban environment.

Conclusion: The solution, with a comparative analysis of the results
obtained in two ways, takes into account the simultaneous optimization of
seven criteria which differ slightly, in order to select the most effective airsoft
rifle for practicing tactical procedures in order to provide conditions that are
closest to real combat situations at short distances.

Key words: airsoft rifle, selection, Borda, AHP, SAW, Entropy, CRITIC,
FanMa method.
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Introduction

With the advent of airsoft guns with adjustable hopup chambers that
improve the flight characteristics of their projectiles, many "games" have
replaced paintball weapons with the newly appeared ones. Paintball
weapons rarely found their place in defense system units, except for some
countries (KoHcTanTuHOB & Loxupes, 2023), while the emergence of
airsoft weapons has almost supplanted the use of classic weapons in
military units (Lee et al, 2023) and police units (Martinez, 2008) for
practicing certain tactical actions and playing out different situations in
urban environments through different concepts (Dustin & Firmansyah,
2023; Putra et al, 2024; Lisboa & de Moraes, 2025), in closed spaces,
underground installations, etc. In appearance, airsoft replicas are identical
to classic weapons, and only good experts in weapons, at a closer distance
of a few meters, can notice the differences, which is the goal of
manufacturers of this type of weapon, regardless of the country of
production (Menet & Szarucki, 2020).

There are many works in the literature on the selection of military
equipment or fighters using multi-criteria decision making, for example, for:
choosing an assault rifle, Radovanovi¢ et al, (2024); weapon selection,
Dagdeviren et al, (2009); fighter optimal, Suo et al, (2025); framework for
armed unmanned aerial vehicles, Keles (2024); evaluating military tanks,
Genc (2015); a multi-criteria decision-making approach for equipment
evaluation, Guan et al, (2024); selection of vehicles, Araujo et al, (2023);
selection of fighter aircraft, Rajurkar et al, (2023); optimising assault boat
selection for military operations, TeSi¢ et al, (2023a); weapon system
selection, Dagistanli, (2025); and pontoon bridge selection, TeSi¢ et al,
(2023b). An analysis of domestic literature does not reveal many works on
the topic of airsoft weapons, while in foreign literature there are studies not
only about this type of weapon but also about injuries caused by it (Endo
et al, 2001; Strong & Coady 2014; Pratama & Aryanto, 2024). The
advantages of airsoft over paintball for civilian use and classic weapons
for defensive use are many. Unlike with classic weapons, the shot is
almost silent and can be used near settlements, while the use of maneuver
ammunition for practicing tactical actions is generally prohibited near
settlements and even in military and police facilities. The noise level
generated by shooting airsoft weapons indoors is negligible and protects
the hearing, unlike when firing a maneuver bullet. Maintaining airsoft
weapons after using pellets is much simpler compared to using a dummy
bullet with classic weapons and paint with paintball. There is less mass of
ammunition and less environmental pollution from pellets compared to the
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combustion products of gunpowder and metal (mainly brass or copper)
shells that are not removed after use, as well as paint from using paintball
ammunition. Pellets are cheaper than dummy bullets and paintball
ammunition and cause less damage to the walls of buildings and
surrounding areas. Among the disadvantages, it can be noted that wearing
glasses, a mask and gloves is mandatory, i.e. every part of the body must
be covered and the player must be dressed in several layers regardless of
the weather conditions - a pellet hit in the body through clothing if an
individual is lightly dressed is extremely painful, depending on the
characteristics of the weapon. For civilian use, the key difference between
paintball and airsoft weapons is that airsoft weapon users must be morally
responsible and admit to being hit by a pellet instead of suffer pain and
immorally continue playing, while a paintball hit with colored ammunition
is easily noticeable. While taking these features into consideration in a
wide range of airsoft weapon manufacturers, it is necessary to choose the
most favorable one for a particular situation in which it is intended to be
used.

The aim of this research is to find the most optimal solution from the five
airsoft rifles offered, taking into account the specifics of the scientific field
of Military Sciences - Tactics with Weapon Systems, by applying the multi-
criteria optimization method. The solution is based on the sublimation of
the opinions of the Military Academy experts in this field, who use this type
of weapon in the training of cadets. They do not know multi-criteria
decision-making methods, since these experts are not expected to be
knowledgeable about multi-criteria decision making. The proposed
methodology was introduced with the idea of bringing decision making
down to the lowest infantry level in the army, down to the department
commander, with the aim of accepting and using it in various situations of
decision making at the lowest level, not only in the selection of equipment.
Based on the criteria defined by the experts, the alternatives were
selected. After that, the criteria were ranked using the Borda method and
the weighting coefficients of the criteria were determined using the AHP
method. This method was chosen to avoid matrix inconsistency when
comparing criteria in pairs and because the experts were not familiar with
multi-criteria decision-making methods. Then, the ranking of the
alternatives was carried out using the SAW method and the most optimal
alternative was selected. Instead of the Borda method, any other method
of counting ranks could have been used. The SAW method was chosen
as the oldest and simplest method for ranking alternatives, while the use
of other methods is a suggestion for future research. The applied method
of determining the weighting coefficients of the criteria was determined in
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the above manner for the first time in a paper and requires verification. It
was carried out by determining the weighting coefficients of the criteria
using three objective methods: Entropy, CRITIC, and FanMa, included in
the SAW method, and then a comparative analysis of the results was
performed using Spearman's rank correlation coefficient.

Problem description

Simulators, airsoft weapons and the use of drones will play an
enviable role in the training of military and police units in the future, as well
as in many other areas of life and work. Joki¢ et al, (2025) describe the
development of a decision support system in the process of training
soldiers. Airsoft weapons are a simulator of classic weapons that can be
owned by every citizen of the Republic of Serbia over the age of sixteen.
Airsoft weapons are constantly developing, reaching initial bullet speeds
that are similar to those of a classic pistol, which requires stricter legal
regulations. These velocities of 6 mm bullets were provided by the
development of a hopup chamber that can be easily adjusted by the user
depending on the external temperature and the age of the replica, and
high-quality electric motors located in the rifle handle. The hopup chamber
ensures the movement of the bullet along an inverted parabola at
distances of up to 100 m. Aiming is done based on muscle memory and
by observing the course of the ball trajectory, and of course, mechanical
or various optical sights can be used for certain distances, depending on
the chamber settings. Durable and quickly rechargeable lithium-polymer
Li-Po batteries, which are additional equipment, ensure long-term
operation of the device in extreme conditions, while charging takes about
ten minutes. All these are data - criteria that are difficult to obtain by the
manufacturer, but can only be demonstrated based on experience and
prolonged use of the rifle.

In order for the research to be conducted properly, it is necessary to
implement each step and phase with sufficient attention so that the results
are valid - Figure 1.

Available criteria from manufacturers include mass, price, length of
the replica and the barrel, power of the replica, initial bullet velocity,
magazine capacity and battery capacity, etc. These known and available
criteria were taken into consideration for the research along with the
opinion of experts in the field of tactics with weapon systems.
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+ Step 1: Defining and ranking criteria by experts
+ Step 2: Calculation of criteria weight coefficients using the
HASE1; BORDO-AHP method
CALCULATI CRITERIA
EIGHT COEFFICIENTS

« Step 1: Ranking alternatives using the SAW method
HASE 2: + Step 2: Selecting the most favorable alternative

RANKING ACFERNATIVES

« Step 1: Ranking of alternatives when criterion coefficients
PHASE 3: are determined by subjective methods

COMPARATIVE ANALYSIS » Step 2: Application of Spearman's coefficient

+ Step 3: Comparative analysis

Figure 1- Phases and steps of the research

Hybrid multi-criteria decision-making models have already been
applied in the field of military sciences, namely: Radovanovi¢ et al, (2023)
DIBR-FUCOM-LMAW-Bonferroni-grey-EDAS  model; Markatos &
Pantelakis, (2023) holistic approach based on multi-criteria decision
making for aircraft evaluation and comparison; Jokic et al, (2024) selection
of calibers for weapons in the Serbian Army; TeSi¢ et al, (2024)
improvement of multi-criteria decision making using fuzzy logic; Ayvaz et
al, (2024) integrated Fine-Kinney risk assessment model using Fermatean
fuzzy AHP-WASPAS for occupational hazards in the aquaculture sector;
BozZanic¢ et al, (2024) Fuzzy DIBR II-MABAC model for flood prevention;
and Kress & MacKayetc (2025) Lanchester-type models for attritional
warfare balance military casualties in two opposing forces.

Description of the methods used

The work will use the Borda group multi-criteria decision-making
method, the AHP and SAW individual multi-criteria decision-making
methods and the Entropy, CRITIC, and FanMa methods. The most
sensitive part of the model is the definition of the weighting coefficients of
the criteria, which is performed using the AHP method. There are a number
of methods for defining the weighting coefficients of the criteria, which have
certain advantages compared to the AHP method. Although the AHP
method is one of the older methods of multi-criteria decision making, it has
certain qualities that recommend it over others. The large number of
criteria comparisons that exist in the AHP method, on the one hand,
represents more laborious work for experts and analysts who process

861

BORDA-AHP-SAW and Entropy-Critic-FanMa-SAW, pp 856-887

Aleksic, A. et al, Selection an airsoft rifle for urban combat using the hybrid multi-criteria decision-making model



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 2

information, but on the other hand, it provides rich information from the
comparison of criteria in pairs. In general, newer methods (such as BWM,
LBWA, FUCOM, DIBR, and DIBR Il) have a much smaller number of
mutual comparisons of criteria, but they do not perform all mutual
comparisons of criteria, but only a part. Considering that information is
drawn from a smaller number of comparisons than when applying the AHP,
it is also clear that the possibility of error in defining the weighting
coefficients of the criteria in newer methods is much higher compared to
the one involving the AHP. The mentioned, newer methods have defined
techniques for checking consistency. That check is performed on the
segment of pairwise comparisons, unlike with the AHP method where the
consistency check is comprehensive.

Description of the Borda method of group reading

The Borda method is one of the oldest methods of group decision
making, developed by the Frenchman Borda in 1781. It was widely used
in the process of voting for the election of deputies in many countries of
the world (Costa, 2017; Barbera et al, 2023; Saari, 2023). It can be used
in its original form (limiyah et al, 2023), and there are a number of
modifications (Lin & Lin, 2023; Jones & Wilson, 2024; Biswas et al, 2025b).
The basis of the method is to choose the alternative that in most cases
was the first or tended to be the first one.

A matrix is formed in accordance with the rank of all decision makers,
where the first column shows the rank of alternatives and the first row
shows decision makers (Calikoglu & tuczak, 2024). The second matrix is
formed where the decision makers are in the left-wing column of the
alternatives and in the first row, and the cells - fields of the matrix are filled
by assigning the value 0 to the last ranked alternative for each decision
maker, the second ranked alternative from the back the value 1 and the
best placed alternative An the value n - 1. Finally, the vector W is obtained
in the new right column where the values by rows are summarized. The
best placed alternative - the most acceptable alternative is the one that
has the highest value of the vector W.

Description of the AHP method

The Analytical Hierarchy Process method was developed by Thomas
Saaty (1980). The method has undergone a large number of modifications,
but in some cases it is still used in its original form both in individual and
group decision making, Tesi¢ et al, (2024), and is used in a large number
of different decision-making cases. One of the most recent comprehensive
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surveys on recent modified and hybrid approaches to the AHP method can
be read in Ashour & Mahdiyar (2024). Here, a modification will be
presented for the first time, where instead of the classic Saaty scale, a
scale derived from the Borda method is used.

A matrix with n rows and columns of criteria is formed and filled first along
the unit diagonal because the criterion is compared with itself and then the
newly introduced scale is used while respecting the filling below the
diagonal based on the formula:

aij= 1/ aji (1)
The value above the diagonal is filled while the opposite cell is the
reciprocal of the filled value, otherwise the matrix will not be consistent.
There are many works on modifications and scales of the AHP method,
one of which is (Shageev, 2022). When filling the matrix from the upper
side of the diagonal, the following should be observed - the value of the
normalized initial vector from the Borda method is subtracted - from the
criterion vector in the row, subtract the criterion vector in the column. In
the case of a negative value, enter the reciprocal of the positive value using
the formula:

- aij =1/ aijj (2)
The next step is to sum the column values. A new matrix of n*n criteria is
formed, the cells of which are filled as the quotient of the cell of the
previous matrix with the divisor of the sum by type of the previous matrix.
Finally, the columns are summed and the obtained values represent the
weight coefficients of the criteria and their sum must be 1.

The next step is to calculate the consistency ratio of the CR matrix,
which must be less than 0.1.

CR=CI /RI (3)
where Cl is the consistency index
Cl = (Amax-n) / (n-1) (4)

and Rl is a random index according to Saaty and depends on the number
of criteria and is taken from the table (in this case it is 4 criteria, i.e., 0.9);
Amax is its own value which is calculated in accordance with the formula
for each criterion

Amax = (Aw*w) / w*w (5)
A is the criteria comparison matrix.
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Table 1 — Random index by Saati
n 3 4 5 6 7 8 9 10

RI {058 09 112 124 132 1.41 145 1.49

The matrix is multiplied by the vector by multiplying W by each row-
row cell and summing the products. If the consistency ratio (CR) is greater
than 0.1, the criteria matrix is inconsistent and it is necessary to check the
comparisons or change the method. The closer CR is to 0, the more
consistent the matrix is, and one goes to the initial - main matrix.

Then the weighted sum is calculated for all alternatives, by multiplying
the matrix by W. This is done by writing W below the alternatives and
adding the product of the cells of the matrix and the vector W. In this way,
the cells of the alternatives are joined. Again, the number of columns is 1.
By comparing the numbers, the most favorable alternative is reached. The
higher the value, the more acceptable the alternative.

The AHP method for ranking most often uses the Saaty scale. The
scale used in the paper differs from the Saaty scale in that it is derived
from counting the ranks of criteria ranked by experts. Therefore, the scale
may have a larger or smaller interval than the Saaty scale, depending on
the ranking of the criteria by experts and the number of experts. If all
experts rate a criterion as the least important, the scale will have a large
range. If all experts rate one criterion as the most important, the Borda
method is unusable because the value of one criterion cannot be 0, nor
can two criteria have the same rank. In these cases, the presented method
is unusable. In order for the scale to start from 1, all criteria are divided by
the weight of the criterion that is best ranked by experts. So the ratio of the
best ranked criterion to the worst ranked criterion can vary within the limits
of maximum d*c-1 where d is the number of experts and c is the number
of criteria.

Description of the SAW method

Simple Additive Weighting is one of the oldest and simplest methods
for ranking alternatives (Churchman & Ackoff, 1954). Many modern
methods have found their footing in it, and the results obtained are
approximately the same. It is used in both natural and social sciences in
hybridization with another method to determine the weights of criteria. In
scientific papers it has been compared with other methods or used
independently (Lubis et al, 2021; Ciardiello & Genovese, 2023; Stevi¢ et
al, 2024; Wang et al, 2024; Susilo & Wahyuni, 2024; Briscilla &
Sundarrajan, 2024; Eti & Yiksel, 2024).
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It is easy to use and in the first step gives the researcher the freedom
to use any formula for normalizing the initial decision matrix. In this case,
vector normalization was used according to the formulas for:

a) benefit criteria

(6)
b) cost criteria
I
n.=1-

L (7)

where: fj— cell of the initial decision matrix; n;— normalized matrix cell;
m — number of alternatives; j — number of criteria.

The next step is to weight the normalized matrix by multiplying each
cell with a weighting coefficient for that criterion obtained by some other
method.

0= N * Wi (8)

Finally, in the third step, the cells are summed by type and the total

weight value for each alternative is obtained. The sum of all alternative

weights is 1. The most optimal alternative is the alternative with the highest
sum value.

Description of the Entropy, CRITIC, and FanMa method

When the weighting coefficients of the criteria are determined based
on the objective methods: Entropy (Srdevi¢ et al, 2003), CRITIC
(Diakoulaki et al, 1995), and FanMa method (Srdevi¢, 2005).

Entropy is a method that has been used in various forms since ancient
times in natural sciences (Jaynes, 1982; Sakata & Sato, 1990). Since the
beginning of this century, it has also appeared in many works in social
sciences (Abbas, 2003, 2006; Sun et al, 2023; Basilio et al, 2023;
Shanmugapriya et al, 2024; Ali et al, 2024). In social sciences, it is used
to determine the weights of criteria in combination with other methods
when ranking alternatives (Kizielewicz & Satabun, 2025). It is based on the
use of the natural logarithm In. The calculation is the same for benefit and
cost criteria (Zizovié & Albijani¢, 2025). The initial matrix has numerical
values where the rows represent alternatives and the columns represent
criteria (Biswas et al, 2025a). First, the decision matrix is normalized by
filling the cells of the normalized matrix by dividing the cell of the initial
matrix by the sum of the cells of the matrix by the columns-criteria. The
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next step is to calculate the entropy of the coefficient according to the
formula:

e = —erfj In Iy
9)

where: ej— entropy of the criterion coefficient, k— coefficient obtained
as the reciprocal of the natural logarithm of the number of alternatives, in
this case In 5; rj— normalized matrix cell, and n — number of alternatives.
In the next step, the degree of divergence of the criteria is calculated by
subtracting e; from 1. Finally, the divergence is normalized by dividing the
divergence of one criterion by the sum of the divergences of all criteria,
thus obtaining wi. the weighting coefficient of the criterion.

CRITIC is also a method by which the weighting coefficients of criteria
can be determined objectively based on mathematical calculations. It
appears in works of domestic and foreign authors (Diakoulaki et al, 1995;
Zhong et al, 2023; Krishnan, 2024; Kim et al, 2024). Unlike the previous
method, when normalizing the matrix, it is necessary to pay attention to
benefit and cost criteria (Mallick et al, 2023; Yalgin et al, 2025). For benefit
criteria, it is calculated by subtracting the minimum value of the column for
that criterion from the matrix cell and dividing it by the difference between
the maximum and minimum values (Basuri et al, 2025). While for cost
criteria, the value of the cell of the initial matrix is subtracted from the
maximum value per column and the value is divided by the difference
between the maximum and minimum values per column - criterion. Then,
the standard deviation of the coefficients per column is calculated. The
next step is to form a matrix of linear correlation coefficients, where each
coefficient is compared with each other, where the value 1 is obtained
along the diagonals of the matrix, and below and above the diagonal are
the same values and they can be negative. The next matrix is formed by
subtracting the value of the cell of the previous matrix from the number 1,
thus avoiding negative cell values. Then the column values are summed
and the sum is multiplied by the linear correlation coefficient. Finally, the
criterion weighting coefficient value is obtained when the previous sum
value is divided by the column sum for all coefficients.

The FanMa method is an objective method for determining the weight
coefficients of criteria based on mathematical calculations. Although the
calculations are simpler, it is less commonly used than the previous two
methods (Krstic et al, 2015; Petrovic et al, 2024). As with the previously
described method, matrix normalization is performed, for benefit criteria it
is calculated by subtracting the minimum column value for that criterion
from the matrix cell and dividing it by the difference between the maximum
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and minimum column values, and for cost criteria the value of the initial
matrix cell is subtracted from the maximum value per column and the value
is divided by the difference between the maximum and minimum values
per column — criterion. Then the weighting coefficient is calculated by the
formula:

) |

n ¥ 2 m l
{2,4(’\’1 _xv) } Z,:lzﬂ (r*_\, )z
AN ]
(10)
where x; is the maximum criteria value per column and the sum is
always 1, x; represents the coefficient values for each alternative, and j is
the number of criteria.

Description of the criteria and the alternatives

The seven numerical criteria (three of which are cost and four are

benefit, based on which the alternatives will be ranked) are as follows:
e C1 - length of the rifle barrel in mm;

C2 - length of the rifle in the combat position in mm;
C3 - initial velocity of the bullet expressed in m/s;
C4 - price in eur;
C5 - rifle power depending on the hopup chamber in J;
C6 - frame capacity in pieces of bullets (pcs), and
K7 - mass in kg.

The five alternatives that were selected according to the available
criteria proposed by experts are given in Figure 2.

The use of classic weapon maneuver ammunition in urban combat
does not have the target impact effect, and, since the sound created by
firing a maneuver bullet requires the use of earmuffs, they jeopardize the
ability to maintain communication and, consequently, command. The
reality of the situation refers to the elimination of soldiers from combat,
which would be done in a real situation by a live ammunition hit. On the
other hand, when an airsoft rifle projectile with criteria aggregated and
ranked by experts (3- initial bullet velocity; 2- barrel length that provides
the previous one; 6- frame capacity that does not require constant
replacement during use) hits another soldier, the pain will force him to
admit that he has been hit and force him to abandon the fight, i.e. he will
be thrown out of the fight.
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I aRks B

M15A4 SAMTW

Cyma 077
Figure 2: Five airsoft guns as alternatives

Prices of alternatives vary from seller to seller. In this paper, prices
are taken from the same domestic website in Serbia and converted into
euros, to avoid discrepancies between the price of the replica and the data.

Table 2 — Criteria values for alternatives
Alternatives/ C C1 C2 C3 C4 C5 C6 Cc7

A1 BT5A5 | 229 735 100 221 1 200 1.9
A2 SLV36 | 247 500 100 213 1 470 2.85
A3 M15A4 | 372 850 95 195 09 300 215

A4 SAM7W | 445 870 95 265 0.9 600 298
A5 CymaO077 | 455 940 120 340 1.7 600 342

Other criteria are also publicly available from manufacturers and
sellers themselves and everything except the power of the replica can be
checked by the user after purchase. Of course, they are dependent on
each other, so the power of the replica affects the range of the bullet. All
automatic rifles use the same 6 mm diameter bullet, weighing 2 g, the so-
called twenty, which can be of different colors and is mostly white, so this
information is not taken as a criterion.
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Ranking results

The criteria available for airsoft weapons were ranked by the experts
from the Military Academy, professors who teach cadets specified types of
weapons, and operators who have maintained rifles for a longer period.
They develop tactical and technical requirements and make proposals to
the Military Academy on weapon purchase; this work will be one of the
guidelines for the procurement of the next range of rifles. In order to verify
the results of the experts, objective methods were also used, and two of
the three give identical results as the ranking by the experts.

First, five experts in the field of Military Sciences from the Military
Academy ranked the seven criteria as given in Table 3.

Table 3 — Ranking of the alternatives according to the time criterion
Rang E1 E2 E3 E4 ES5
1 cC5 C1 C5 C4 C5
cCt C4 C1 C1 cC4
cr Cr C6 C7r 1
C4 C5 C7 C5 cC7
cCé6 C2 C4 Co6 Co6
c3 €3 €3 C2 ¢C3
c2 C6 C2 C3 cC2

NoOahwWN

To determine the scale for the AHP method using the Borda method,
the expert ratings were entered into a table, summed by type, and all cells
divided by 9, as this was the lowest weight, as shown in the table. A
problem for the above implementation may arise if two criterion weights
are equally important. In that case, use another method of determining
criterion weights.

Table 4 — Determining the weight coefficient by the Borda method
C/IE E1 E2 E3 E4 E5 WB RANG WB/5

C1 1 0 1 1 2 5 7 1

C2 6 4 6 5 6 27 1 54
C3 5 5 5 6 5 26 2 5.2
C4 3 1 4 0 1 9 5 1.8
C5 0 3 0 3 0 6 6 1.2
C6 4 6 2 4 4 20 3 4

Cc7 2 2 3 2 3 12 4 24

In the event that all experts have selected one criterion as the most
important or that two criteria are of the same rank, the proposed method
is unusable and then it is preferable to use the classical AHP method with
the Saaty scale or some of the other subjective methods for selecting
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criterion coefficients such as BVM, LBVA, FUCOM and DIBR | and Il which
have fewer steps compared to the AHP.

These results were used for the scale used in the AHP method in
accordance with 1 and 2 and the following criteria comparison table was

obtained.
Table 5 — Initial matrix of the criteria rankings

C C1 C2 C3 C4 C5 C6 c7
C1 1 0.2273  0.2381 1.25 5 0.3333  0.7143
C2 4.4 1 0.2 3.6 4.2 1.4 3
C3 4.2 5 1 3.4 4 1.2 2.8
C4 0.8 0.2778  0.2941 1 0.6 04545 1.6667
C5 0.2 0.2381 0.2500 1.6667 1 0.3571 0.8333
Ccé6 3 0.7143  0.8333 0.6 2.8 1 1.6
Cc7 1.4 0.3333 0.3571 0.6 1.2 0.625 1

Based on the normalization of the previous matrix and further
summarization by types, the weighting coefficients of the criteria in Table
4 were obtained.

Table 6 — Ranking of the alternatives according to the criterion weight
w1 w2 w3 w4 wb w6 w7
0.0948 0.2178 0.3136 0.0749 0.0645 0.1538 0.0806

Now it is necessary to check the consistency of the matrix and the
consistency ratio CR (3, 4, 5). It can be concluded that CR=0.095, which
is less than 0.1, meaning the matrix is consistent, and the coefficients are
then ranked using the same procedure.

When the weighting coefficients of the criteria from Table 6 and the data
from Table 2 are entered into the SAW method, by applying formulas 6, 7
and 8, the following rank is obtained.

Table 7 — Final ranking of the alternatives with the SAW method

A1l 0.4070 | 5.
A2 0.4350 | 2.
A3 0.4112 | 4.
A4 0.4266 | 3.
A5 0.4401 | 1.

Therefore, the best ranked alternative is A5. In order to check the
procedure and for small deviations in the weights on the basis of which the
alternatives are ranked, it is necessary to perform a sensitivity analysis or
some other method. Here, the alternatives will be ranked using the same
method when the criteria are determined on the basis of subjective
methods.
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The best ranked alternative is the most expensive, if the price is
considered. Since the material base is always the desired minimized
criterion (Karel & Plasil, 2024), if this criterion were reduced and its
reduction distributed to the other criteria, there would be no change in the
rankings. Considering the qualities and advantages of the other criteria
that are important for close urban combat, despite the highest price, this
alternative was selected as the most favorable.

Comparative analysis

The weighting coefficients of the criteria were determined by simple
counting - using the Borda group decision-making method that uses an
ordinal scale. Since the experts were not required to do so, and therefore
the relationship between the two criteria was not taken into account, the
question arises whether the method is valid and verification is necessary.
In order to verify the reliability of the procedure for determining the
weighting coefficients of the criteria using the Borda and AHP methods, an
analysis was performed based on a comparison of the ranks of alternatives
when objective methods for determining the weights of the criteria were
applied.

When the data from Table 2 are included in the three objective
methods (Entropy, CRITIC and FanMa) for calculating the criterion
coefficients, they amount to

Table 7 — Rank and size of the criteria with the objective methods

Method/C  C1 c2 c3 ca c5 cé c7
(01799 00983 0.0185 00968 0.1590 0.3434 0.1040

Entropy I 2 5 7 6 3 1 4
0.1559 0.1371 0.1251 0.1529 0.1279 0.1408 0.1602

CRITIC 2 5 7 3 6 4 1
FanMa | 01505 02325 00910 0.1072 00845 0.1790 0.1553

4 1 6 5 7 2 3

If the ranking of criteria and their weighting coefficients for both the
hybrid Borda-AHP method and the objective methods are presented
graphically, it looks like this:
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=#==BORDA and AHP
=fi=Entropy

Critic

=—==FanMa

c1 2 3 4 €5 6 c7
Figure 3: Graphical ranking of the criteria

The graph shows that the importance of the criteria varies from
method to method. The C3 criterion, which represents the initial velocity of
the projectile and is directly related to the C5, is the most important for
experts, while subjective methods see it as the least important. The
situation is similar with the C6, which represents the capacity of the frame,
so the experts put it in third place because it can be replaced with a frame
of a different capacity, while mathematical objective methods do not see
this and Entropy puts it in first place. The C7 is also interesting, changing
places from first to fifth depending on the method of determination. Then
experts placed it in the fifth place, although it is important how much weight
soldiers will carry with them, and yet airsoft rifles are lighter than real
combat weapons.

If the coefficients obtained by the objective methods are entered into
the SAW method, the following ranks with their weights are obtained.

Table 8 — Rank and weights of the alternative choices when the coefficient weights are
calculated using different methods

A/Method Borda/AHP Entropy CRITIC FanMa
A1 | 04070 5 0.33602 5  0.45501 5 04790 5
A2 04350 2 037974 3 047196 3 0.5065 1
A3 04112 4 036069 4 046689 4 04896 4
Ad 04266 3 040394 2 047467 2 05045 3
A5 0.4401 1 041707 1 0.48193 1 0.5054 2

Table 8 shows that the last ranked alternative A1 and the second to
the last ranked alternative A3 are the same in all four cases. The
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alternative A5 is in the first place three times, while when the weighting
coefficients of the criteria are selected using the FanMa method, it is in the
second place. It is also observed in the FanMa method that the difference
in weight between the first alternative and the second one is small, only
0.009. The A2 can be said to be a critical alternative for some reason
because it changes ranks from method to method, from the first to the third,
so it is necessary to deal with it more in a deeper sensitivity analysis, e.g.
by reducing the most significant criterion or the least significant one at the
expense of the others, which is a suggestion for future research. It is
probably because of these deviations that it is used less in works. This is
shown graphically in Figure 4.

0,5000

0,4000 -

0,3000 -

0,2000 |

0,1000 -

0,0000 -

M BORDA W AHP M Entropija M Critic M Fanma

Figure 4: Graphical representation of the rank of the alternatives when coefficient weights
are determined by different methods

Spearman's rank correlation coefficient is very useful for analyzing
the obtained ranks (Wardany & Zahedi, 2024). If Spearman's rank
correlation coefficient is used, it is calculated using the formula:

65“ D;
i=1

_n(nz—l) (11)
where D is the difference in ranks and n is the number of sample

members.

If the starting point is the ranks obtained by the SAV method, it looks like

this:

S=1

873

BORDA-AHP-SAW and Entropy-Critic-FanMa-SAW, pp 856-887

Aleksic, A. et al, Selection an airsoft rifle for urban combat using the hybrid multi-criteria decision-making model



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 2

BORDA and AHP
1

FanMa (i g Entropy
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Figure 5: Spearman's rank correlation coefficient of the alternatives

Spearman's coefficient shows (1; 0.9; 0.9; 0.9) a very high correlation
between the ranks of the alternatives, although the A2 shows a deviation
of two ranks. Since in three out of four cases the A5 is the first-ranked
alternative, it is also the best solution for purchasing an airsoft rifle for
urban combat and practicing close-range combat actions.

Conclusion

Based on previous research in the field of multi-criteria decision
making in the field of military sciences, one of hybrid decision-making
models is presented and a new methodology for calculating the weighting
coefficients of criteria is proposed. Based on the experts' proposals, the
criteria were selected, and based on them, alternatives were found. By
applying the hybrid model of three multi-criteria decision-making methods,
the weighting coefficients of the criteria were first determined using the
Borda-AHP model, then five alternatives were ranked using the SAW
method, and the most favorable one was selected. Based on the analysis
of the factual situation, airsoft rifles are already in use in military units for
these purposes. The proposed model is in accordance with the opinion of
the five experts who teach Tactics with Weapon Systems at the Military
Academy. The proposed method for ranking and selecting airsoft weapons
will serve experts in purchasing a new quantity of rifles for the needs of the
Military Academy. It can also be used by other structures for the acquisition
of other types of equipment, subject to restrictions. The rifle selected in
this way with the above criteria is best for close distances in urban combat
as well as for combat in underground installations, which are topics studied
at the third and fourth year of the Infantry Module. The rifle can also be
used for various demonstrations of close urban combat implemented by
special army units and the Military Academy. The rifle selected in this way
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with the most significant weighting coefficient and initial bullet velocity has
the appropriate accuracy of hitting the target at longer distances and over
50 m; it is more effective compared to other rifles and can be used at longer
distances.

The presented method of selecting weighting coefficients, which is
an innovation in multi-criteria decision making, has yielded results in this
case. A problem may arise if two criteria in the Borda method have the
same rank, and it is necessary to further improve it and adapt it to the
specific situation. A comparative analysis has shown that the proposed
model for determining the weighting coefficients of criteria is valid and one
of the ways of determining the weights of criteria is given when experts are
not familiar with the methods of multi-criteria decision making, which is
also a contribution to the methodology of multi-criteria decision making.
Also, the weights of criteria that vary depending on the method of
determination did not greatly affect the rank of alternatives. The presented
model can be further improved by examining and checking the ranking
through other methods for ranking criteria and alternatives. It can also be
checked and compared using the Saaty scale. A more detailed sensitivity
analysis can be performed by gradually reducing the number of criteria or
eliminating a criterion. The presented method of determining the weights
of criteria based on a simple ranking of them by experts, which was applied
for the first time, showed satisfactory results in sensitivity analysis. It is
necessary to further develop and upgrade it and examine its application in
combination with other methods. Based on the research, it can be
concluded that the existing method of defining the weighting coefficients
of criteria is very simple to calculate, especially with a large number of
criteria and does not require knowledge of multi-criteria decision-making
methods by experts. It can also be undoubtedly concluded that the
aforementioned methodology can be used in other situations when
choosing new weapons and military equipment.
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Resumen:

Introduccién/objetivo:  El articulo presenta la aplicacién de métodos de
toma de decisiones multicriterio para seleccionar una réplica airsoft de un
rifle automatico para la practica de acciones tacticas en combate urbano.
Primero, expertos clasificaron los criterios segun los cuales se
seleccionarian las alternativas. Mediante los métodos Borda y AHP, se
determinaron los coeficientes de ponderacion de los criterios, y
posteriormente se seleccioné la alternativa mas favorable mediante el
método SAW. El procedimiento de seleccion se repitié cuando la seleccion
se realiz6 sin expertos, pero los coeficientes de ponderacion de los criterios
se determinaron mediante los métodos de Entropia Objetiva, CRITIC y
FanMa, y se realiz6 un anélisis comparativo de los resultados. El objetivo
del articulo es seleccionar el rifle airsoft mas efectivo para uso profesional
y civil para la practica de acciones tacticas en combate urbano mediante la
combinacién de métodos de toma de decisiones multicriterio. EI consumo
minimo de recursos es siempre el punto de partida, garantizando al mismo
tiempo la forma mas eficiente de practicar acciones tacticas lo mas
cercanas posible a las condiciones reales.

Meétodos: Por primera vez, se presentd el método para determinar los
coeficientes de ponderacion de criterios mediante métodos
multidisciplinarios de toma de decisiones multicriterio sobre un problema
especifico en el campo de las tacticas con sistemas de armas, con la
opinion de expertos. Posteriormente, se compararon los resultados sin la
participacion de expertos. Los expertos en Tacticas y Armas de la
Academia Militar ~ seleccionaron 'y clasificaron siete criterios.
Posteriormente, sus opiniones se refinaron mediante el método Borda y los
resultados se incorporaron al método AHP para seleccionar los
coeficientes de ponderacion de los criterios. Finalmente, se seleccioné la
alternativa mas favorable con base en el método SAW. Dado que el
procedimiento descrito para determinar los coeficientes de ponderacién de
los criterios se calculd por primera vez con la participacidn de expertos, se
repitio el procedimiento para seleccionar la alternativa mas favorable sin la
participacion de expertos, pero se determinaron los pesos de los criterios
mediante métodos objetivos y se compararon los resultados mediante
analisis comparativo. Las alternativas son cinco rifles de airsoft con
recamara hop-up, algunos de los cuales se utilizan en la Academia Militar
y en unidades especiales del gjército para entrenamiento en diversas
acciones tacticas de combate, mientras que en la vida civil son utilizados
por entusiastas de las armas airsoft.

Resultados: Se eligié el rifle airsoft mas asequible para ofrecer un consumo
minimo de recursos con el maximo rendimiento y aportar el mayor realismo
posible a las situaciones de combate al practicar acciones tacticas en el
entorno urbano.
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Conclusién: La solucién, con un analisis comparativo de los resultados
obtenidos de dos maneras, considera la optimizacién simultanea de siete
criterios ligeramente diferentes para seleccionar el rifle airsoft mas eficaz
para la practica de procedimientos tacticos, con el fin de proporcionar
condiciones lo mas cercanas posible a las situaciones reales de combate
a corta distancia.

Palabras claves: rifle airsoft, seleccién, Borda, AHP, SAW, entropia,
CRITIC, método FanMa.

Bbi6op cTpanikbonbHOM BUHTOBKM Ansi 60eB B rOPOACKMX YCIOBUSAX C
ncnonb3oBaHueM rmbpuaHoON MHOrOKpUTEPUAarnbHON MOGENN MPUHATUS
peweHnn BORDA-AHP-SAW n ENTROPY-CRITIC-FANMA-SAW

AnekcaHdap P. Anekcud, koppecnoHaeHT, Muwa [1. )Kuskosuy, Jamup M.
MporioBny, Munopad M. MeTpoHueswny, Japko WN. BoxaHuy

YHuBepcuTeT 0bopoHbl B Benrpage, BoeHHas akagemus, kadeapa TakTukm
BOOpYXeHusi, r. benrpaa, Pecnybnuvka Cepbus,

PYBPUKA TPHTWN: 27.47.19 VccnepoBaHne onepauun,
28.17.31 MopenunpoBaHve NpoLeccoB yrnpasreHus
BWO CTATbW: opurmHanbHas Hay4Has ctaTbs

Pe3some:

BeedeHue/uenb: B 0QaHHOU cmambe npedcmasneHo npuMeHeHuUe
Memodo8 MHO20KpUmMepUasibHo20 MpuHAMuUsi peweHul rpu enibope
cmpalkborbHoU Konuu asmomamudyeckol 8uHmosku Ors ompabomku
makKmu4ecKkux rnpuemos 8 2opodckux ycriosusix. CHavana skcriepmamu
6b110 Pou38edeHO paHXXuposaHUE KpUMepues, Ha OCHOBaHUU KOMOPbIX
8 OasnbHeliwem b6ydem cOenaH 8bI60Op M0OX00sWEe20 BapuaHma.
lNpumeHsisi memodbi BORDA u AHP, 6binu onpedesieHbl 8ecosable
KoaghghuuueHmb! Kpumepues, a 3amem ¢ rnomouwbto memoda SAW 6bin
8blbpaH syqwiut eapuaHm. pouedypa ombopa bbina nosmopeHa, kozda
ombop nposoduricsi 6e3 yyacmus 3kcriepmos. B amom criyqyae eecoebie
KoaghcbuyueHmnl  Kpumepuee  b6biiu  onpedenieHbl € MOMOWbIO
obbekmugHbIx mMemodos Entropy-CRITIC-FanMa, a 3amem nposedeH
cpasHUMerbHbIl aHanu3 pesynbmamos. Llesis cmambu 3aknodaemcsi 8
ebibope Haubonee aghgpekmusHOlU cmpalikbornbHOU BUHMOBKU Ons
criyxebHoeo U epax0aHCKo20  ucriofib3osaHuss 8  ompabomke
MakKmu4ecKkux rpuemMos8 8 20pOOCKUX yCrio8uUsiX MymeM covYemaHusi
Memodo8 MPUHAMUST MHO20KpUMepUarbHbIX peweHul. B cospemeHHom
Mupe omrnpasHol mouykol sensemcsi MuUHuUMasbHoe nompebrieHue
pecypcos, HO rpu amom obsizamernsHo OormkHa bbimb obecriedeHa
Haubonee aghgpekmusHas ompabomKka maKmu4YecKux [rpuemMos 8
yCrosusiX, MPUGMUXEHHbLIX K pearbHbIM.
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Memodbi: CHayvarna 6bii1 NPUMEHEH 3KCrepmHbIt Memod onpedesieHuUst
8ecoebiX  KoaghghuyueHmos - Kpumepuegs  C ucronib308aHuUeM
MeXOUCUUMIIUHaPHbIX Memodo8 MHOZ0KpUMEpPUanbHO20 MPUHSAMUS
peweHull No KoHKpemHou npobrieme 8 obriacmu 80eHHOU makmuku. B
criyyae, Koeda 9Kcriepmbl He  pusrnekanucb, bbin  nposedeH
cpasHuUmerbHbIU aHanu3 pe3ynsmamos. IKCcrepmsi 8 0bnacmu makmuku
U 800pyxeHuUs1 u3 BoeHHoU akademuu cHavarna ebibparnu u paHxuposasnu
ceMb Kpumepues. 3amem ux MHeHUs1 bbiru nodmeepk0eHbl C MOMOW|bIO
memoda BORDA, riocrie ye2o pe3ynbmamsi biiiu egedeHbl 8 memod AHP
0ns ebibopa 8ecosbix KoaghguyueHmos Kpumepues. B koHue Ha
ocHogaHuu memoda SAW 6bin eblbpaH nyqwull eapuaHm. TOCKObKY
oriucaHHasi ebiwe rpoyedypa orpedesieHUsT 8eco8biX KO3ghgulyueHmos
Kpumepues eriepsbie bbiria paccHumaHa skcriepmamu makum obpasom,
npouedypa eblibopa ryduwie2o e8apuaHma ©Obina rnosmopeHa 6e3
MpuUBIeYEHUs1 3KCrepmos, HO eeca Kpumepues bbiiu ornpedeneHb! ¢
ucrionb3ogaHueM  obbekmueHblXx ~ Memodos, a  pe3yrbmamsl
corocmaesieHbl c romMouwibo cpasHUMesibHO20 aHarnusa.
AnbmepHamueHbIMU  8apuaHmamu  bbinu  nIme  cmpaltkboribHbIX
B8UHMOBOK C MampOHHUKOM hop-up, HEKOmMopble U3 KOMOPbIX
ucrnionb3yromecss 8 BoeHHoU akademuu U 8 creyuasibHbIX B0€HHbIX
rnodpa3sdenieHusix npu obydeHUU B0eHHO-makmu4yeckol nod2omoske U
npocmo mobumernsamu cmpalkboribHO20 OPYXKUS.

Pesynbmambi Bbibop nodxodsweli cmpalikbornbHOU 6UHMOBKU Obln
cdenaH ¢ y4emoM MUHUMasIbHO20 pacxoda pecypcos U MaKCcuMarbHOU
aghgpekmusHocmu ompabomKu MaKmu4yeckux npuemMos 8 yCriosusix,
MPUBIIXEHHBIX K pearibHbIM.

Bbigod: PeweHue, OCHOBaHHOE Ha CPaBHUMENIbLHOM  aHasu3e
pe3ynbmamos,  MosflyYyeHHbIx  08yMsi  criocobamu, — y4Yumbieaem
O00HOBPEMEHHYIO  ONMUMU3ayuUl0  CeMu  Kpumepues,  Komopble
He3HayumernbHO omnudaromcs Opye om dpyea, ¢ Uyenblo 86blbopa
Haubonee aghghekmusHoli cmpalikboribHol 8UHMOoeKU Orsi ompabomku
MmaKmuy4ecKkux npuemMos8 Ha OfuXKHUX OucmaHUuusix 8 YCIlo8usix,
MPUGIILXEHHBIX K pearibHbIM.

Kntoyessie criosa: cmpalikbonbHas euHmoska, 6biI6op, Memoob!
BORDA, AHP, SAW, Entropy, CRITIC, FanMa.

WN360p airsoft nywke 3a ypbaHy 60pby npumeHom xubpuaHor mogena
BULLEKpUTEpUjymckor ognyymBarwea BORDA-AHP-SAW un Entropy-
Critic-FanMa-SAW

AnekcaHdap P. Anekcuh, aytop 3a npenucky, Muwa [. XXuskosuh, Jamup
M. Mpojosuh, Munopad M. MeTtponwnjesuh, Japko . BoxaHuh

YHuBepauteT ogbpaHe y beorpaay, BojHa akagemuja,
Katepgpa TakTuke ca cuctemmnma Haopyxana, beorpag, Penybnuka Cpbuja
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OBNACT: npuMmer-eHa MaTemMaTnka, MalLUMHCTBO, BOjHE Hayke
(TakTuKa ca cucTemMrMa Haopyxata)
KATEFOPWJA (TAIM) YNAHKA: opyrnHanHm Hayy4Hu pag

Caxemak:

Yeod/yurs: Y pady je npedcmasrbeH HadyuH [pumeHe Memooda
suwiekpumepujymckoa o0ryqugara padu odabupa airsoft pennuke
aymomamcke nywke 3a yeexbasare makmu4kux rnocmynaka y 6opbu y
ypbaHoj cpeduHu. Hajnpe cy ekcriepmu U3PWUNU paHaupaHe
Kpumepujyma ro kojuma he ce epwumu usbop anmepHamuse. [NpumeHom
memoda BORDA u AHP odpeheHu cy mexuwHu KoeguyujeHmu
Kpumepujyma, a 3amuM je HajriososrbHuja anmepHamuea odabpaHa
npumeHom memoda SAW. lNocmyrnak odabupa y KojeM ekcriepmu He
ydecmayjy je MOHO8/bEH , Ma Cy MEXUWHU KoeghuyujeHmu Kpumepujyma
odpeheHu objekmusHum memodama Entropy-CRITIC-FanMa u usspweHa
je KomnapamueHa aHanu3da pe3ynmama. Lurb pada jecme Oa ce
KomMbuHayujom Memoda euliekpumepujymckoe o0syyusarba o0dabepe
HajegbukacHuja airsoft nywika 3a npoghecuoHasiHy u yususiHy ynompeby 3a
ygexbagsarbe Mmakmuykux padmwu u rnocmynaka y 6opbu y ypbaHoj
cpeduHu. MuHumanaH ympowak pecypca yeek je rornasHa OCHO8a, y3
obe3behere wmo edbukacaHujez HadyuHa yeexbasarba MaKMmMU4YKUX
palrsUu Koje cy npubsiuXHe cmeapHUM ycrioguma.

Memode: o npsu nym je npuxkasaH ekcrnepmcku HaqyuH odpefusarba
MEXUWHUX KoegbuyujeHama Kpumepujyma yrnompebom
MynmuducyunnuHapHUX Mmemoda sulWeKpumepuUjyMckoa 00r1lyHueara Ha
KOHKpemHoM rnpobneMy u3 obracmu makmuke ca cucmemuma
Haopyxara, a 3amum cy, y odcycmey ekcriepama, pe3ynmamu
yrnopeheHu.Exkcriepmu u3 obnacmu makmuke U Haopyxara ca BojHe
akademuje Hajrnpe cy odabpanu u paHeupanu celGam Kpumepujyma, a
3amum cy HUxo8a Mulrbera cybnumupara y3 nomoh memoda BORDA,
u pesynmamu yHeceHu y Memod AHP padu u3bopa mexuuwHux
KoegbuyujeHama Kpumepujyma. Ha kpajy je, Ha ocHogy memoda SAW
usepuwieH u3bop HajnoeosbHUje anmepHamuee. [Mowmo je HasedeHu
rnocmynak odpefusarba MeXUWHUX KoeghuyujeHama Kpumepujyma ro
npsu rym rpopadyHam aHeaxoeaH-eM eKcriepama Ha 08aj HayuH,
nocmynak odabupa HajriogosbHUje anmepHamuee je MoHOo8/beH 6e3
aHeaxosara eKcriepama, a mexXuHe Kpumepujyma odpelieHe cy
objekmusHuM  Memodama, na cy  pesynmamu  yrnopeheHu
KoMrapamugHOM aHanu3om. AnmepHamusy ripedcmaesrba nem airsoft
nywaka ca hopup kKomMopom, 00 Kojux ce Heke kopucme Ha BojHoj
akademuju u y crieyujanHum jeduHuuama Bojcke 3a ysexbasar-e
pasznudumux 6opbeHO-maKmuy4Kux padrU, a Kopucme ux U yususu,
JIbybumerbu airsoft HaopyXxara.
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Pesynmam: V360p HajrnososbHuje airsoft nywke, koja he obesbedumu
MUHUManaH ympowak pecypca U HajiogosrbHuje nepgopmaHce y
ycriogoma HajripubnuxHujum 6opbeHoj cumyauuju npu  yeexbasary
maxkmudkux padmu y ypbaHoj cpeduHu.

Sakrbyyak: Pewerse y3 KoMnapamueHy aHanu3y pesyrnmama 0obujeHux
Ha 0ea HayuHa y3uma y 003up ucmoepeMeHy onmumu3auyujy cedam
Kpumepujyma, Koju ce He3HamHo passukyjy, padu odabupa HajeghukacHuje
airsft nywke 3a ysexbasarbe makmu4ykux riocmyriaka padu obesbehera
ycrioea HajripubsiuXKHUjUX peasnHoj 6opbeHoj cumyauuju Ha Kpamkum
ducmaHuyama.

KbyuHe pedu: airsoft nywka, odabup, BORDA, AHP, SAW, Entropy,
CRITIC, memo0O FanMa.
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Abstract:

Introduction/purpose: Selecting an appropriate wheelchair is vital for
ensuring mobility, comfort, and independence for individuals with
disabilities. The primary objective is to assist in identifying the optimal
wheelchair by considering a range of user-centric criteria and mitigating
decision-making ambiguities.

Methods: The proposed framework leverages intuitionistic fuzzy sets to
account for the hesitancy and imprecision often present in decision making.
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Criteria weights and alternative evaluations were determined with expert
input. Sensitivity analysis was conducted to ensure the robustness and
reliability of the ranking process. A case study was performed to validate
the effectiveness of the methodology and to illustrate its practical
application.

Results: The study demonstrated that Al-powered wheelchairs (APWSs)
outperformed other wheelchair options based on the selected criteria and
Sub-criteria.

Conclusion: The findings highlight the utility of the intuitionistic fuzzy
TOPSIS approach in facilitating well-informed wheelchair selection
decisions. This method benefits end users, caregivers, and medical
professionals by addressing the complexities of subjective and uncertain
decision making, ultimately leading to more inclusive and reliable
outcomes. The framework proves to be an effective tool for improving the
decision-making process in wheelchair selection.

Keywords: wheelchair selection, intuitionistic fuzzy, triangular fuzzy,
TOPSIS, sensitivity analysis.

Introduction

Wheelchair selection is a pivotal decision for stakeholders, including
users, caregivers, healthcare professionals, and manufacturers, as it
profoundly influences the user’s quality of life. A wheelchair is not merely
a mobility device but a critical enabler of independence, comfort, and
inclusion. Choosing the right wheelchair ensures users can move freely
and participate actively in social, professional, and personal activities,
thereby fostering autonomy and reducing dependence on others. Griggs
(2024) emphasizes that when choosing a wheelchair, the user's comfort
and health are among the most important factors. An ill-fitting wheelchair
can lead to physical discomfort, pressure sores, and long-term
musculoskeletal issues. Properly designed and selected wheelchairs
promote optimal posture, reduce the risk of secondary health
complications, and enhance overall well-being. For individuals with
specific medical conditions or disabilities, the wheelchair must meet
unique ergonomic and functional requirements to support their physical
needs effectively by Kargi et al. (2023).

Rotsched! et al. (2024) highlight that economic factors significantly
influence the decision-making process. Wheelchairs come in various
designs and price ranges, and selecting an appropriate model ensures
cost-effectiveness. Stakeholders must balance the user's specific
requirements with budgetary constraints to maximize utility and longevity
while avoiding overspending on unnecessary features. Furthermore, a
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suitable wheelchair contributes to accessibility and inclusivity by enabling
users to navigate diverse environments seamlessly. Sahoo and
Choudhury (2024) suggest that incorporating advanced features such as
adjustable seats, lightweight frames, and smart technology can greatly
enhance the user experience. For stakeholders, a thoughtful selection
process is not just about mobility but about empowering users to lead
fulfilling, independent lives while ensuring physical and emotional well-
being.

Selecting an ideal wheelchair—manual (MW), electric (EW), or Al-
powered (APW)—requires evaluating diverse criteria to address user-
specific needs and circumstances. Manual wheelchairs suit those with
sufficient upper body strength, while electric and Al-powered models cater
for individuals needing greater assistance or advanced features like
automated navigation. Factors such as cost, maintenance, terrain
compatibility, and comfort are critical for ensuring usability and long-term
satisfaction. Verma et al. (2024) explain that by evaluating these factors,
stakeholders can align the wheelchair features with the user’s physical
condition, environment, and lifestyle, thereby improving mobility and
independence. Wheelchair selection is widely recognized as a multi-
criteria decision-making challenge. Recent research emphasizes the
effectiveness of MCDM methods, particularly intuitionistic fuzzy
techniques, in addressing uncertainties inherent in the decision-making
process.

Most past studies on wheelchair selection used classical fuzzy
numbers, such as fuzzy AHP. However, Sahoo and Choudhury (2021)
argue that intuitionistic fuzzy numbers can provide better results.
Introduced by Atanassov and Atanassov (1999), the intuitionistic fuzzy set
(IFS) theory extends classical fuzzy sets, providing greater flexibility for
handling imprecise situations. Imran et al. (2024) and Sarfraz (2024) have
extensively used IFS to provide more reliable solutions when making
decisions in challenging situations. Considering the issues discussed and
insights from the reviewed literature, limited studies have integrated
MCDM with IFS for wheelchair selection. For an actual-world wheelchair
selection scenario, this study suggests an MCDM framework based on the
intuitionistic fuzzy TOPSIS approach. TOPSIS assesses both positive-
ideal and negative-ideal solutions and is renowned for its transparency and
ease of use. Combining TOPSIS with IFS enhances decision making by
addressing uncertainty and vagueness effectively, providing a robust and
user-centric approach to wheelchair selection.

This paper is organized as follows. A thorough assessment of
literature is provided first, followed by a description of the conceptual
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foundation of the suggested approach and the research methodology. The
case study, implementation, comparison with triangular fuzzy TOPSIS,
and sensitivity assessment of the suggested intuitionistic fuzzy TOPSIS
approach are then discussed with research findings, implications, and
managerial insights. Finally, the study is concluded with a conclusion and
suggestions for future research directions.

Literature review

Wheelchair selection criteria and sub-criteria

For people with mobility problems, choosing an appropriate
wheelchair is crucial. Zhang et al. (2024) emphasize in their study the
importance of evaluating wheelchairs using multiple criteria due to
significant differences in their features, designs, and capacities. By taking
into account a number of variables that impact user experience, comfort,
and general functionality, an MCDM approach offers an organized method
for evaluating alternative wheelchair solutions. This approach enables
users and healthcare professionals to make well-informed decisions based
on specific needs and preferences. Below is a detailed explanation of the
key criteria and sub-criteria to consider when selecting a wheelchair:

e User’s physical condition (C-1)

Fasipe et al. (2024) assess this criterion based on the user's physical
health, limitations, and needs. Different users have varying levels of
strength, mobility, and coordination. The wheelchair must cater for the
user’s specific condition (e.g., paralysis, arthritis, or general weakness),
ensuring that it provides the necessary support and ease of movement. It
encompasses various factors such as strength and endurance (SC-1)
which refers to the user's physical ability to propel or control the wheelchair
over extended periods. By ensuring that the wheelchair offers appropriate
alignment and comfort, posture support (SC-2) lowers the possibility of
strain or pain. To guarantee that the wheelchair can securely carry the
user's weight without sacrificing functionality or safety, weight capacity
(SC-3) is crucial. For users with restricted mobility, range of motion (SC-4)
is crucial because it guarantees that the wheelchair can adapt to their
motions and make the required modifications to enhance comfort and
usability. When combined, these sub-criteria guarantee that the
wheelchair is customized to meet the individual physical requirements of
the user.
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e Comfort (C-2)

Mohebbi et al. (2024) highlight that comfort plays a vital role in
influencing long-term wheelchair use. It includes various factors such as
seat cushioning (SC-5) which plays a vital role in reducing pressure points
and preventing discomfort or sores, ensuring a more comfortable sitting
experience. Back support (SC-6) is equally important, providing the
necessary lumbar or full-back support to maintain proper posture and
alleviate back pain during extended use. Adjustability (SC-7) allows the
user to customize the wheelchair to their specific needs, such as adjusting
the seat depth or backrest angle for enhanced comfort. Ergonomics (SC-
8) focuses on the overall design of the wheelchair, ensuring that it
conforms to the user’s body to reduce strain and improve ease of use.

e Ease of use (C-3)

The term "ease of use" describes how easy and straightforward it is
for the user to operate the wheelchair, as by Kulich et al. (2024). It
encompasses various factors such as maneuverability (SC-9) which
focuses on how easily the wheelchair can be controlled and moved,
especially in tight or crowded spaces. A wheelchair with an easy-to-use
control interface simplicity (SC-10) ensures that users can quickly master
the controls, whether they are manual or powered, without extensive
training. Caregiver involvement (SC-11) highlights how accessible and
manageable the wheelchair is for caregivers who assist the user, making
tasks like pushing or adjusting settings easier. Last but not least, a low
user learning curve (SC-12) guarantees that new users can quickly
become accustomed to the wheelchair's functionality, reducing frustration
and promoting independence.

e Control interface (C-4)

The control interface refers to the system that allows the user to
operate the wheelchair, according to Kocejko et al. (2024). It encompasses
various controls such as joystick control (SC-13), which is one of the most
common options, providing intuitive, precise movement control for users,
especially in powered wheelchairs. Voice or gesture control (SC-14)
represents advanced technology, allowing users to control the wheelchair
with spoken commands or hand movements, enhancing accessibility for
individuals with limited dexterity. Manual control options (SC-15) ensure
that users who prefer or need manual operation have simple, effective
mechanisms to propel or steer the wheelchair. Lastly, a caregiver assist
mode (SC-16) allows caregivers to control the wheelchair remotely,
providing extra support when necessary.
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e Customization (C-5)

Nace et al. (2023) define customization as the ability to adjust the
wheelchair to meet the user's specific needs or preferences. It
encompasses various elements such as adjustable footrests (SC-17)
which enable users to modify the position of the footrests for optimal
comfort and posture, reducing pressure on the legs and feet. Adjustable
armrests (SC-18) provide flexibility in supporting the arms, ensuring
comfort for users of varying heights and arm lengths. The seat size and
configuration (SC-19) is another key factor, as it ensures the wheelchair
fits the user’s body dimensions, promoting comfort and preventing issues
like pressure sores. Finally, accessory options (SC-20), such as cushions,
trays, or cup holders, offer additional customization to enhance
functionality and comfort, allowing users to adapt the wheelchair to their
lifestyle.

e Mobility & maneuverability (C-6)

Mobility and maneuverability focus on the wheelchair’'s ability to
navigate various environments, see de Vries et al. (2023). It encompasses
various factors such as turning radius (SC-21) which refers to the
wheelchair's ability to navigate tight spaces, which is especially important
for users in confined areas like hallways or small rooms. Indoor and
outdoor usability (SC-22) ensures that the wheelchair can function
effectively in both settings, providing the necessary adaptability to various
environments. Terrain compatibility (SC-23) is important for users who
need to navigate different surfaces such as grass, gravel, or rough
pavement. Finally, stability on uneven surfaces (SC-24) ensures that the
wheelchair remains steady and safe, even on terrains like slopes or bumpy
sidewalks. Together, these factors ensure that the wheelchair offers
reliable and smooth mobility in a variety of settings.

e Battery life/power supply (C-7)

Nagde and Dhobe (2021) emphasize that battery life and power
supply are crucial for powered wheelchairs to ensure continuous use
throughout the day. It encompasses various factors such as battery
capacity (SC-25) which refers to the total energy stored in the battery,
which influences how long the wheelchair can operate before needing a
recharge. Charging time (SC-26) measures how long it takes to fully
charge the battery, with faster charging times enhancing convenience for
users who require quick turnarounds. Wheelchair users who must travel
long distances should be aware of the range per charge (SC-27), which
shows how far the wheelchair can go on a single charge. Lastly, power
durability (SC-28) assesses the battery’s long-term performance and
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ability to retain charge over time, ensuring reliable use without frequent
battery replacements. Together, these factors ensure that the wheelchair
provides sufficient power for daily activities and extended use.

e Durability (C-8)

Kim et al. (2024) describe durability as the wheelchair's ability to
endure extended use and environmental conditions without failing. A
durable wheelchair is made from high-quality materials that resist wear
and tear, offering a long lifespan even under frequent use. Durability is
especially important for users who rely on their wheelchair daily and in a
variety of environments. It encompasses various factors such as frame
strength (SC-29) which is essential for supporting the user’s weight and
providing structural integrity, preventing damage under stress. Wheel
durability (SC-30) is equally important, as it ensures the wheels can handle
regular use on various surfaces without wearing down prematurely. Long-
term reliability (SC-31) refers to the wheelchair's ability to perform
consistently over time, with minimum maintenance or repairs needed.
Finally, resistance to wear and tear (SC-32) ensures that materials and
components resist degradation from daily use, maintaining the
wheelchair’s function and appearance for an extended period. Together,
these factors provide a reliable and long-lasting wheelchair solution.

e Cost(C-9)

Cost is a critical factor for most individuals and organizations when
selecting a wheelchair, as by Rivas et al. (2024). It encompasses various
factors such as initial purchase cost (SC-33) which refers to the upfront
price of the wheelchair, which can vary depending on its features and
functionality. Maintenance expenses (SC-34) involve the ongoing costs
associated with repairs, part replacements, and servicing to keep the
wheelchair in optimal condition. Insurance coverage (SC-35) plays a role
in reducing out-of-pocket costs by covering a portion of the wheelchair's
purchase or maintenance. Lastly, warranty (SC-36) provides peace of
mind by ensuring that the wheelchair is protected against defects or
malfunctions for a certain period, reducing potential unexpected costs.
Together, these factors help balance affordability with quality and long-
term investment.

o Safety features (C-10)

Sahoo and Choudhury (2024) stress that safety features are vital for
preventing accidents and ensuring the user's well-being. They argue that
a wheelchair must offer a safe riding experience, particularly when
navigating ramps or slopes. It encompasses various factors such as an
anti-tip mechanism (SC-37), which helps prevent the wheelchair from
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tipping over, especially when navigating slopes or uneven surfaces. Seat
belts and harnesses (SC-38) provide additional support and security for
users, reducing the risk of falls or injury during movement. Braking systems
(SC-39) are vital for controlling the wheelchair's movement, ensuring it
remains stationary when needed, and preventing unintentional rolling.
Lastly, collision detection (SC-40) technology can alert the user to
obstacles or prevent collisions by automatically stopping or adjusting the
wheelchair's movement. These safety features collectively enhance
stability and minimize the risk of accidents during daily use.

e Technology integration (C-11)

Zhang et al. (2024) highlight that modern wheelchairs integrate
advanced technology such as automated braking, tilt and recline
mechanisms, GPS tracking, and mobile device connectivity for remote
control. It encompasses various factors such as GPS navigation (SC-41),
which allows users to navigate unfamiliar environments with ease,
providing directions and real-time location tracking for greater
independence. Sensor integration (SC-42) includes features like proximity
sensors or obstacle detection, improving safety by alerting users to
potential hazards or automatically adjusting the wheelchair's movement.
Software updates (SC-43) ensure that the wheelchair's system remains
up-to-date with new features, performance improvements, and bug fixes.
Lastly, smartphone compatibility (SC-44) enables users to control or
monitor their wheelchair via a mobile app, offering added convenience and
customization options. These technological advancements make the
wheelchair more adaptive, responsive, and efficient in meeting the user's
needs.

Each of these criteria and sub-criteria plays a vital role in ensuring the
selected wheelchair meets the user’s needs, providing a comprehensive
solution for mobility, comfort, safety, and independence. A more informed
and efficient decision process might result from consumers prioritizing
these aspects according to their own needs and preferences by employing
an MCDM strategy.

Wheelchair selection methods

A variety of models have been created to identify the ideal wheelchair,
each incorporating diverse methodologies. Since wheelchair selection
necessitates balancing several conflicting objectives and criteria under
unknown circumstances, MCDM techniques are frequently employed.

Mao et al. (2024) highlighted that most wheelchair selection models
have integrated fuzzy concepts into traditional MCDM methods due to the
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capability of fuzzy-based approaches to manage uncertainty and
imprecision in human judgment. Unni et al. (2024) point out that, while
extensive research has integrated the traditional fuzzy set theory (FST)
with various MCDM methods, less attention has been given to intuitionistic
fuzzy sets (IFSs). Kousar and Kausar (2025) and Dagistanli (2024) explain
that, unlike traditional fuzzy sets, an IFS enhances the concept of fuzzy
sets and is better suited for practical applications. An IFS is more flexible
in complex decision-making situations since it is defined by a membership
function, a non-membership function, and a hesitation degree (hesitation
margin).

Saqglain and Saeed (2024) argue that, unlike traditional fuzzy sets,
which rely solely on a membership function, IFSs offer a more precise
representation of the fuzzy nature of data. The hesitation degree in IFSs
effectively manages ambiguity and uncertainty regarding membership and
non-participation in a set. Decision -makers (DMs) especially benefit from
this hesitation characteristic. The fuzzy set theory has been effectively
applied to wheelchair selection in a number of research studies. An
overview of the strategies and tactics used in wheelchair selection is given
in Table 1, with an emphasis on user-centered and sustainable criteria.

Our study differentiates itself from prior research studies in several
key aspects:

i. To our knowledge, the application of IFS-TOPSIS in wheelchair
selection remains  underexplored, with limited real-world
implementations. Gorglin et al. (2024) and Sampathkumar (2024) have
combined MCDM with IFSs to select assistive devices in their studies;
these approaches tend to rely on empirical data rather than on real-
world case studies. This paper presents a case study focused on
wheelchair selection for individuals with mobility challenges.

ii. The criteria and sub-criteria were carefully chosen through an extensive
review of the literature and then further validated with input from
decision-makers. This process ensures a more practical and precise
approach by bridging theoretical and real-world perspectives.

ii. Onatheoretical level, by adding a component-wise matrix multiplication
operator to aggregate the weights of the criterion and sub-criteria, the
suggested approach improves upon the IFS-TOPSIS architecture. The
idea improves the precision and dependability of the decision-making
process when choosing the best wheelchair.
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Research design

The methodology framework

The framework designed for selecting wheelchairs using the
intuitionistic fuzzy TOPSIS method is presented in Figure 1.

assessment

Expert’s viewpoint Establish the assessment criteria Literature
and sub-criteria for wheelchairs review

Applying intuitionistic fuzzy numbers to
the weighting of the chosen criteria and

sub-criteria
l Construct an aggregate

I Find appropriate wheelchairs for I

Estimate the weight of experts

intuitionistic fuzzy decision matrix

using the viewpoints of experts
/Implementing intuitionistic fuzzy TOPSIA §

to assess the alternatives

Comparative analysis with Fuzzy
Create aggregate weighted intuitionistic

TOPSIS method
fuzzy decision matrix l
Calculate negative and positive ideal
solutions and separation measure Sensitivity Analysis

Rank the preference order for wheelchair
alternative

Figure 1 - Proposed wheelchair selection framework

The proposed wheelchair selection framework involves identifying
suitable wheelchairs, gathering expert opinions, establishing criteria, and
applying intuitionistic fuzzy TOPSIS for evaluation, with a comparison to
fuzzy TOPSIS. A comparative analysis and sensitivity analysis ensure the
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robustness and reliability of rankings, making the framework effective for
informed wheelchair selection decisions with the following steps:

Step 1 focuses on compiling different types of wheelchair models for
evaluation.

Step 2 emphasizes defining the selection criteria and their associated
sub-criteria. These are categorized under three main dimensions:
performance, usability, and cost. The criteria were determined through an
extensive literature review and validated by experts in assistive technology
using the Nominal Group Technique (NGT). NGT ensures that the
selection process is inclusive and unbiased by encouraging equal
participation from all group members, thus eliminating dominant opinions
and fostering a balanced evaluation.

Step 3 involves assigning weights to the criteria and sub-criteria. To
accommodate for ambiguities and subjective variances, decision-makers
(DMs) express their opinions using intuitionistic fuzzy numbers. These
weights are essential for the evaluation stage and show how important
each criterion is in relation to the others.

Step 4 entails evaluating the shortlisted wheelchairs using the
intuitionistic fuzzy-TOPSIS method. After generating a weighted decision
matrix, the best solutions and separation metrics are determined in order
to rank and compare the options with fuzzy TOPSIS method. This
guarantees a thorough and impartial selection procedure.

This framework offers a systematic and reliable approach to
wheelchair selection, integrating expert input and robust decision-making
tools.

Intuitionistic fuzzy sets

In order to overcome difficulties in human decision making, Zadeh
(1978) created the idea of the fuzzy set theory. Subsequently, Atanassov
and Atanassov (1999) created intuitionistic fuzzy sets (IFSs) which are
used extensively in domains such as evaluation functions, preference
relations, medical diagnosis, logic programming, and decision making. An
overview of IFSs is given in this section.

An IFS can be defined by considering W as an IFS within a finite set
D. The definition of an IFS W is expressed in Eq. (1):

W ={d, u,,(d),9,(d)|d € D} (1)
where pu,,(d):D - [0,1] is a membership function and 9,,(d):D -
[0,1] is a non-membership function, in which 0 < p,,,(d) + 9,,(d) < 1.
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An IFS includes a third parameter called the hesitation degree. Let
m,,(d) represent the hesitation degree regarding whether d belongs to W
or not. The hesitation degree m,,(d) is expressed in Eq. (2):

Ty (d) =1- ﬂw(d) =Yy (d) (2)
where foreveryd € D: 0 < m,,(d) < 1.

When W(d) has a low value, there is greater confidence in the
information about d. Conversely, a high value of W(d) indicates greater
uncertainty regarding d. The multiplication operator for IFSs, as shown in
Eq. (3), applies to two IFSs, W and X, within the set D.

W X X = {pty,(d). px (d), 9y (@) + Iy (d) — I (d). I (d)|d € D} 3)

Element-wise matrix multiplication is determined as shown in Eq. (4)
and it applies to two IFSs, W and X, within the set D.

W x X = |[min{u,, (d), ux (d)}], [max{dy, (d), 9, ()}]] (4)

Intuitionistic fuzzy TOPSIS

The TOPSIS method is a commonly used methodology that was first
presented by Hwang and Yoon in 1981. An alternative that is closest to
the positive-ideal solution is considered the best option by Shih et al.
(2022). TOPSIS is preferred over AHP and PROMETHEE for its
computational efficiency and straightforward ranking based on proximity to
ideal solutions. Unlike AHP, which requires pairwise comparisons, and
PROMETHEE, which involves preference functions, TOPSIS efficiently
handles multiple criteria without extensive complexity.

Fuzzy numbers are frequently used in practical applications to handle
the subjective judgments and inherent uncertainties in practical
applications decision making. A more complex framework is offered by
intuitionistic fuzzy sets (IFSs) which better capture decision-makers'
acceptance, rejection, and hesitation levels, as by Naveed and Ali (2025).
As suggested by Rouyendegh (2015), this section describes an
intuitionistic fuzzy TOPSIS model for assessing options based on a variety
of criteria. In this study, intuitionistic fuzzy TOPSIS (IF-TOPSIS) enhances
traditional TOPSIS by incorporating IFNs, capturing acceptance, rejection,
and hesitation levels. This improves expert judgment representation,
making the approach more robust for complex decision-making
environments.

Let the set of wheelchair alternatives be Wa={Wa1,Waz,...,.Wan}, the
set of criteria Wc={Wci,Wco,...,.Wcn}, and the set of experts
E={E+,E>,...,Ei}. The ranking process follows a structured seven-step
algorithm:
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Step 1: Estimate the relative importance weights of the experts.

A group of E experts assigns relevance using linguistic terms
represented as intuitionistic fuzzy numerals. Let the intuitionistic fuzzy
number for the niy, expert be denoted as Ex = [n, Va, Tn], Where pn, va, and
T, represent membership, non-membership, and hesitation degrees,
respectively. The weight of the ny expert can then be determined using

Eq. (5).
Hn
“n+nn(un+19n)
An - E Hn (5)
T PR
where YE_, 4, = 1.
Step 2: Evaluate the criterion's weight based on the opinions of

experts.

Eq. (6) is used to calculate the weight of the criteria based on the

linguistic terms in Table 1.
wj = IFWAA(WJ-l,WjZ, W]-E)

= /'lleléB/lzwjz e, ..., EB/lnij

n n n

A A A

=[1—||ufu@>E.||w5 ol Ja-ey
E=1 E=1 E=1

n ] (6)

- [a-95)"

E=1

Step 3: Establish the intuitionistic fuzzy decision matrix (IFDM).

The weights of the potential alternate wheelchair are estimated using
the numerical equivalents of the verbal terms mentioned in Table 2. Using
the intuitionistic fuzzy weighted averaging (IFWA) operator, the weights of
the decision-makers are integrated to produce the aggregated intuitionistic
fuzzy decision matrix (AIFDM), by Panda and Pal (2015). Using Eq. (7),
the AIFDM model is produced by integrating the many perspectives of a
group of decision-makers into a single, coherent perspective.

R®) = (riﬁ-)m*nis the AIFDM of each expert.
A =1{A1,1;, 13, ....., Ag } is the weight of the expert.
R = (rij)ml*nl

— 1.2 E
rj = IFWAA(rij,rij, o T

= /117"5‘@127”5‘@, e @/‘{nrgj
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_ [1 - ﬁ(l —uE), ﬁ(ﬂ

- |a-e)*

E=1
Table 1 - Linguistic terms for experts, criteria and sub-criteria

=1

n

L la-uby

E=1

Linguistic terms IFNs

Very Important (VI) [0.90, 0.05, 0.05]
Important (1) [0.70, 0.25, 0.05]
Medium (M) [0.50, 0.40, 0.10]
Unimportant (U) [0.30, 0.65, 0.05]
Very unimportant (VU) [0.05, 0.90, 0.05]

Table 2 - Linguistic terms for ranking possible alternatives of wheelchairs

Linguistic terms IFNs

Extremely high (EH) [1.00, 0.00, 0.00]
Very high (VH) [0.90, 0.05, 0.05]
High (H) [0.70, 0.25, 0.05]
Medium high (MH) [0.60, 0.35, 0.05]
Medium (M) [0.50, 0.45, 0.05]
Medium low (ML) [0.40, 0.55, 0.05]
Low (L) [0.30, 0.65, 0.05]
Very low (VL) [0.10, 0.85, 0.05]
Extremely low (EL) [0.00, 1.00, 0.05]

Step 4: The S matrix computation.
This step involves determining the criteria weights (W) in respect to
the IFD matrix (R) using Eq. (8).
§ = RAW = (ui;, 9i;) = {Cx, iy X g, (955 + 9;) = (955 X 9;))}
Step 5: Compute the IF ideal positive and negative outcomes.
The benefit criterion is represented by J1, and the cost criterion is
indicated by J.. The IF positive-ideal outcome is represented by A,
whereas the IF negative-ideal outcome is represented by A™. The following
formula is used to obtain these outcomes, A* and A7, using Eq. (9).

+ _ + .+ r+ I+ __ '+ o/+
AT = (rl T2 ey Ty )’7} _(uu U;

AT =0y ey = (0,95

j )

901

nj+),j =12,..,n
nj‘),j =12, ..,n
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where

= {(max;(uij)jef), (miny(ui;)jel2)}

07t = {(min;(9;)je/1), (maxi(9;;)je)2)},

={(1 = max;(ui;) — mini(9;;)je/r), (1 — miny(ui;) — max,(9;;)je)2)},

i~ = {(min; (ui;)jelr), (maxi(uij)jel2)},
0" = {(maxi(ﬁi’j)jejl), (mini(ﬁ{j)jejz)},
miT = {(1 - mini(u{j) - maxi(ﬁ{j)jejl), (1 - maxl-(,ufj) - mini(ﬁ{j)jejz)}.

Step 6: Estimate the separation measures between different possible
wheelchairs.

Ashraf et al. (2021) explain that various distance metrics are used to
assess the separation between alternatives in an IFS. These metrics
include normalized versions of the Euclidean and Hamming distances as
well as their generalizations. The separation measurements for each
option are calculated after a particular distance measure has been chosen.
These metrics express how far an option is from the negative ideal solution
(5;7) and the positive ideal solution (S;”) using Eq. (10).

n
1 / )2 / D% ! )2
Si" = 2_2[(%—#1) + (04 = 07)" + (i~ )]

n
1 ’ 1—\2 ! —)? ! -)?
ST = ﬁz (:“ij_:“j) +(19ij_19j ) +(7Tij_”j )]

= (10)

Step 7: Estimate the final ranking of different possible wheelchairs.

The following Eq. (11) is the expression for the relative closeness
coefficient of an alternative, A, with respect to the intuitionistic fuzzy
positive ideal solution, A*:

S.
CFr=——— and0<C'<1
T si s ‘ (11)

The preference ranking is then calculated by sorting the Ci- values in

the descending order. Higher values indicate better success. The
alternative's performance within the sector is reflected in the C; value.

Triangular fuzzy TOPSIS

Jana et al. (2024) validate and confirm the outcomes of the
intuitionistic fuzzy TOPSIS technique by applying the fuzzy TOPSIS
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method with triangular fuzzy integers in this section. The process consists
of the following steps:

Step 1: Specify the criteria and sub-criteria weights.

Triangular fuzzy numbers are used to assess each criterion and sub-
criterion's relevance.

Step 2: Aggregate the weights of the sub-criteria and criteria.

Taking Xz = (pig, qig, Tig) is @ triangular fuzzy number indicated by the
weight of the wheelchair criteria X; determined by the expert E, and Y; =
(ij,qu,rjE) is also a triangular fuzzy number indicated by the weight of
the wheelchair sub-criteria Y; of criteria X; calculated by the Eth expert.
The aggregate weight (AW;) of the Eth criteria and its respective sub-
criteria can be estimated using Eq. (12) [9].

AWE = (a,,B,)/) (12)
where
a = min(piE'ij)'

B = YTE-1 qix, 4« and

a= max(riE,rjE).

Step 3: Integrate the expert’s views.

Using the same procedure described in Step 2, the combined weights
of the criterion and sub-criteria from each expert are combined in this
phase.

Step 4: Normalize the aggregated decision matrix.
A linear scale transformation is used to normalize the fuzzy decision
matrix (FB). The following Eq. (13) is used for the normalization procedure.

FB = [fby]

fbij = (p—:’q—‘jr%) for the benefit criteria
a9 9

mxn

pj pj pj o
fbij = (—’,—’,—’) for the cost criteria
Dij qij Tij

(13)
Step 5: Develop a fuzzy aggregated fuzzy decision matrix.
Let aj represent the rate of the given aggregated weights of the

criterion and sub-criteria (determined in Step 3); the aggregated fuzzy
decision matrix of the options AFB can be constructed using Eq.(14).
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AFB = | Qi1 Q42 Qi Qjm

(14)

Aq1 412 Aq5 alm]

an1 An2 anj Anm

Step 6: Normalize the aggregate fuzzy decision matrix of the
alternatives.

Using the same equations as in Step 4, the aggregated fuzzy decision
matrix is normalized in Step 5.

Step 7: Establish the weighted normalized decision matrix (WN) by
multiplying the weights of the aggregated criteria's normalized elements
by the aggregated fuzzy decision matrix AFB by the sub-criteria using Eq.
(15).

Step 8: Identify the fuzzy positive ideal solution and the fuzzy negative
ideal solution.

The fuzzy positive ideal solution (I*) and the fuzzy negative ideal
solution (I7) are calculated using Eq. (16).

I* ={67,6,....,6:%}
1= ={61,6;,.....0,} (16)
where 6" = (1,1,1) and 6; = (0,0,0).
Step 9: Compute each alternative's distance from the fuzzy positive
and negative ideal solutions.

Let (S;) and (S;7) denote the distances of each alternative wheelchair
from 9]-+and 8;", respectively, and calculated using Eq. (17).

n
Si+ = z d"? (9,:]', 9]+
j=1
n

S = z dy (6:,6;) (17)

where dv (.,.) uses the vertex method to display the distance between
two fuzzy numbers. When triangular fuzzy numbers are involved, it can be
computed using Eq. (18) as follows:
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S, y) = J%[(r’x =2)" + (4= a) + (= 1) e

Step-10: Ranking of the wheelchair alternatives.
The alternatives are ranked in the descending order of the closeness
coefficient C; .

Numerical example

The proposed case study

For those with physical limitations, mobility solutions are crucial, and
wheelchairs continue to be a vital tool for enhancing their quality of life.
Depending on the demands of the user, different wheelchair types—such
as manual (MW), electric (EW), or Al-powered (APW) wheelchairs—offer
unique benefits and drawbacks. The Educational Institute (EI) tries to
develop a wheelchair prototype and aims to choose the best wheelchair
type for its customers by balancing cost, usefulness, and user-specific
needs.

The El wants to enhance its wheelchair prototype by switching to
contemporary, eco-friendly, and effective wheelchair solutions in light of
growing awareness of user-centered design and wheelchair technological
breakthroughs. The Institute is dedicated to meeting various demands of
its users while ensuring that its services are in line with the WHO standards
for assistive technology. In order to do this, the El started a methodical
assessment to determine which wheelchair type would work best for
various user groups.

Three wheelchair models were selected for further evaluation. Manual
wheelchairs are affordable, lightweight, and appropriate for people with
strong upper bodies. Electric wheelchairs are battery-powered devices
with sophisticated functions which are ideal for anyone with poor physical
strength or movement. Al-powered wheelchairs are designed for people
with severe mobility issues or cognitive impairments. These wheelchairs
have voice control, intelligent navigation, and obstacle avoidance features.
An in-depth comprehension of user profiles, environmental factors, and
financial limitations was necessary for the evaluation.

To evaluate the choices, a team of three experts—robotic engineers,
biomedical engineers, and occupational therapists—was selected for their
expertise in wheelchair technology, human mobility, and user-centered
design. This multidisciplinary team ensures a balanced evaluation by
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integrating technical innovation, medical considerations, and practical
usability. While a larger panel could provide broader insights, three experts
were deemed sufficient for an initial assessment, ensuring efficiency
without compromising decision quality. In order to identify the most
qualified wheelchair, the following process was taken into consideration.

Establishing the criteria and sub- criteria for choosing a
qualified wheelchair

These criteria and their sub-criteria were chosen based on the
literature research, and they were then validated and modified in response
to DMs' feedback, as indicated in Table 3.

Table 3 - Identified criteria and sub- criteria

Dimension Criteria Sub-criteria
User-centric User’s physical condition Strength and endurance (SC-1)
factors (C-1)

Posture support (SC-2)

Weight capacity (SC-3)

Range of motion (SC-4)

Comfort (C-2) Seat cushioning (SC-5)

Back support (SC-6)

Adjustability (SC-7)

Ergonomics (SC-8)

Ease of use (C-3) Maneuverability (SC-9)

Control interface simplicity (SC-10)
Caregiver involvement (SC-11)
User learning curve (SC-12)
Control interface (C-4) Joystick control (SC-13)

Voice or gesture control (SC-14)
Manual control options (SC-15)
Caregiver assist mode (SC-16)
Customization (C-5) Adjustable footrests (SC-17)
Adjustable armrests (SC-18)

Seat size and configuration (SC-19)
Accessory options (SC-20)

Performance | Mobility & maneuverability Turning radius (SC-21)
& durability (C-6)

Indoor and outdoor usability (SC-22)
Terrain compatibility (SC-23)
Stability on uneven surfaces (SC-24)
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Dimension Criteria Sub-criteria
Battery life/power supply Battery capacity (SC-25)
(C-7)

Charging time (SC-26)

Range per charge (SC-27)

Power durability (SC-28)

Durability (C-8) Frame strength (SC-29)

Wheel durability (SC-30)

Long-term reliability (SC-31)

Resistance to wear and tear (SC-32)

Cost, safety & | Cost (C-9) Initial purchase cost (SC-33)
technology

Maintenance expenses (SC-34)

Insurance coverage (SC-35)

Warranty (SC-36)

Safety features (C-10) Anti-tip mechanism (SC-37)

Seat belts and harnesses (SC-38)

Braking systems (SC-39)

Collision detection (SC-40)

Technology integration (C-11) | GPS navigation (SC-41)

Sensor integration (SC-42)

Software updates (SC-43)

Smartphone compatibility (SC-44)

Selection of wheelchairs using intuitionistic fuzzy TOPSIS
and its results

The linguistic terms from Table 1 were used to estimate the criteria
and the experts. The significance of each expert in the group decision-
making process is seen in Table 4. Furthermore, the significance of the
criteria and sub-criteria was evaluated using the linguistic phrases listed in
Table 1. Using Eq. (5), the expert weights were determined.

Table 4 - Significance of professionals and their weights

E1 E2 E3
Linguistic terms | Very Important Important Very Important
Weights 0.36 0.28 0.36
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Table 5 - Ratings of the alternatives, ratings of the alternatives based on IFNs, AIFD

matrix
Ratings Ratings based on IFNs AIFD matrix
Criteria | Types | E-1 | E-2 | E-3 | E-1 E-2 E-3
C1 MW L ML | VL [0.30, 0.65] [0.40, 0.55] [0.10, 0.85] [0.266, 0.683, 0.051]
EW M MH [ ML | [0.50, 0.45] [0.60, 0.35] [0.40, 0.55] [0.498, 0.451, 0.051]
APW H VH | MH | [0.70, 0.25] [0.90, 0.05] [0.60, 0.35] [0.755, 0.180, 0.065]
C2 MW ML | L M [0.40, 0.55] [0.30, 0.65] [0.50, 0.45] [0.413, 0.536, 0.050]
EW M MH [ H [0.50, 0.45] [0.60, 0.35] [0.70, 0.25] [0.609, 0.339, 0.051]
APW H EH | VH | [0.70, 0.25] [1.00, 0.00] [0.90, 0.05] [1.000, 0.000, 0.000]
C3 MW L ML | VL [0.30, 0.65] [0.40, 0.55] [0.10, 0.85] [0.266, 0.683, 0.051]
EW M MH | MH | [0.50, 0.45] [0.60, 0.35] [0.60, 0.35] [0.539, 0.383, 0.078]

APW | EH | VH | EH | [1.00,0.00] | [0.90, 0.05] | [1.00, 0.00] | [1.000, 0.000, 0.000]
c4 MW EL | EL | EL | [0.00,1.00] | [0.00,1.00] | [0.00, 1.00] | [0.000, 1.000, 0.000]
EW ML | M | M | [0.40,0.55] | [0.50,0.45] | [0.50, 0.45] | [0.466, 0.484, 0.050]
APW | VH | EH | VH | [0.90,0.05] | [1.00,0.00] | [0.90, 0.05] | [1.000, 0.000, 0.000]
C5 MW EL | VL | EL | [0.00,1.00] | [0.10,0.85] | [0.00, 1.00] | [0.029, 0.956, 0.015]
EW M_ | MH | M| [0.50,0.45] | [0.60,0.35] | [0.50, 0.45] | [0.530, 0.419, 0.050]
APW | H | EH | VH | [0.70,0.25] | [1.00,0.00] | [0.90, 0.05] | [0.781, 0.000, 0.219]
C6 MW | VL | EL | VL | [0.10,0.85] | [0.00,1.00] | [0.10,0.85] | [0.073, 0.890, 0.037]
EW H | H | VH | [0.70,0.25] | [0.70,0.25] | [0.90, 0.05] | [0.798, 0.140, 0.062]
APW | H | VH | EH | [0.70,0.25] | [0.90, 0.05] | [1.00, 0.00] | [1.000, 0.000, 0.000]
c7 MW EL | EL | EL | [0.00,1.00] | [0.00, 1.00] | [0.00, 1.00] | [0.000, 1.000, 0.000]
EW M_| M | ML | [0.50,0.45] | [0.50,0.45] | [0.40,0.55] | [0.466, 0.484, 0.050]
APW | VH | H | H | [0.90,005 | [0.70,0.25] | [0.70,0.25] | [0.798, 0.140, 0.062]
C8 MW MH | M| MH | [0.60,0.35] | [0.50,0.45] | [0.60, 0.35] | [0.574, 0.378, 0.050]
EW MH | MH | H | [0.60,0.35] | [0.60,0.35] | [0.70,0.25] | [0.639, 0.310, 0.051]
APW | MH | H | VH | [0.60,0.35] | [0.70, 0.25] | [0.90, 0.05] | [0.776, 0.158, 0.066]
C9 MW EL | VL | L [0.00, 1.00] | [0.10,0.85] | [0.30, 0.65] | [0.146, 0.818, 0.036]
EW H | MH | MH | [0.70,0.25] | [0.60, 0.35] | [0.60, 0.35] | [0.639, 0.310, 0.051]
APW | EH | VH | EH | [1.00,0.00] | [0.90, 0.05] | [1.00, 0.00] | [1.000, 0.000, 0.000]
C10 MW L | VL | VL |[0.30,0.65] | [0.10,0.85] | [0.10,0.85] | [0.178, 0.772, 0.050]
EW H | MH | MH | [0.70,0.25] | [0.60, 0.35] | [0.60, 0.35] | [0.639, 0.310, 0.051]
APW | EH | EH | VH | [1.00,0.00] | [1.00, 0.00] | [0.90, 0.05] | [1.000, 0.000, 0.000]
c11 MW | VL | L | VL | [0.10,0.85 | [0.30,0.65] | [0.10,0.85] | [0.161, 0.788, 0.050]
EW M | M | ML | [0.50,0.45] | [0.50,0.45] | [0.40,0.55] | [0.466, 0.484, 0.050]
APW | MH | H | MH | [0.60,0.35] | [0.70, 0.25] | [0.60, 0.35] | [0.631, 0.319, 0.051]

Table 2 lists the linguistic terms that were used to rank the wheelchair
alternatives. Table 5 summarizes the expert’s ratings for the three
wheelchair options: manual, electric, and Al-powered and also displays the
IFNs that were created from these ratings. By integrating the views of the
experts, the AIFD matrix (Eq. (7)) was produced as shown in Table 5.The
significance of the wheelchair selection criteria and sub-criteria, as stated
in linguistic terms, is shown in Tables 6 and 7. Subsequently, these
linguistic terms were transformed into IFNs which are also displayed in
Table 7. To calculate the weight of each criterion, the opinions of the
decision-makers were compiled using Eq. (5.) The ultimate weight of the
combined criterion and sub-criteria, as well as their final combined
importance, are displayed in Table 8.
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Table 6 - Ratings of the criteria

Criteria

Ratings of the criteria

E-1

E-2

C1

M

C2

C3

\

C4

C5

M
|
|
M

C6

VI

C7

C8

M

C9

VI

C10

C11

|
|
|
M
|
\
V
M

Table 7 - Ratings of the sub-criteria, and ratings of the sub-criteria based on IFNs

Ratings Ratings of the sub-criteria based on IFNs

Sub-criteria | E-1 | E-2 | E-3 | E-1 E-2 E-3

SC-1 M U M (0.50, 0.40) (0.30, 0.65) (0.50, 0.40)
SC-2 | M VI (0.70, 0.25) (0.50, 0.40) (0.90, 0.05)
SC-3 | M | (0.70, 0.25) (0.50, 0.40) (0.70, 0.25)
SC-4 | | VI (0.70, 0.25) (0.70, 0.25) (0.90, 0.05)
SC-5 | VI | (0.70, 0.25) (0.90, 0.05) (0.70, 0.25)
SC-6 M \'! M (0.50, 0.40) (0.90, 0.05) (0.50, 0.40)
SC-7 M | | (0.50, 0.40) (0.70, 0.25) (0.70, 0.25)
SC-8 | | M (0.70, 0.25) (0.70, 0.25) (0.50, 0.40)
SC-9 VI VI | (0.90, 0.05) (0.90, 0.05) (0.70, 0.25)
SC-10 | \'! M (0.70, 0.25) (0.90, 0.05) (0.50, 0.40)
SC-11 U vu | U (0.30, 0.65) (0.05, 0.90) (0.30, 0.65)
SC-12 M M | (0.50, 0.40) (0.50, 0.40) (0.70, 0.25)
SC-13 | M M (0.70, 0.25) (0.50, 0.40) (0.50, 0.40)
SC-14 VI VI | (0.90, 0.05) (0.90, 0.05) (0.70, 0.25)
SC-15 M U U (0.50, 0.40) (0.30, 0.65) (0.30, 0.65)
SC-16 M U M (0.50, 0.40) (0.30, 0.65) (0.50, 0.40)
SC-17 | \'! | (0.70, 0.25) (0.90, 0.05) (0.70, 0.25)
SC-18 VI | VI (0.90, 0.05) (0.70, 0.25) (0.90, 0.05)
SC-19 \'! | VI (0.90, 0.05) (0.70, 0.25) (0.90, 0.05)
SC-20 VI | VI (0.90, 0.05) (0.70, 0.25) (0.90, 0.05)
SC-21 | M | (0.70, 0.25) (0.50, 0.40) (0.70, 0.25)
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Sub-criteria | E-1 | E-2 | E-3 | E-1 E-2 E-3
SC-22 | VI VI (0.70, 0.25) (0.90, 0.05) (0.90, 0.05)
SC-23 VI VI VI (0.90, 0.05) (0.90, 0.05) (0.90, 0.05)
SC-24 VI \'! VI (0.90, 0.05) (0.90, 0.05) (0.90, 0.05)
SC-25 | VI | (0.70, 0.25) (0.90, 0.05) (0.70, 0.25)
SC-26 M | M (0.50, 0.40) (0.70, 0.25) (0.50, 0.40)
SC-27 VI VI | (0.90, 0.05) (0.90, 0.05) (0.70, 0.25)
SC-28 | | | (0.70, 0.25) (0.70, 0.25) (0.70, 0.25)
SC-29 VI | VI (0.90, 0.05) (0.70, 0.25) (0.90, 0.05)
SC-30 M M | (0.50, 0.40) (0.50, 0.40) (0.70, 0.25)
SC-31 | | M (0.70, 0.25) (0.70, 0.25) (0.50, 0.40)
SC-32 U | M (0.30, 0.65) (0.70, 0.25) (0.50, 0.40)
SC-33 VI \'! | (0.90, 0.05) (0.90, 0.05) (0.70, 0.25)
SC-34 U M VU | (0.30, 0.65) (0.50, 0.40) (0.05, 0.90)
SC-35 \'! M VU | (0.90, 0.05) (0.50, 0.40) (0.05, 0.90)
SC-36 | M | (0.70, 0.25) (0.50, 0.40) (0.70, 0.25)
SC-37 | \'! VI (0.70, 0.25) (0.90, 0.05) (0.90, 0.05)
SC-38 VI M | (0.90, 0.05) (0.50, 0.40) (0.70, 0.25)
SC-39 \'! \'! VI (0.90, 0.05) (0.90, 0.05) (0.90, 0.05)
SC-40 VI | \i (0.90, 0.05) (0.70, 0.25) (0.90, 0.05)
SC-41 | | | (0.70, 0.25) (0.70, 0.25) (0.70, 0.25)
SC-42 | | M (0.70, 0.25) (0.70, 0.25) (0.50, 0.40)
SC-43 VI M | (0.90, 0.05) (0.50, 0.40) (0.70, 0.25)
SC-44 \'! M | (0.90, 0.05) (0.50, 0.40) (0.70, 0.25)
Table 8 - Final aggregated significance of the criteria and the sub-criteria
Final weight aggregated
Combined | E-1 E-2 E-3 criteria and sub-criteria
C-1 (0.50, 0.40) | (0.30,0.65) | (0.50,0.40) | (0.451,0.458, 0.091)
C-2 (0.50, 0.40) | (0.70, 0.25) | (0.50,0.40) | (0.567,0.351, 0.083)
C-3 (0.30, 0.65) | (0.05,0.90) | (0.30,0.65) | (0.238,0.712, 0.050)
C-4 (0.50, 0.40) | (0.30,0.65) | (0.30,0.65) | (0.380, 0.546, 0.074)
C-5 (0.70, 0.25) | (0.70, 0.25) | (0.70,0.25) | (0.700, 0.250, 0.050)
C-6 (0.70,0.25) | (0.50,0.40) | (0.70,0.25) | (0.654, 0.285, 0.061)
C-7 (0.50, 0.40) | (0.70, 0.25) | (0.50,0.40) | (0.567, 0.351 0.083)
C-8 (0.30, 0.65) | (0.50,0.40) | (0.50,0.40) | (0.436,0.476, 0.088)
C-9 (0.30, 0.65) | (0.50, 0.40) | (0.05,0.90) | (0.289, 0.638, 0.073)
C-10 (0.70, 0.25) | (0.50, 0.40) | (0.70,0.25) | (0.654, 0.285,0.061)
C-11 (0.70,0.25) | (0.50,0.40) | (0.50,0.40) | (0.584,0.338, 0.078)
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For the wheelchair selection C-1, C-2, C-3, C-4, C-5, C-6, C-7, C-8,
C-10, and C-11 are the benefit criteria where C-9 is the cost criteria. The
IF positive-ideal solution (A*) and the IF negative-ideal solution (A°) for the
wheelchair selection were determined using Egs. (8 ) and (9) as its results
are shown in Table 9.

Table 9 - Intuitionistic fuzzy positive and negative ideal solutions

A* A
C-1 (0.341, 0.556, 0.104) (0.120, 0.828, 0.052)
C-2 (0.567,0.351, 0.082) (0.234, 0.699, 0.067)
c-3 (0.238, 0.712, 0.050) (0.063, 0.909, 0.028)
C-4 (0.380, 0.546, 0.074) (0.000, 1.000, 0.000)
C-5 (0.547, 0.250, 0.203) (0.020, 0.967, 0.013)
C-6 (0.654, 0.285, 0.061) (0.048, 0.921, 0.031)
C-7 (0.452, 0.442, 0.106) (0.000, 1.000, 0.000)
C-8 (0.338, 0.559, 0.103) (0.279, 0.638, 0.083)
c-9 (0.042, 0.934, 0.024) (0.289, 0.638, 0.073)
c-10 (0.654, 0.285, 0.061) (0.116, 0.837, 0.047)
c-11 (0.369, 0.549, 0.082) (0.094, 0.860, 0.046)

The normalized Euclidean distance was used to determine the
positive (S*) and negative (S°) separation measures for each wheelchair
alternative, and the results are shown in Table10 using Eq. (10). The
relative closeness coefficients C; were initially computed in order to rank
the wheelchair options using Eq. (11). After that, the options were
arranged in accordance with their C;" values in the descending order.

The wheelchair types in this case study were ranked as follows: Al-
Powered >Electric > Manual. As a result, the electric Al-powered
wheelchair was chosen as the best choice out of the available options.

Table 10 - Separation measures and the relative closeness coefficient for each
wheelchair alternative

Wheelchair S* S c; Rank
MW 0.410 0.083 0.169 3rd
EW 0.179 0.256 0.589 2nd
APW 0.083 0.409 0.832 1st
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Selection of the wheelchair using fuzzy TOPSIS

The weights assigned to the criteria and sub-criteria were determined
in order to begin the evaluation procedure. The linguistic terms listed in
Table 11 were used to do this. The same table shows the TFNs that were
used to quantify these linguistic phrases. TFNs, which offer a range of
values to better capture the subjective assessments of experts, are
frequently used to manage uncertainty and imprecision in decision-making
processes.

Table 11 - Linguistic terms for the criteria and sub-criteria

Linguistic terms TFNs

Very important (VI) (0.75, 0.90, 1.00)
Important (1) (0.60, 0.75, 0.90)
Medium (M) (0.30, 0.45, 0.60)
Unimportant (U) (0.15, 0.30, 0.45)
Very unimportant (VU) (0.00, 0.15, 0.30)

As shown in Tables 12 and 13, the experts first used linguistic terms
to represent the priority levels of the criterion and the sub-criteria. The
experts' qualitative inputs are compiled in these tables which also
represent their opinions on the relative importance of each criterion and
sub-criterion.

Table 12 - Linguistic terms and TFNSs for the criteria

Linguistic terms TFNs for the criteria

Criteria | E-1 | E-2 | E-3 | E-1 E-2 E-3

C1 | M | (0.60, 0.75, 0.90) | (0.30, 0.45,0.60) | (0.60, 0.75, 0.90)
C2 M | | (0.30, 0.45, 0.60) | (0.60, 0.75,0.90) | (0.60, 0.75, 0.90)
C3 | i | (0.60, 0.75, 0.90) | (0.75,0.90, 1.00) | (0.60, 0.75, 0.90)
C4 | | M (0.60, 0.75,0.90) | (0.60, 0.75,0.90) | (0.30, 0.45, 0.60)
C5 M | M (0.30, 0.45, 0.60) | (0.60, 0.75,0.90) | (0.30, 0.45, 0.60)
C6 VI | VI (0.75, 0.90, 1.00) | (0.60, 0.75,0.90) | (0.75, 0.90, 1.00)
C7 | M | (0.60, 0.75, 0.90) | (0.30, 0.45,0.60) | (0.60, 0.75, 0.90)
C8 M | VI (0.30, 0.45, 0.60) | (0.60, 0.75,0.90) | (0.75, 0.90, 1.00)
C9 \ii i | (0.75,0.90, 1.00) | (0.75,0.90, 1.00) | (0.60, 0.75, 0.90)
Cc10 | VI | (0.60, 0.75, 0.90) | (0.75,0.90, 1.00) | (0.60, 0.75, 0.90)
C11 | M VI (0.60, 0.75, 0.90) | (0.30, 0.45,0.60) | (0.75,0.90, 1.00)
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Table 13 - Linguistic terms and TFNs for the sub-criteria

Sub- Linguistic terms TFNs for the sub-criteria

criteria | E-1 | E-2 | E-3 | Expert 1 Expert 2 Expert 3

SC-1 M U M (0.30, 0.45, 0.60) | (0.15,0.30, 0.45) | (0.30, 0.45, 0.60)
SC-2 | M \'! (0.60, 0.75, 0.90) | (0.30, 0.45, 0.60) | (0.75, 0.90, 1.00)
SC-3 | M | (0.60, 0.75, 0.90) | (0.30, 0.45, 0.60) | (0.60, 0.75, 0.90)
SC4 | | \'! (0.60, 0.75, 0.90) | (0.60, 0.75, 0.90) | (0.75, 0.90, 1.00)
SC-5 | VI | (0.60, 0.75, 0.90) | (0.75, 0.90, 1.00) | (0.60, 0.75, 0.90)
SC-6 M VI M (0.30, 0.45, 0.60) | (0.75, 0.90, 1.00) | (0.30, 0.45, 0.60)
SC-7 M | | (0.30, 0.45, 0.60) | (0.60, 0.75, 0.90) | (0.60, 0.75, 0.90)
SC-8 | | M (0.60, 0.75, 0.90) | (0.60, 0.75, 0.90) | (0.30, 0.45, 0.60)
SC-9 VI VI | (0.75, 0.90, 1.00) | (0.75, 0.90, 1.00) | (0.60, 0.75, 0.90)
SC-10 | | VI M (0.60, 0.75, 0.90) | (0.75, 0.90, 1.00) | (0.30, 0.45, 0.60)
SC-11 | U VU | U (0.15, 0.30, 0.45) | (0.00, 0.15, 0.30) | (0.15,0.30, 0.45)
SC-12 | M M | (0.30, 0.45, 0.60) | (0.30, 0.45, 0.60) | (0.60, 0.75, 0.90)
SC-13 | | M M (0.60, 0.75, 0.90) | (0.30, 0.45, 0.60) | (0.30, 0.45, 0.60)
SC-14 | VI VI | (0.75, 0.90, 1.00) | (0.75, 0.90, 1.00) | (0.60, 0.75, 0.90)
SC-15 | M U U (0.30, 0.45, 0.60) | (0.15, 0.30, 0.45) | (0.15, 0.30, 0.45)
SC-16 | M U M (0.30, 0.45, 0.60) | (0.15,0.30, 0.45) | (0.30, 0.45, 0.60)
SC-17 | | VI | (0.60, 0.75, 0.90) | (0.75, 0.90, 1.00) | (0.60, 0.75, 0.90)
SC-18 | VI | VI (0.75, 0.90, 1.00) | (0.60, 0.75, 0.90) | (0.75, 0.90, 1.00)
SC-19 | VI | \'! (0.75, 0.90, 1.00) | (0.60, 0.75, 0.90) | (0.75, 0.90, 1.00)
SC-20 | VI | VI (0.75, 0.90, 1.00) | (0.60, 0.75, 0.90) | (0.75, 0.90, 1.00)
SC-21 | | M | (0.60, 0.75, 0.90) | (0.30, 0.45, 0.60) | (0.60, 0.75, 0.90)
SC-22 | | VI VI (0.60, 0.75, 0.90) | (0.75,0.90, 1.00) | (0.75, 0.90, 1.00)
SC-23 | VI VI \'! (0.75, 0.90, 1.00) | (0.75, 0.90, 1.00) | (0.75, 0.90, 1.00)
SC-24 | VI VI \'! (0.75, 0.90, 1.00) | (0.75,0.90, 1.00) | (0.75, 0.90, 1.00)
SC-25 | | VI | (0.60, 0.75, 0.90) | (0.75, 0.90, 1.00) | (0.60, 0.75, 0.90)
SC-26 | M | M (0.30, 0.45, 0.60) | (0.60, 0.75, 0.90) | (0.30, 0.45, 0.60)
SC-27 | VI VI | (0.75, 0.90, 1.00) | (0.75, 0.90, 1.00) | (0.60, 0.75, 0.90)
SC-28 | | | | (0.60, 0.75, 0.90) | (0.60, 0.75, 0.90) | (0.60, 0.75, 0.90)
SC-29 | VI | VI (0.75, 0.90, 1.00) | (0.60, 0.75, 0.90) | (0.75, 0.90, 1.00)
SC-30 | M M | (0.30, 0.45, 0.60) | (0.30, 0.45, 0.60) | (0.60, 0.75, 0.90)
SC-31 | | | M (0.60, 0.75, 0.90) | (0.60, 0.75, 0.90) | (0.30, 0.45, 0.60)
SC-32 | U | M (0.15, 0.30, 0.45) | (0.60, 0.75, 0.90) | (0.30, 0.45, 0.60)
SC-33 | VI VI | (0.75, 0.90, 1.00) | (0.75, 0.90, 1.00) | (0.60, 0.75, 0.90)
SC-34 | U M VU | (0.15,0.30, 0.45) | (0.30, 0.45, 0.60) | (0.00, 0.15, 0.30)
SC-35 | VI M VU | (0.75,0.90, 1.00) | (0.30, 0.45, 0.60) | (0.00, 0.15, 0.30)
SC-36 | | M | (0.60, 0.75, 0.90) | (0.30, 0.45, 0.60) | (0.60, 0.75, 0.90)
SC-37 | | VI VI (0.60, 0.75, 0.90) | (0.75,0.90, 1.00) | (0.75, 0.90, 1.00)
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Sub-

criteria | E-1 | E-2 | E-3 | Expert 1 Expert 2 Expert 3

SC-38 | VI M | (0.75, 0.90, 1.00) | (0.30, 0.45, 0.60) | (0.60, 0.75, 0.90)
SC-39 | VI | VI VI (0.75, 0.90, 1.00) | (0.75, 0.90, 1.00) | (0.75, 0.90, 1.00)
SC-40 | VI | VI (0.75, 0.90, 1.00) | (0.60, 0.75, 0.90) | (0.75, 0.90, 1.00)
SC-41 | | | | (0.60, 0.75, 0.90) | (0.60, 0.75, 0.90) | (0.60, 0.75, 0.90)
SC-42 | | | M (0.60, 0.75, 0.90) | (0.60, 0.75, 0.90) | (0.30, 0.45, 0.60)
SC-43 | VI M | (0.75, 0.90, 1.00) | (0.30, 0.45, 0.60) | (0.60, 0.75, 0.90)
SC-44 | VI M | (0.75, 0.90, 1.00) | (0.30, 0.45, 0.60) | (0.60, 0.75, 0.90)

Further, the ratings

Table 14 - Aggregated decision matrix of the experts

of the combined criteria and sub-criteria (CCS)
based on the triangular fuzzy numbers and the aggregated decision using
Eq. (12) are shown in Table 14. This table provides a thorough assessment
of the options in accordance with the predetermined criteria and sub-
criteria by synthesizing the data acquired in the previous steps.

CCs Expert 1 Expert 2 Expert 3 Aggre. decision

CCS 1 (0.30, 0.68, 0.90) | (0.15, 0.46, 0.90) | (0.30,0.73, 1.00) | (0.15, 0.61, 1.00)
CCSs 2 (0.30, 0.55, 0.90) | (0.60, 0.80, 1.00) | (0.30, 0.61, 0.90) | (0.30, 0.64, 1.00)
CCS 3 (0.15, 0.58, 1.00) | (0.00, 0.58,1.00) | (0.15, 0.56, 0.90) | (0.00, 0.57, 1.00)
CCS 4 (0.30, 0.63, 1.00) | (0.15,0.49, 1.00) | (0.15, 0.46, 0.90) | (0.15, 0.52, 1.00)
CCS 5 (0.30, 0.76, 1.00) | (0.60, 0.78, 1.00) | (0.30, 0.76, 1.00) | (0.30, 0.77, 1.00)
CCS 6 (0.60, 0.84, 1.00) | (0.30, 0.76, 1.00) | (0.60, 0.87, 1.00) | (0.30, 0.82, 1.00)
CCs7 (0.30, 0.70, 1.00) | (0.30,0.73, 1.00) | (0.30, 0.68, 0.90) | (0.30, 0.70, 1.00)
CCS 8 (0.15, 0.53, 1.00) | (0.30, 0.68, 0.90) | (0.30, 0.66, 1.00) | (0.15, 0.62, 1.00)
CCS 9 (0.15, 0.70, 1.00) | (0.30, 0.59, 1.00) | (0.00, 0.39, 0.90) | (0.00, 0.54, 1.00)
CCS 10 | (0.60,0.84,1.00) | (0.30,0.76, 1.00) | (0.60, 0.84, 1.00) | (0.30, 0.81, 1.00)
CCS 11 | (0.60,0.81,1.00) | (0.30, 0.55, 0.90) | (0.30,0.70, 1.00) | (0.30, 0.68, 1.00)

The fuzzy TOPSIS

methodology's Step 4 equations are used to
calculate the normalized values of the created decision matrix. Table 15
presents the normalized results. The language terms used to rate the
alternatives are also shown in Table 16.

Table 15 - Normalized aggregated score of the experts

Criteria Normalized score
C1 0.15 0.61 1.00
C2 0.30 0.64 1.00
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Criteria Normalized score

C3 0.00 0.57 1.00
C4 0.15 0.52 1.00
C5 0.30 0.77 1.00
C6 0.30 0.82 1.00
Cc7 0.30 0.70 1.00
Cc8 0.15 0.62 1.00
C9 0.00 0.00 0.00
C10 0.30 0.81 1.00
C11 0.30 0.68 1.00

Table 16 — Ranking of the alternatives in linguistic terms

Linguistic terms TFNs

Extremely high (EH) [0.80, 0.90, 1.00]
Very high (VH) [0.70, 0.80, 0.90]
High (H) [0.60, 0.70, 0.80]
Medium high (MH) [0.50, 0.60, 0.70]
Medium (M) [0.40, 0.50, 0.60]
Medium low (ML) [0.30, 0.40, 0.50]
Low (L) [0.20, 0.30, 0.40]
Very low (VL) [0.10, 0.20, 0.30]
Extremely low (EL) [0.00, 0.10, 0.20]

Table 17 summarizes the evaluations given to the three wheelchairs
by the experts based on the language terms included in Table 16. To
account for the subjectivity and inherent ambiguity of the assessments,
these ratings are then converted into triangular fuzzy numbers. Table 17
provides the options' comprehensive fuzzy representations, allowing for
additional investigation.

The fuzzy aggregated decision matrix based on the collective views
of the experts is displayed in Table 18. Tables 19 and 20 display the
normalized version and the related weighted normalized fuzzy aggregated
decision matrix, respectively. The calculations used adhere to the same
methodology described in Eq. (12) which is used for the aggregation of the
criterion and the sub-criteria.

For each aggregated criterion and sub-criterion, the ratings of each
alternative were then calculated in relation to the fuzzy positive ideal
solution (I*) and the fuzzy negative ideal solution (I7). The proximity of each
alternative to the ideal and non-ideal solutions is measured by these
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computations. Tables 21 and 22 provide an evaluation of the outcomes of

these calculations.

Table 17 - Rating and TFNs of the alternatives

Linguistic terms

TFNs for the alternatives

Criteria Types | E-1 | E-2 | E-3 | E-1 E-2 E-3
C1 MW L ML | VL [0.20, 0.30, 0.40] [0.30, 0.40, 0.50] | [0.10, 0.20, 0.30]
EW M MH | ML | [0.40, 0.50, 0.60] [0.50, 0.60, 0.70] | [0.30, 0.40, 0.50]
APW H VH | MH | [0.60, 0.70, 0.80] [0.70, 0.80, 0.90] | [0.50, 0.60, 0.70]
Cc2 MW ML [ L [0.30, 0.40, 0.50] [0.20, 0.30, 0.40] | [0.40, 0.50, 0.60]
EW MH | H [0.40, 0.50, 0.60] [0.50, 0.60, 0.70] | [0.60, 0.70, 0.80]
APW H EH | VH | [0.60, 0.70, 0.80] [0.80, 0.90, 1.00] | [0.70, 0.80, 0.90]
C3 MW L ML | VL [0.20, 0.30, 0.40] [0.30, 0.40, 0.50] | [0.10, 0.20, 0.30]
EW M MH | MH | [0.40, 0.50, 0.60] [0.50, 0.60, 0.70] | [0.50, 0.60, 0.70]
APW EH | VH | EH | [0.80, 0.90, 1.00] [0.70, 0.80, 0.90] | [0.80, 0.90, 1.00]
C4 MW EL EL EL [0.00, 0.10, 0.20] [0.00, 0.10, 0.20] | [0.00, 0.10, 0.20]
EW ML [ M M [0.30, 0.40, 0.50] [0.40, 0.50, 0.60] | [0.40, 0.50, 0.60]
APW VH | EH | VH | [0.70, 0.80, 0.90] [0.80, 0.90, 1.00] | [0.70, 0.80, 0.90]
C5 MW EL | VL EL [0.00, 0.10, 0.20] [0.10, 0.20, 0.30] | [0.00, 0.10, 0.20]
EW MH | M [0.40, 0.50, 0.60] [0.50, 0.60, 0.70] | [0.40, 0.50, 0.60]
APW H EH | VH | [0.60, 0.70, 0.80] [0.80, 0.90, 1.00] | [0.70, 0.80, 0.90]
C6 MW VL EL | VL [0.10, 0.20, 0.30] [0.00, 0.10, 0.20] | [0.10, 0.20, 0.30]
EW H VH | [0.60, 0.70, 0.80] [0.60, 0.70, 0.80] | [0.70, 0.80, 0.90]
APW VH | EH | [0.60, 0.70, 0.80] [0.70, 0.80, 0.90] | [0.80, 0.90, 1.00]
Cc7 MW EL EL EL [0.00, 0.10, 0.20] [0.00, 0.10, 0.20] | [0.00, 0.10, 0.20]
EW M ML [ [0.40, 0.50, 0.60] [0.40, 0.50, 0.60] | [0.30, 0.40, 0.50]
APW VH | H H [0.70, 0.80, 0.90] [0.60, 0.70, 0.80] | [0.60, 0.70, 0.80]
C8 MW MH [ M MH [ [0.50, 0.60, 0.70] [0.40, 0.50, 0.60] | [0.50, 0.60, 0.70]
EW MH [ MH | H [0.50, 0.60, 0.70] [0.50, 0.60, 0.70] | [0.60, 0.70, 0.80]
APW MH [ H VH | [0.50, 0.60, 0.70] [0.60, 0.70, 0.80] | [0.70, 0.80, 0.90]
C9 MW EL | VL L [0.00, 0.10, 0.20] [0.10, 0.20, 0.30] | [0.20, 0.30, 0.40]
EW H MH | MH | [0.60, 0.70, 0.80] [0.50, 0.60, 0.70] | [0.50, 0.60, 0.70]
APW EH | VH | EH | [0.80, 0.90, 1.00] [0.70, 0.80, 0.90] | [0.80, 0.90, 1.00]
C10 MW L VL | VL [0.20, 0.30, 0.40] [0.10, 0.20, 0.30] | [0.10, 0.20, 0.30]
EW H MH | MH | [0.60, 0.70, 0.80] [0.50, 0.60, 0.70] | [0.50, 0.60, 0.70]
APW EH | EH | VH | [0.80, 0.90, 1.00] [0.80, 0.90, 1.00] | [0.70, 0.80, 0.90]
C11 MW VL L VL [0.10, 0.20, 0.30] [0.20, 0.30, 0.40] | [0.10, 0.20, 0.30]
EW M ML | [0.40, 0.50, 0.60] [0.40, 0.50, 0.60] | [0.30, 0.40, 0.50]
APW MH [ H MH [ [0.50, 0.60, 0.70] [0.60, 0.70, 0.80] | [0.50, 0.60, 0.70]
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Table 18 - Experts' fuzzy aggregated assessment matrix for each choice

Criteria MW EW APW

AC1 [0.10, 0.29, 0.50] [0.30, 0.49, 0.70] [0.50, 0.69, 0.90]
AC2 [0.20, 0.39, 0.60] [0.40, 0.59, 0.80] [0.60, 0.80, 1.00]
AC3 [0.10, 0.29, 0.50] [0.40, 0.56, 0.70] [0.70, 0.86, 1.00]
AC4 [0.00, 0.10, 0.20] [0.30, 0.46, 0.60] [0.70, 0.83, 1.00]
AC5 [0.00, 0.13, 0.30] [0.40, 0.53, 0.70] [0.60, 0.78, 1.00]
AC6 [0.00, 0.16, 0.30] [0.60, 0.73, 0.90] [0.60, 0.80, 1.00]
AC7 [0.00, 0.10, 0.20] [0.30, 0.46, 0.60] [0.60, 0.73, 0.90]
AC8 [0.40, 0.56, 0.70] [0.50, 0.63, 0.80] [0.50, 0.69, 0.90]
AC9 [0.00, 0.18, 0.40] [0.50, 0.63, 0.80] [0.70, 0.86, 1.00]
AC10 [0.10, 0.23, 0.40] [0.50, 0.66, 0.80] [0.70, 0.86, 1.00]
AC11 [0.10, 0.23, 0.40] [0.30, 0.46, 0.60] [0.50, 0.63, 0.80]

Table 19 - Experts' normalized fuzzy aggregated assessment matrix for each choice

Criteria MW EW APW

AC1 [0.10, 0.29, 0.50] [0.30, 0.49, 0.70] [0.50, 0.69, 0.90]
AC2 [0.20, 0.39, 0.60] [0.40, 0.59, 0.80] [0.60, 0.80, 1.00]
AC3 [0.10, 0.29, 0.50] [0.40, 0.56, 0.70] [0.70, 0.86, 1.00]
AC4 [0.00, 0.10, 0.20] [0.30, 0.46, 0.60] [0.70, 0.83, 1.00]
AC5 [0.00, 0.13, 0.30] [0.40, 0.53, 0.70] [0.60, 0.78, 1.00]
AC6 [0.00, 0.16, 0.30] [0.60, 0.73, 0.90] [0.60, 0.80, 1.00]
AC7 [0.00, 0.10, 0.20] [0.30, 0.46, 0.60] [0.60, 0.73, 0.90]
ACS8 [0.40, 0.56, 0.70] [0.50, 0.63, 0.80] [0.50, 0.69, 0.90]
AC9 [0.00, 0.00, 0.00] [0.00, 0.00, 0.00] [0.00, 0.00, 0.00]
AC10 [0.10, 0.23, 0.40] [0.50, 0.66, 0.80] [0.70, 0.86, 1.00]
AC11 [0.10, 0.23, 0.40] [0.30, 0.46, 0.60] [0.50, 0.63, 0.80]

Table 20 - Experts' weighted normalized fuzzy aggregated assessment matrix for each
choice

Criteria MW EW APW

AC1 [0.015, 0.177, 0.500] | [0.045, 0.299, 0.700] [0.075, 0.421, 0.900]
AC2 [0.060, 0.249, 0.600] | [0.120, 0.377, 0.800] [0.180, 0.512, 1.000]
AC3 [0.000, 0.165, 0.500] | [0.000, 0.319, 0.700] [0.000, 0.490, 1.000]
AC4 [0.000, 0.052, 0.200] | [0.045, 0.239, 0.600] [0.105, 0.432, 1.000]
AC5 [0.000, 0.100, 0.300] | [0.120, 0.408, 0.700] [0.180, 0.600, 1.000]
AC6 [0.000, 0.131, 0.300] | [0.180, 0.598, 0.900] [0.018, 0.656, 1.000]
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Criteria

MW

EW

APW

AC7

[0.000, 0.070, 0.200]

[0.090, 0.322, 0.060]

[0.180, 0.511, 0.900]

AC8

[0.060, 0.347, 0.700]

[0.075, 0.390, 0.800]

[0.075, 0.428, 0.900]

AC9

[0.000, 0.000, 0.000]

[0.000, 0.000, 0.000]

[0.000, 0.000, 0.000]

AC10

[0.030, 0.186, 0.400]

[0.150, 0.535, 0.800]

[0.210, 0.696, 1.000]

AC11

[0.030, 0.156, 0.400]

[0.090, 0.313, 0.600]

[0.150, 0.428, 0.800]

Table 21 — Rating the distances between every choice and the fuzzy positive ideal

solution I*

Criteria MW EW APW

AC1 0.795 0.706 0.633
AC2 0.732 0.633 0.551

AC3 0.806 0.720 0.648
AC4 0.920 0.742 0.612
AC5 0.876 0.636 0.527
AC6 0.865 0.530 0.601

AC7 0.914 0.851 0.554
ACS8 0.683 0.650 0.631

AC9 1.000 1.000 1.000
AC10 0.809 0.571 0.489
AC11 0.819 0.698 0.603
SI* 9.219 7.737 6.847

Table 22 - Rating the distances between each choice and the fuzzy negative ideal
solution I

Criteria MW EW APW
ACA1 0.306 0.440 0.575
AC2 0.377 0.515 0.657
AC3 0.304 0.444 0.643
AC4 0.119 0.374 0.632
AC5 0.183 0.473 0.681
AC6 0.189 0.632 0.691
AC7 0.122 0.196 0.606
AC8 0.452 0.516 0.577
AC9 0.000 0.000 0.000
AC10 0.255 0.562 0.714
AC11 0.248 0.394 0.531
SI- 2.556 4.547 6.307
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Table 23 - Each wheelchair ranking, separation metrics, and relative closeness coefficient

Alternatives SI* SI- Ci* Rank
MW 9.219 2.556 0.217 3rd
EW 7.737 4.547 0.370 2nd
APW 6.847 6.307 0.479 1st

The three options were ordered in descending order of the relative
proximity coefficients (Ci*), which were computed in order to rate the
different options. According to the fuzzy TOPSIS analysis results in Table
30, APW > EW > MW is the ranking. As a result, APW was determined to
be the wheelchair option that was the most preferred.

Sensitivity analysis

A sensitivity analysis that looked at how different factors affected the
ranking of the wheelchairs is presented in this section. Three different
circumstances were examined in the analysis, each concentrating on a
different set of criteria. A thorough summary of these situations is given in
Table 24 which also highlights the variables assessed in each scenario. In
order to rank the alternatives, the analysis additionally analyzes the results
of the intuitionistic fuzzy TOPSIS and fuzzy TOPSIS methodologies; the
results are shown in Table 24.

Table 24 - Sensitivity analysis results for multiple circumstances

Circumstance | Decision criteria Experts | Wheelchair ranking
Intuitionistic Triangular
fuzzy TOPSIS | fuzzy

TOPSIS
Current C-1, C-2, C-3, C4, C-5, E1,E2, | APW>EW> | APW>EW
circumstance | C-6, C-7, C-8, C-9, C-10, E3 MW > MW
C-11

Circumstance | C-1, C-2, C-3, C-4, C-5 E1,E2, | APW>EW> | APW>EW

1 (User-centric factors) E3 MW > MW

Circumstance | C-6, C-7, C-8 E1,E2, | APW >EW > APW > EW

2 (Performance & durability) | E3 MW > MW

Circumstance | C-9, C-10, C-11 (Cost, E1,E2, | APW >EW > APW > EW

3 safety & technology) E3 MW > MW

Figures 2 and 3 provide a visual representation of the sensitivity
analysis findings. These numbers show how well the two approaches
perform in comparison under various conditions. In contrast to the
conventional fuzzy TOPSIS approach, the intuitionistic fuzzy TOPSIS
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method exhibits an equivalent sensitivity to scenario modifications, as
illustrated. The intuitionistic fuzzy TOPSIS method's increased sensitivity
is especially useful in situations where criteria are very subjective and need
intricate assessments. The intuitionistic fuzzy TOPSIS approach gives
decision-makers a more thorough and reliable way to distinguish between
options when criteria are qualitative in nature, including user-centric
factors, performance & durability, and cost, safety & technology for
nuanced decision making. This feature promotes more educated
wheelchair selection decisions and improves the dependability of the
rating process. Overall, the findings highlight how crucial it is to use cutting-
edge techniques like intuitionistic fuzzy TOPSIS when dealing with
situations involving subjective criteria since they provide more accuracy
and flexibility in supplier evaluation for the selection of sustainable
wheelchairs.

1,200
1,000
$ 0,800
©
> 0,600 .\/‘\’
*
o 0,400
0,200
0,000
Current Circumstance Circumstance Circumstance
Circumstance 1 2 3
== |\ 0,169 0,000 0,038 0,307
=@\ 0,589 0,515 0,703 0,561
APW 0,832 1,000 1,000 0,693
===\ =@\ APW

Figure 2 - Intuitionistic fuzzy TOPSIS approach sensitivity analysis results
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Figure 3 - Triangular fuzzy TOPSIS approach sensitivity analysis results

Discussion

Research findings

The MCDM method based on intuitionistic fuzzy TOPSIS is
introduced in this study, adding to the body of knowledge on wheelchair
selection. The approach successfully tackles the subjectivity and
ambiguity of wheelchair evaluation. A thorough sensitivity analysis was
conducted, contrasting the results of intuitionistic fuzzy TOPSIS with those
of conventional fuzzy TOPSIS, in order to verify its robustness.

The sensitivity analysis for wheelchair selection was performed
across three distinct circumstances to evaluate how varying decision
criteria influence the rankings generated by the intuitionistic fuzzy TOPSIS
and triangular fuzzy TOPSIS methods. The "Current circumstance"
considered all decision criteria (C-1 to C-11) and expert opinions (E1, E2,
E3), with both methods yielding the same ranking: APW > EW > MW. In
"Circumstance 1," which focused on user-centric factors (C-1 to C-5), the
rankings remained unchanged across both methods, highlighting the
consistency of the alternatives under user-specific priorities. Similarly,
"Circumstance 2," emphasizing performance and durability (C-6 to C-8),
and "Circumstance 3," addressing cost, safety, and technology (C-9 to C-
11), also produced identical rankings across both methods: APW > EW >
MW. This consistency across all circumstances indicates that both
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methods are robust under varying criteria; however, intuitionistic fuzzy
TOPSIS is better equipped to detect subtle variations and differences in
certain subjective scenarios, as it incorporates a higher degree of
sensitivity and adaptability. This capability makes intuitionistic fuzzy
TOPSIS particularly advantageous when dealing with highly subjective
and nuanced decision-making contexts.

The selected wheelchair alternatives differ significantly in
functionality, making their ranking relatively intuitive, even for non-experts.
However, this example serves as an illustration to demonstrate the
applicability of intuitionistic fuzzy TOPSIS and to highlight the importance
of various criteria in the selection process. The true value of this approach
lies in its ability to handle complex decision-making scenarios where
differences are less obvious. Intuitionistic fuzzy TOPSIS enhances
sensitivity and adaptability, making it particularly useful for nuanced and
highly subjective decision-making contexts.

Research implications

This method is unique in that it uses intuitionistic fuzzy numbers in
conjunction with the TOPSIS method to solve imprecise decision making.
With an emphasis on wheelchair selection, it assesses the aspects related
to cost, safety, and technology, as well as user-centric factors including
performance and durability. The study helps stakeholders grasp the
fundamentals of a thorough wheelchair assessment for improved decision
making by rating and choosing the best choices based on these criteria.

Real-world applications and managerial perspectives

The application of Intuitionistic Fuzzy TOPSIS and Triangular Fuzzy
TOPSIS in wheelchair selection provides significant managerial insights
by emphasizing the effectiveness of APW over EW and MW. Both methods
address uncertainties and subjective judgments in evaluating user-centric
factors, performance & durability, and cost, safety & technology
dimensions. The consistent superiority of APW highlights its ability to
prioritize criteria effectively, leading to accurate and user-aligned
decisions. While APW may suggest options with higher initial costs, these
selections typically offer better durability, safety, and user satisfaction,
reducing long-term expenses. These approaches empower managers to
make holistic, data-driven, and sustainable decisions, balancing
economic, functional, and technological priorities.
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Conclusion and future work

Adopting sustainable and user-centric techniques is essential when
choosing wheelchairs in order to satisfy a variety of needs while taking
durability and long-term cost effectiveness into consideration. The intricacy
and subjectivity of decision making make it difficult to choose the best
wheelchair model based on predetermined criteria. Using an intuitionistic
fuzzy TOPSIS approach, this paper proposes a useful decision-making
framework to investigate the wheelchair choosing process. The most
pertinent criteria and sub-criteria across the user-centric factors,
performance & durability, and cost, safety & technology aspects were
found by a thorough literature research. The collective views of experts led
to the finalization of these criteria. The suggested approach takes
subjective assessments and uncertainties into consideration when ranking
and choosing the best wheelchair model. A comparison with the fuzzy
TOPSIS method under three distinct scenarios was carried out to verify
the robustness of the strategy and show the model's sensitivity and
dependability.

Although practitioners in other contexts would need to reinterpret the
criteria and ratings based on expert judgments to meet their particular
needs, the system can be modified for new fields. Because of its
adaptability, the framework can be used in a variety of industries while still
being accurate and relevant. This study's absence of interdependencies
between the criterion and the sub-criteria, which could affect results, is a
limitation. In order to account for these interdependencies and further
improve the selection process, future research could address this by
including approaches like the Analytic Hierarchy Process.
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Resumen:

Introduccidén/objetivo: Seleccionar una silla de ruedas adecuada es vital
para garantizar la movilidad, la comodidad y la independencia de las
personas con discapacidad. El objetivo principal es ayudar a identificar la
silla de ruedas optima considerando diversos criterios centrados en el
usuario y minimizando las ambigliedades en la toma de decisiones.
Métodos: EIl marco propuesto aprovecha conjuntos difusos intuicionistas
para abordar la indecisién y la imprecision que suelen presentarse en la
toma de decisiones. La ponderacion de los criterios y las evaluaciones de
alternativas se determinaron con la participacién de expertos. Se realizé un
analisis de sensibilidad para garantizar la robustez y fiabilidad del proceso
de clasificacion. Se realizé un estudio de caso para validar la eficacia de la
metodologia e ilustrar su aplicacién practica.

Resultados: El estudio demostré que las sillas de ruedas impulsadas por
IA (APW) superaron a otras opciones de sillas de ruedas segtn los criterios
y subcriterios seleccionados.

Conclusion: Los hallazgos resaltan la utilidad del enfoque intuicionista
difuso TOPSIS para facilitar la toma de decisiones bien informadas en la
seleccion de sillas de ruedas. Este método beneficia a usuarios finales,
cuidadores y profesionales médicos al abordar las complejidades de la
toma de decisiones subjetiva e incierta, lo que en ultima instancia conduce
a resultados mas inclusivos y confiables. El marco demuestra ser una
herramienta eficaz para mejorar el proceso de toma de decisiones en la
seleccion de sillas de ruedas.

Palabras claves: seleccion de silla de ruedas, difuso intuicionista, difuso
triangular, TOPSIS, analisis de sensibilidad.

MHorokpuTepuanbHbI NOAXo4 K NPUHATUIO peLLeHniA Npu Bbibope
I/IHBaJ'II/I,EI.HOI7I KOJMTACKM C ncnosib3oBaHnemM NHTYNLMUOHUCTCKOIro
HedeTKkoro topsis meToaa

lMpacaHm PanpxaH Oxand, bubymu BycaH Yoyaypu?, Cywun Kymap Caxy?,
KoppecnoHaeHT, [pazan Mamyyap®, Brnadumup Cumny®

aTexHonornyeckumn NHCTUTYT nMenn Nuampel Manan (BPUT, Pypkena),
dakynbTeT MalnHocTpoeHus, CapaHr, [xeHkaHan, Oaguvwa,
Pecny6nuka NHans

6 Benrpaackuii yHMBepcuTeT, hakynbTeT OpraHU3aLMOoHHbIX HayK, kadeapa
onepaumoHHbIX nccnefoBaHnin n ctatuctukn, benrpaa, Pecnybnvka Cepbus

927

pp.874-916

Ranjan Dhal,' P. et al., A Multi-Criteria Decision-Making Approach for Wheelchair Selection Using Intuitionistic Fuzzy TOPSIS,



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 3

+ Kopencknii yHMBepCcuTeT, KONNeaK Hayku U TEXHONOMMI, hakynbTeT
NpuvKNagHbix Hayk, kacdpegpa matemaTnyeckux Hayk, CemxoH, Pecnybnuvka
Kopes
® Benrpaackuii yHuBepcuTeT, hakynbTeT TpaHCNopTa U opraHnsauum

nBwxeHusi, yn. Boesogbl Ctenel, A.305, r. Benrpag, Pecny6nuka Cepbus

PYBPUKA TPHTW: 73.47.12 OpraHu3auus ynpasnexHus un
aBTOMaTM3NPOBaHHbIE CUCTEMbI YpaBreHns
TpaHCNopToM,

B CTATbW: opurmHanbHas HayyHas ctaTbsl

Pe3some:

BeedeHue/yenb: Bpibop nodxodsiueli UHearmuOHOU KOMsSICKU umeem
JKUBHEHHO 8aXkHoe 3HauyeHue Ons  obecriedeHuss MobuibHOCMU,
Komgopma U Hesasucumocmu el € 02paHUYeHHbIMU
gosmoxHocmsamu. OCHoeHasi uernb cmambU — oMO4Yb 8 8blbope
Haubosnee nodxodswel UHB8anudHOU KOMSCKU, MPpUHUMas 80 8HUMaHuUe
ps0 Kpumepues, OpUEHMUPOBaHHbIX Ha rofib3ogamersis, U €800 K
MUHUMYMY HeorpedesieHHOCMb Mpu NPUHAMUU peweHul.

Memookb!: B npednazaemoli cmpykmype ucrionb3yemcsi
UHMYUUUOHUCMCKUE HeYemkue MHOXecmaa, obbsicHsIIOWUE
HeorpedesieHHOCMb U HEemMOYHOCMb 4acmo Mpucymcmeyruwux 6
poyecce MpuHSIMuUs peweHul. Beca Kpumepues U  OUEHKU
anbmepHamue bbinu  ymeepxdoeHb! akcriepmamu. [ns obecrieyeHusi
HadexxHocmu u ycmoU4ueocmu rpouecca paHXuposaHUsi nMpUMEHSITICS
aHanus 4yscmeumesisHocmu. s nodmeepxoeHusi aghgpekmusHocmu
mMemoQosioc2uu U unrcmpayuu ee npakmu4yeckoz2o npumMeHeHuUsi 6biio
rnposedeHo memamuyeckoe uccriedogaHue.

Pesynbmamsi: ViccriedogaHue rnokasasno, Ymo UHEarnulHbIe KOMSICKU C
uckyccmeeHHbIM uHmerstnekmom (APW) npesocxodsam dpyaue sapuaHmb|
UHBAIUOHbIX KOMISICOK 10 8bI6paHHbIM KpUMmMepusiM U nooKpUmepusim.
Bbigod: Pesyrnibmambi riokassigearom, 4mo rnoodxo0 UHMYUUUOHUCMCKUX
Heyemkux mHoxxecme TOPSIS obriecdaem ripouecc npuHAMus peweHut
npu eblbope UHBanuUOHOU KOMSICKU, OCHOB8aHHbIl Ha O0bwWUupHOU
uHgopmayuu.  dmom  MemoO  PUHOCUM  MOfb3y  KOHEYHbIM
rnonb3o8amerisivM, fuyaM, OCyuecmensiiouum yxod, U MeOUUUHCKUM
pabomHukaMm, MOCKOJ/IbKY yCmpaHsiem CIIOXKHOCMU CyObeKkmugHO020 U
HeorpedesileHHO20 rpouecca MPUHAMUS peuweHul, 4mo 8 KOHEYHOM
umoee npusodum K bonee HalexHbIM U  8Ce0b6BLEMITIOWUM
pesynbmamam. [lokazaHo, 4mo QaHHasi cucmema  s8/semcs
3bPeKMUBHbLIM UHCMPYMEeHMOM OJ1s1 onmuMu3auuu rnpoyecca npuHsamusi
peuweHul rnpu ebibope UHBarnUOHOU KOISICKU.

Knrouesbie crosa: ebibop UHBanuUOHOU KOMSCKU, UHMYUUUOHUCMCKOE
Heyemkoe MHOXecmeo, mpeyaosbHas Hedemkoe MHoxecmeo, TOPSIS,
aHarnu3 d4yscmeumeribHocmu.
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BuwekpuTepujyMcku NpMCTyn oasy4mBaky npy n3bopy MHBanuacKmx
konuvua nomohy uHTyntmeHe dasm TOPSIS meToae

lMpacanm Panyan Oana?, bubymu Bycan Yoyaxypja @, Cywun Kymap Caxy?,

ayTop 3a npenucky, [pazan Mamy4ap®, Bradumup Cumnhe

2 TexHonowku MHCTUTYT NHaunpe Manan (BPUT, Poypkena), Oacek 3a
MalmHcTBO, CapaHr, [IxeHkanan, Oguwa, NHguvja

5 YHuBepanteT y Beorpagy, ®akynTeT opraHmM3aumoHux Hayka, Kategpa 3a
onepaunoHa NcTpaxwveara u ctatuctuky, beorpag, Cpbuja +
Konew 3a Hayky n TexHonorujy, Kopejckn yHusepanuteT, Ofcek 3a npuMmerseHe
mMaTeMaTuyke Hayke, CelloHr, Penybnuvka Kopeja

® YHuBep3uTeT y Beorpagy, CaobpahajHu dakynTerT,
Beorpan, Cpbuja

OBJIACT: onepauunoHa nctpaxueaha, MexaHuka

KATEFOPWUJA (TWIM) YNAHKA: opuriHanHu Hay4Hu pag

Caxemak:

Yeod/yurb: N36op odzo8apajyhux uHeanudckux Konuya 00 CyWwmuHcKe je
gaxkHocmu 3a obesbehusare MoburHocmu, ydobHocmu U He3agucHocmu
ocoba ca uHeanudumemom. lpumapHu yurb pada je 0a nomoeHe da maj
usbop 6ydeHajnozodHuUju y3umajyhu y ob3up HU3 Kpumepujyma Koju ce
00HOCe Ha KOopucHuka u 0a ce MpumoM Heu38ecHoCm rpu o0syqusary
ceede Ha Wimo Mary Mepy.

Memode: NpednoxeHu oKkeup NMpUMeHsyje UHMyumusHe ¢hasu cKyrose da
bu objacHUO HeOdsTyYHOCM U HENPEeyUu3HoCm 4Yecme rpu 00s1y4HU8arby.
TexuHe Kpumepujyma u rpoueHe anmepHamuea oodpeheHe cy y3 rnomoh
ekcniepama. [lpumerseHa je aHanusa ocemsbugocmu Kako bu ce
obesbedurna pobycmHocm u rnoy3daHocm ripoyeca paHauparka. YpaheHa
je cmyduja cniyyaja koja romephyje egbukacHocm Memodoriozuje U
unycmpyje HeHy npakmu4Hy rnpuMeHy.

Pesynmamu: Cmyduja je noka3ana Oa cy ce uHeanudcka Konuya Ha rnoaoH
rnomohy eewmadke uHmernuaeHyuje rnokasasna 6or/eum 00 ocmarnux onyuja
Ha ocHoBy usabpaHux Kpumepujyma u rnomkpumepujyma.

Bakrbyyak: Hanasu noka3syjy 0a je uHmyumusHu ¢pa3u TOPSIS npucmyn
Kopucman rpu 00rly4usary Ha 0CHo8y 0burba UHghopmauyuja rnpu u3bopy
uHeanudckux Komnuua. Kpajru KopucHuuu, Hezoeamerbu U MeOUUUHCKU
padHuuyu umajy kopucmu o0 oge memode Koja ce 6agu crioxxeHownhy
cybjekmueHoz U Heu3gecHoz2 00sy4Yuearba, WMo y KpajH0oj TUHUjU 800U Ka
UHKITy3UBHUjuM U roy30aHujum pesynmamuma. Osaj okeup ce rnoka3ao
Kao egbukacHo cpedcmeo 3a nobosbliarke npouyeca 00sy4usarka npu
u3bopy uHeanudCcKux Konuya.

KrbyyHe peyu: u3bop uHeanudCKux Komuya, UHmMyumueHu ¢hasu,
mpoyenacmu ¢asu, TOPSIS, aHanusza ocemrbugocmu
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Abstract:

Introduction/purpose: This work aims to create a novel model that predicts
the burst pressure of straight flaws under internal pressure in corroded
pipes that have been repaired with bonded composite wraps.

Methods: Geometrical aspects affected the repair performances. The
composite patch behaviour strongly depends on several parameters such
as pipe size, defect size, composite ply number, ply orientation, composite
properties, and adhesive thickness. The effects of all these parameters on
the repair efficiency were analyzed.

Results: The obtained results showed that the composite wrap reduces the
stress concentration caused by the corrosion defect, which improves the
long-term durability of pipes.

Conclusion: The comparison between the new analytically developed
model and the finite element (FE) calculations showed good agreement for
the repaired corroded pipe.

Keywords: corrosion, uniform pressure, analytical model, pipe, bonded
composite repairs
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Introduction

Composites are materials of two or more distinct components, offering
superior properties to individual materials. However, if a composite has
defects, its rigidity decreases (Metehri et al, 2009; 2019; 2024a; Nadia et
al, 2024).

Surface flaws are believed to be most common in pipe systems and
pressure containers (Mechab et al, 2011; 2014; 2018). A surface fracture
is often overlooked during the inspection of a structural component
(Mechab et al, 2020). Deterministic approaches are commonly employed
in fracture mechanics to evaluate components with suspected or
confirmed flaws. These approaches depend on precise hypotheses about
the condition of the fault, the material's strength and durability, and the
applied force (Fezazi et al, 2021).

Pipe corrosion is a common problem that can lead to leaks and
failures. Causes include water or gas quality, temperature, internal
pressure, manufacturing defects, etc. Regarding the research method,
many researchers have studied the behaviours of composite-repaired
corroded pipelines employing field experiments, theoretical deductions,
and numerical simulations (Metehri et al, 2024b; 2024c; Alabtah et al,
2021; Kong et al, 2022).

Bonded composite repairs of the structure have become a helpful
piping life extension solution over the last two decades (Benyahia et al,
2014; Ibrahim et al, 2018). These repairs provide an efficient method for
restoring the ultimate load capability of the structure (Madjdoub et al,
2019). The durability and reliability of structures repaired with composite
patches depend mainly on the mechanical and thermal behaviour of the
adhesive layer. These are the essential points for studying the causes of
failure and the degradation of the entire repair (Lim et al, 2019; Singh et
al, 2021).

Glass fibre hoop-reinforced composite systems have proven to be an
effective and successful approach for repairing onshore pipelines that
have suffered from corrosion and mechanical damage, mainly when the
primary stress factor is internal pressure (Chandra Khan et al, 2017).
Extending these repair methods to offshore pipelines, such as risers,
necessitates a comprehensive understanding of intricate combined load
profiles, including substantial tension overlay (De Barros et al, 2018).

Repair methods utilizing glass fiber reinforced materials are employed
to restore corroded or damaged pipelines. In this approach, the affected
section is strengthened by applying a composite wrap, typically made of
glass/epoxy or carbon/epoxy, around the transmission pipelines (Da
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Costa-Mattos et al, 2009; Budhe et al, 2017; Alexander et al, 2014). The
ability of these Glass fibre-reinforced materials to resist corrosion, their
relatively high strength-to-weight ratio, load-bearing capacity, and stiffness
makes them an excellent choice for rehabilitating corroded steel pipelines
and other mechanical structures. The composite overwrap can ensure an
optimal level of pressure-bearing capacity and structural integrity in cases
of partial corrosion or partial wall loss defects. However, they may be less
effective in preventing leaks in localized through-thickness corrosion
defects (Budhe et al, 2020).

Few models in the literature forecast burst pressure in repaired pipes,
so we conducted this study to create an analytical model that makes this
prediction possible and aids in composite wrap repair design. A finite
element analysis presented in this work also describes the impacts of
different parameters influencing the repair performances of corroded
pipes. The constructed analytical model included each of these
parameters.

Geometrical model

In this study, it is supposed that there exists a corrosion defect of a
rectangular shape in the central outer wall of a pipeline. The dimensions
of the defect are: length (L=300 mm), width (I=200 mm) and defect ratio of
the defect depth on the pipe thickness (r=d/t =0.1, 0.2, 0.3, 0.4 and 0.5
mm). The outside diameter of the pipe Dext is 600 mm, Dint represents
the inside diameter (Dint = 580 mm), and "t" designates the pipe thickness
(t = 10mm); the length of the pipe is 2500mm. The pipeline is subjected to
an internal uniform pressure of P=8.42 MPa. Figure 1 illustrates the
geometric characteristics of the pipe.

The pipe is made of APC X65 steel, and the corrosion defect is
repaired using a glass/epoxy composite wrap with two layers of 0.5 mm
thickness for each layer. The ply orientation in the composite is [55/-55].
The composite wrap is bidirectional. We chose to adopt the [55/-55] fiber
orientations in the wrapping composite, as this configuration promotes
better shear stress absorption which can be significant when repairing
pipes exposed to internal pressures. These orientations allow the
composite to better withstand the pressure forces exerted on the corroded
pipe during its operation, which is crucial for ensuring the repair’s
effectiveness. Furthermore, the [55/-55] orientations provide increased
flexibility, enabling them to more easily conform to the shape of the pipe
and ensure optimal adhesion to the corroded surface. This is particularly
important for preventing delamination or failure of the repair.
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Defective pipe '

Composite wrap

Figure 1 — Corroded pipe repaired with a composite patch wrap and putty

Table 1 — Mechanical properties of different materials used in this study
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Materials
Steel Glass/epox | Carbone/ Araldite 2015 Putty:
X65 y Epoxy Adhesive Resin
(Fatoba & (Campilho | (Arroussi (Arroussi et al, | Epoxy
Akid, 2014) etal, 2011) | etal, 2023) | 2023)

E1 (GPa) 211 50 112 1.85 35.9

E2 (GPa) 14.5 8.20

E3 (GPa) 14.5 8.20

u12 0.3 0.33 0.3 0.33 0.389

u13 0.33 0.3

u23 0.33 0.3

G12 (GPa) 2.56 4.5

G13 (GPa) 2.56 4.5

G23 (GPa) 2.24 45

Guits 500

(MPa)

oe (MPa) 380

n 0.127
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The corrosion defect is then cleaned, and a layer of epoxy putty is
applied to fill the cavity with a thickness of 0.5 mm. The adhesive used for
bonding the pipe to the composite wrap is the Araldite 2015 Epoxy with a
thickness of ta= 0.3 mm.

Table 1 shows the elastic properties of the pipe, the patch, and the
adhesive. Pipe steel is supposed to have an elastic-plastic behaviour.

Initial conditions and limitations

The extremities of the pipe were constrained (all displacements and
rotations were blocked), i.e., U1 =U2 =U3 =0, UR1=UR2 =UR3 =0) to
ensure the proper execution of the calculation. Furthermore, the length of
the section was chosen so that this indentation does not affect the stress
calculations in the corroded and repaired areas. The pipe is subjected to
a constant internal pressure of 8.42 MPa, applied uniformly, without
considering other real-world specific effects. (The boundary conditions are
presented in Figure 2).

In Abaqus software, the contact between the three components in an
assembly (pipe, putty, and composite wrap) can be defined by assigning
suitable interaction properties (normal and tangential) to the surface-to-
surface contacts.

Figure 2 — Boundary condition of the corroded pipe
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FEM model and convergence analysis

The Abaqus calculation code (Dassault Systems, The 3D
EXPERIENCE platform, 2014) was used to calculate the stresses in the
corroded and repaired pipe. The finite element model was divided into
three subsections: the repaired pipe, the epoxy putty, and the composite
wrap. The pipe is modelled with different elements along the thickness
direction: one layer for the pipe, one layer for the repair putty, and two
layers for the composite wrap.

Changing the density of the mesh elements stabilized the equivalent
stress value in the repaired pipe (see Figure 3).

Table 2 — Numbers of the nodes and the mesh elements

Model Number of Number of
nodes elements

Pipe with a rectangular defect 61248 40475

Repaired pipe with a composite 67030 45788
patch wrap

382-
3804 —3%— Mesh density
378
376-
374
372-
370+
368
366
364+
362

(MPa)

Sequivalent

0 10000 20000 30000 40000 50000
Number of elements

Figure 3 — Variation of von Mises stress in the corroded pipe repaired with composite
material as a function of mesh density

Several computational runs with mesh density optimization were used

to obtain reliable results and good convergence (see Figure 3). To assess
the impact of the number of nodes on stress variation, the type of structural

936




hexahedral linear element was fixed, and an attempt was made to increase
the number of nodes to refine the model progressively. Figure 3 illustrates
the mesh of the repaired pipe based on the number of nodes.

Figure 4 — Detailed mesh used for a numerical model of the defective pipe with composite
repair: a) refined mesh, b) medium mesh, and c) non-refined mesh.

The type of element chosen must correspond to the topological shape
of the model structure. The element types depend on the three-
dimensional shapes, such as tetrahedra, wedges, and hexahedra.

In previous studies (Medjdoub et al, 2018) on the behaviour of
repaired pipelines, C3D8R mesh elements were tested and they provided
reliable results.

However, the element type was not altered in this work, as the C3D8R
element is the most efficient in most numerical analyses; therefore, this
element type was selected at the outset of the analysis.

In terms of the mesh type, we opted for the elements (C3D8R) which
have been frequently used in the modelling of such structures, along with
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5040 linear quadrilateral elements of type S4R for the envelope and 40748
linear hexahedral elements of type C3D8R for the pipe and the putty.
Refining the mesh at a defect level is also important to better determine
the value of the equivalent and circumferential stresses. The general
configuration is based on a regular mesh, which is kept constant for all the
analyses carried out in this study to avoid any influence of the mesh on the
results. The total number of the nodes and the pipe elements is
demonstrated in Table 2. Figure 4 illustrates the structure of the mesh
employed for this calculation.

The mesh models shown in Figures 4a, b, and ¢ were generated by
adjusting the element density for each material until a mesh size was
achieved. This ensured a regular and refined mesh, particularly at the
defect level, where corrosion necessitates a refined mesh with a minimum
element size.

Finite element results

Comparison between repaired and non-repaired pipes

A comparative study analyzed the stress distribution between an
unrepaired corroded pipe and a corroded pipe repaired with a glass/epoxy
wrap consisting of two composite layers [55/-55]. The internal uniform
pressure applied was 8.42 MPa. The circumferential stress distributions
are shown in Figure 5. This Figure shows that the composite wrap's
presence considerably reduces the pipe's equivalent stresses, particularly
in the corroded region. The presence of the composite shell increases the
lifespan of the corroded pipe.

5,522
5 522 SNEG, (fraction = -1.0], Layer = 1

Ay 75%)
+4 457402
+4.073e+02
+3.688e+02
+3.304e402
+2.920e+02
+2.53%e+02
+2.151e402
+1.766e+02
+1.382e+02
+0.977e401
+6.134e+01
+2,290e+01
-1.554e401

{fvg: 75%)
+4,195e+02
+3.827e+02
+3.460e+02
+3.092e+02
+2.724e+02
+2.357e+02
+1.989e+02
+1.621e+02
+1.254e+02
+8.860e+01
+5.183e+01
+1.506e+01
-2.171e+01

Figure 5 — Contour of circumferential stress with a rectangular centred defect, a) pipe
without repaired, b) repaired pipe, under internal pressure. (d/t=0.5)
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The stress reduction can be seen more clearly in Figure 6, which
shows the maximum stresses for a repaired pipe and an unrepaired pipe
as a function of the d/t ratio. From this Figure, it can be seen that the
increase in the d/t ratio leads to an increase in the maximum stresses of
about 160 MPa from 0.1 to 0.5 for both repaired and unrepaired pipes.
However, according to Figure 6, it can be seen that the reduction of the
circumferential stress by the composite wrap is constant regardless of the
values of the d/t ratio. This means that the rate of stress transfer from the
corroded pipe to the composite repair through the adhesive layer is
independent of the d/t ratio.

W

Pa
N
o

7 =0~ Pipe without repaired

€ 10 2~ Pipe with repaired

w w S
D O O
o O O
1 1 1

0 O DN
o O o
1 1 1

Maximum circumferential stress (
DD DD W W g
o

D
o

01 02 03 04 05
dt Ratio

Figure 6 —Variation of the maximum circumferential stress with the repaired pipe and the
non- repaired pipe in accordance with the d/t ratio

Effects of the geometrical parameters on the repair
performances

Pipe size effect

This part presents the influence of the d/t ratio on the maximum value
of the circumferential stress. The study was carried out on a pipe repaired
with a composite wrap in glass/epoxy with the ply orientation of [55/-55];
each ply is 0.5 mm thick. The internal uniform pressure of P= 8.42 MPa
was applied.

Figure 7 presents the variation of the maximum circumferential stress
in the repaired pipe as a function of the d/t ratio for different pipe diameters
(400, 500, and 600 mm). From this Figure, it can be noted that the
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maximum stresses are higher for higher pipe diameters regardless of the
d/t ratio. This shows that repair efficiency will be reduced as the pipe
diameter increases. This behaviour is due to the fact that the load transfer
from the pipe to the composite wrap will be less significant as the pipe
diameter increases. It is, therefore, easier to repair a smaller pipe.
However, this disadvantage can be overcome by increasing the thickness
of the composite by increasing the number of plies, which will result in a
higher stress transfer to the composite wrap. Thus, the effectiveness of
the repair will be improved.

B —————
228-—0— D,=600mm

0 D,=500mm
4004~ Do=400mm

380

340
320
300
280
260
240
220
200
180
160
140 T T T T T T T T T
0.1 0.2 03 04 05

dt Ratio

Maximum circumferential stress (MPa)

Figure 7 — Variation of the maximum circumferential stress in the repaired pipe as a
function of the d/t ratio and the exterior radius

Effect of the defect length

This part of the study focuses on analyzing the effect of defect length
on the level of the circumferential stresses in the repaired pipe. For this
reason, the defect lengths were L1=500mm, L2=350mm, and L3=110mm.
Figure 8 presents the variation of the maximum stress in the repaired pipe
as a function of the ratio (d/t) of different defect lengths (L).

This Figure shows that defect length considerably determines the
level of circumferential stresses. The repair efficiency is closely related to
defect length. For more significant defects, the stress level will be higher
and significant even after repair. However, many authors have
investigated the effect of defect length (Al-Amin & Zhou, 2013; Hocine et
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al, 2024; Netto et al, 2007). We can solve this problem by increasing the
composite thickness, which will improve the repair effectiveness.

~ 460 T T T T T

2
260- |.3=1 10mm

240 T T T T T
01 02 03 04 05

Figure 8 — Variation of the maximum circumferential stress in the repaired pipe as a
function of the d/t ratio of different defect lengths

4 5
400+
380
360
340
320
300
280+
260
240 1
220 1
200 1

180 T T T T T T T T T
0,1 02 03 04 05
dt Ratio

Maximum circumferential stress (MPa)

Figure 9 — Maximum circumferential stress variation in accordance with the composite
patch thickness
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Effect of the composite wrap thickness

To analyze the effects of the composite envelope thickness on the
repair effectiveness, we considered three thicknesses of the repair
composite: tr =1, 3, and 7 mm (as shown in Figure 9). It can be seen from
this last Figure that increasing the thickness of the composite gives a
considerable reduction in the maximum stress in the repaired pipe, which
allows us to assert that increasing the number of layers of the repair
composite improves the repair effectiveness and thus increases the
longevity of the pipe. However, we recommend optimizing this thickness
to avoid high repair costs, as costly repair may be less cost-effective than
replacing the corroded part of the pipe.

Effect of the material properties of the composite wrap

The choice of the composite wrap type is of paramount importance
when reinforcing pipelines. Several types of reinforcement are available,
the most effective choices being glass/epoxy and carbon/epoxy. These
types of composite wraps have demonstrated superior performance by
improving mechanical properties.

Table 1 presents the elastic properties of carbon and epoxy compared
to those of glass and epoxy.

Figure 10 presents the variation of the maximum circumferential of
the repaired corroded pipe with both composites (glass/epoxy and
carbon/epoxy). A comparison between the two patches, glass/epoxy and
carbon/epoxy, reveals that the glass/epoxy patches offer superior
performance in corroded pipeline repair. The stress in the corroded pipe is
lower when it is repaired with glass/epoxy than when it is repaired with
carbon epoxy, particularly for a lower ratio (d/t). For higher values of the
d/t ratio, the two composites give the same circumferential stress. We
conclude that the choice of the composite type significantly impacts the
repair efficiency. It is recommended for corroded pipes under internal
pressure to use glass/epoxy because of its relatively low cost and best
efficiency.
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Figure 10 — Variation of the maximum circumferential stress of a repaired pipe in
accordance with the composite wrap type

Several studies have been conducted to assess the mechanical
properties in order to select the proper material for repairing the damaged
cavity of a damaged pipeline (Lim et al, 2019; Da Costa Mattos et al, 2009;
Djahida et al, 2021; Zecheru et al, 2018; Duell et al, 2008).

Effect of the adhesive thickness

The adhesive layer plays an important role in the repair of corroded
pipes. The thickness and mechanical properties of the adhesive are
essential in the load transfer between the corroded pipe and the composite
wrap. Figure 11 presents the variation of the repaired pipe's maximum von
Mises stress in accordance with the adhesive thickness. From Figure 11,
it can be seen that increasing the adhesive thickness leads to a decrease
in the equivalent stresses of the corroded pipe. This increase indicates that
a moderately thin adhesive (ta=0.4mm) facilitates better load transfers from
the defect to the composite patch. It can be seen that the adhesive
thickness influences the equivalent stresses. The minimum value of the
equivalent stress is recorded in the interval of (0.3-0.4 mm) for the
adhesive thickness; for the adhesive thicknesses higher than 0.4 mm, the
stresses increase considerably, and the repair efficiency will be reduced.
We recommend using the optimum value of the adhesive thickness
(ta=0.3mm) to repair corroded pipelines.
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Figure 11 — Variation of the repaired pipe's maximum von Mises stress as a function of
the adhesive thickness

Analytical model of the burst pressure of a repaired pipe

Finite element analysis has shown that several parameters influence
the burst pressure of a corroded steel pipe repaired with a composite wrap.
These parameters include the geometric properties of the pipe, the
corrosion defect and the repair composite, the elastic properties of the
composite, and the internal pressure applied to the pipe. We have
combined all these parameters into an analytical model estimating the
burst pressure of the repaired pipe. This model, developed for the first
time, can be used to design the composite wrap repair. This model is
written in the form:

zzwuts For 1,345<——— <6455 ,01<2<05
SR L T (™)
L d
Hoeent [ETJ @
e
G12J\E3/( G23
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This model is one of a few ones in the literature to predict the burst
pressure of a corroded pipe repaired with a composite wrap. Comparing
its results with those obtained by finite element analysis shows an
excellent agreement (see Figure 12). Indeed, the relative difference
between the burst pressure estimated by the model and that calculated by

finite elements does not exceed 0.1 %.
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Conclusion

This work develops a new predictive model for calculating the burst
pressure of straight defects subjected to internal pressure in corroded
pipes that have been repaired with bonded composite coverings. Various
criteria are examined, including pipe dimensions, defect size, number of
composite plies, ply orientation, composite material characteristics, and

adhesive thickness. The following conclusions can be made:

v" The increase in the (d/t) ratio leads to an increase in the

maximum stresses for both repaired and unrepaired pipes.
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As the pipe diameter increases, the load transfer from the pipe
to the composite wrap becomes less significant, making repairs
easier for smaller pipes. However, this limitation can be mitigated
by increasing the composite thickness with additional plies,
which improves stress transfer to the composite wrap. As a
result, the effectiveness of the repair is enhanced.

The defect length plays a crucial role in determining the level of
circumferential stresses and directly affects the repair efficiency.
For larger defects, stress levels remain high even after the repair.
However, increasing the composite thickness helps distribute the
stresses more effectively, thereby improving the overall
effectiveness of the repair.

Increasing the thickness of the composite significantly reduces
the maximum stress in the repaired pipe. This demonstrates that
adding more layers of the composite improves the repair
effectiveness and extends the pipe's service life.

Glass/epoxy offers better performance in terms of strength and
flexibility, making it more effective in restoring the integrity of
damaged pipes. This combination proves to be more
advantageous for ensuring durable and reliable repair.

It has been determined that the adhesive thickness should be 0.3
mm to ensure optimum adhesion between the composite layer
and the thick pipe. This precise value guarantees an effective
repair by maintaining a strong and uniform interface between the
different layers of the repair system.

The present model exhibits excellent agreement with finite
element results in predicting the burst pressure of a corroded
pipe repaired with a composite wrap, with the relative difference
not exceeding 0.1%.

Nomenclature

FEM:

Ceq-
Soo:
Guits-
Oe .
a:

d:

Next-

Finite element method

Maximum von-Mises equivalent stress
Circumferential (Hoop) stress

Ultimate stress

Yield stress

Pipe length

Ao, A1 and Az: Integration functions

Defect depth
Pipe external diameter
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Dint: Pipe internal diameter

Eq: Young's modulus in the X direction (GPa)
E:: Young's modulus in the Y direction (GPa)
Es: Young's modulus in the Z direction (GPa)
Ea: Young's modulus of adhesive

Ep: Young's modulus of steel

Giz2: Shear modulus in the X-Y plan (GPa)
Gis: Shear modulus in the X-Z plan (GPa)
Gas: Shear modulus in the Y-Z plan (GPa)

l: Defect width

L4, Lo, L3 : Defect length

n: Work hardening coefficient

LPC: Line pipe corrosion model

P: Internal pressure

Po: Burst pressure

r=d/t: Geometrical ratio of the defect

t: Pipe thickness

Tal Adhesive thickness

T Patch thickness

C: Properties ratio of the composite

n: Function depending on the ratio of the defect
Vi2 Poisson's ratio in the X-Y plan

V13 Poisson's ratio in the X-Z plan

Vo3 ! Poisson's ratio in the Y-Z plan

& Thickness ratio

X: Properties ratio of steel and adhesive
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Resumen:

Introduccién/objetivo: Este trabajo tiene como objetivo crear un nuevo
modelo que prediga la presion de ruptura de fallas rectas bajo presion
interna en tuberias corroidas que han sido reparadas con envolturas
compuestas.

Métodos: Los aspectos geométricos influyeron en el rendimiento de la
reparacién. EI comportamiento del parche compuesto depende en gran
medida de varios parametros, como el tamario de la tuberia, el tamafio del
defecto, el nimero de capas del compuesto, la orientacion de las capas,
las propiedades del compuesto y el espesor del adhesivo. Se analizaron
los efectos de todos estos parametros en la eficiencia de la reparacion.

Resultados: Los resultados obtenidos mostraron que la envoltura
compuesta reduce la concentracion de tensiones causada por el defecto
de corrosion, lo que mejora la durabilidad a largo plazo de las tuberias.

Conclusién:  La comparacion entre el nuevo modelo desarrollado
analiticamente y los calculos de elementos finitos (EF) mostraron una
buena concordancia para la tuberia corroida reparada.

Palabras claves: corrosion, presion uniforme, modelo analitico,
tuberias, reparaciones con compuestos adheridos
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WMcnonb3oBaHue MeToga KOHEYHbIX 3/1IEMEHTOB B pa3paboTke HOBON
MOZenu, NPOrHo3npyloLLen AaBneHne paspbiBa NpsMoro gedekra B
KOppPOAMPOBaHHOM Tpybe, OTPEMOHTUPOBAHHON C NOMOLLBIO KIeeBow
KOMMNO3UTHOM 3annarhbl

Arwa MaTepu, koppenoHaeHT, benang Meyab,
Benb-Ab6ec Bawwup Byagxpa

YHueepcuteT Cuan-benb-Ab6ec, TexHonormyecknii akynoTeT,
oTAeNneHne MalMHOCTPOEHWS,

nabopatopusi U3NYECKON MEXAHWKN MaTepuraros,

Cuan-benb-Ab6ec, Amkupckan HapogHas [lemokpaTtuieckasi Pecny6nuka.

PYBPUKA TPHTW: 23.25 MIHdopMmaLnOHHbIE CUCTEMbI C 6HazamMu 3HaHUN,
30.15.35 Teopus MexaHN3MOB 1 MaLUWH,
81.09.00 MaTtepunanosegeHve

BWO CTATbW: opurmHanbHas Hay4Has ctaTes
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Peswome:

BeedeHue/uenb: Llenb daHHOU cmambu 3akndaemcsi 8 co3daHuu
Hoeol MmoOenu, rpoeHosupyuweld OasrneHUe paspbiea PSMbIX
Oepekmoes ecriedcmeue sHympeHHe20 0asrieHUsi 8 KOppoOUPO8aHHbIX
mpy6ax, ompeMoHMUPOBaHHbLIX C MOMOWbI0 KOMMIO3UMHOU 3annamsi.

MemoObi:  [eomempudeckue  xapakmepucmuKku  enusiom  Ha
agpgpekmusHocmb pemoHma. [loeedeHue KOMMIO3UMHOU 3arnniamel
CUMbHO 3asucum Om HECKOJIbKUX rapamMempos8 Mmakux Kak pasmep
mpy6ebl, pa3mep Oeghbekma, KOMUYECMBO CrI0e8 KOMIO3uma,
opueHmauyusi croes, ceolicmea Komrioduma u mosiuuHa kKies. B
cmambe nposedeH aHa/u3 BNUsHUSI 8CeX 3amux napamMempos Ha
aghghekmusHoCcmMb peMoHma.

Pesynbmamsbi:  [lonydyeHHbie  pesynbmambl — fokasanau,  4mo
KOMMo3umHasi 3anfiama CHUXaem KOHUEHMpauuto HarpsiKeHus,
8bI38aHHO20  KOPPO3UOHHbLIM  Oeghbekmom, ymo  roebiwaem
donzoee4yHoCcmMb Mpybhbl.

Bbieo0ki: CpasHeHue HOBOU aHannumu4ecku paspabomaHHoUl modenu ¢
pacyemamu MemoOOM KOHeYHbIX anemeHmos (FE) nokasarno
rosioxumesibHoe cosrnadeHue KacameslbHO OMPeMOHMUPO8aHHbIX
KoppodupoeaHHbIX mpy6.

Krnroyeesbie criosa. KOPPO3UH; pasHomMmepHoe OaerneHue;
aHanumu4yeckas moderib; mpy6a; PEMOHM KOMITO3UMHbIX
Mamepuarsioe Ha Kiieegeom COeOUHEeHUU.

Kopuwhere meToae kpajwbux enemMeHarta pagu pa3sujala HOBOr
mMogerna 3a npeasuhare NpuTMcKa nyuama NnpaBosiMHujckor gedhekTta
y KOpogMpaHUM LeBUMa NnonpaBbeHUM NenrbeHoM KOMMO3UTHOM
3aKprnom

Ajwa MeTtexpw, ayTop 3a npenucky, benaud Mexab, ben Abec baxup
Byaupa

YHueepauteT Cugn ben Abeca, TexHonowwku dakynTer,

Operbere 3a MaLLMHCTBO,

TNabopaTopuja punanyke mexaHuke matepujana,
Cwnamn ben Abec, HapogHa [lemokpatcka Peny6nuka Amxup

OBNACT: pauyHapcke Hayke, MexaHuka, Matepujanu
KATETOPWUJA (TWUM) YITAHKA: opyruHanHu Hay4Hu paa

Caxemak:

Yeod/yurb: Uurb 0802 pala jecme Kpeupare Hoso2 Modena 3a
npedsuharbe npumucka nyyara paesosiuHujckux Oegbekama ycred
yHympawrmea npumucka y KopoOupaHUM uesuma [ornpasrbeHuM
J1eNbLEHOM KOMIMO3UMHOM 3aKPIIOM.
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Memode: eomempujcke Kapakmepucmuke ymudy Ha rnepghopmaHce
riorpaske. [NoHawarb-e KOMMO3UMHe 3akpre y 6e/IUKoj Mepu 3asucu 00
HEKOMUKO rnapamemapa, Kao Wmo Cy 6efluduHa Uesu, B8erluduHa
Oechekma, bpoj criojesa Komrio3uma, opujeHmauyuja criojesa, ceojcmea
Komnosuma u debrbuHa rnenka. AHanusupaH je ymuuyaj ceux HagedeHux
napamMemapa Ha ehukacHOCm rorpaske.

Pesynmamu: [obujeHu pe3ynmamu cy rnokasanu 0a je KOMMo3umHa
0bri02a cmarsuna KOHUeHmpauujy HaroHa rpoy3poKosaHo2 0egeKmom
ycned Kopoauje, YuMe ce rnobosbuiasa 0y20poyHa U30PXKbUBOCM UEBU.

Sakrbyqak: [lopehere HOB02, aHanUMUYKU passujeHoz Mmodena u
rnpopadyyHa MemoOOM KOHayHux erniemeHama (FE) rokasano je 0obpo
criazarbe KOO ronpasrbLeHUx KopooupaHUX Uesu.

KrbyyHe peyqu: Kopo3auja, pa8HOMEPHU rpumucak, aHaaumu4yku Mooern,
ues, rnornpaesKe NenbLeHe KOMIosuma.
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Abstract:

Introduction/purpose: Bearings constitute essential components without
which the functioning of systems subject to significant loads would be
inconceivable. The bearing installation process in rotational systems
diligently influences their longevity, reliability, and efficiency. Accurate and
meticulous bearing installation is of paramount importance to ensure
optimal operational performance of rotational systems. A proper bearing
assembly assists in the even distribution of loads, reduction of friction, and
minimization of wear. Additionally, appropriately mounted bearings
decrease the risk of vibrations, noise, and potential system failures.
Therefore, the bearing installation process represents a crucial step in
maintaining the reliable and efficient operation of rotational systems,
thereby extending their operational lifespan and reducing the need for
repairs.

Methods: The methodology employed in this study combines
vibrodiagnostic analysis of an industrial mixer equipped with a planetary
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gearbox and the concurrent application of thermographic techniques. This
integrated approach provides a comprehensive understanding of the
system's condition and helps identify potential sources of heating within
both the gearbox and the mixer. Vibrodiagnostic examinations
encompassed the analysis of vibrations generated by the planetary
gearbox during its operation, coupled with the interpretative scrutiny of
results aimed at detecting possible imbalances, damage, or irreqularities
within the mechanical system. On the other hand, the application of
thermography contributed to generating a visual representation of
temperature distributions at critical points of the gearbox, facilitating the
identification of thermal anomalies. The integration of these methods
enables a holistic scientific approach to the analysis of the planetary
gearbox system, allowing for detailed diagnostics and an understanding of
the root causes of potential operational issues in the gearbox.

Results: The meticulous interpretation of the acquired data facilitated the
identification of potential causes of thermal loading in the planetary gearbox,
providing a comprehensive insight into the mechanical and thermal facets
of the entire system. The integration of vibrodiagnostic and thermograpfic
methods constitutes a pivotal component of a holistic analytical approach,
crucial for an exhaustive understanding of the performance and overall
condition of the planetary gearbox and the industrial mixer. The obtained
results serve as the foundation for the development of precise diagnostic
procedures, laying the groundwork for the implementation of pertinent
improvements or maintenance strategies within the system. This, in turn,
holds the potential to optimize the operational performance of the planetary
gearbox and extend its operational lifespan.

Conclusion: The applied methodology, based on vibrodiagnostic analyses
and thermographic techniques, has provided a comprehensive insight into
the condition of both the planetary gearbox and the industrial mixer
containing it, with all analyses described in the text conducted on each
component within the mixer system. The detailed interpretation of data has
enabled the identification of potential causes of gearbox heating, offering a
deeper understanding of the mechanical and thermal aspects of the
system. In this manner, the efficiency of maintaining the examined system
can be enhanced.

Key words: planetary gearbox, industrial mixer, vibrodiagnostic,
thermograpfic, analysis, bearing, reliability, maintenance.

Introduction

Planetary gearboxes have a wide range of applications, starting from
the automotive industry, extending through the aerospace industry, and
reaching heavy metal industries (Guo & Parker, 2011; McNames, 2002).
This type of gearbox is primarily utilized in harsh working conditions, which
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significantly affects the lifespan of the system and its components. Such
conditions directly contribute to damage within the system, most
commonly resulting from material fatigue (Cheng et al., 2012). The
foundation of a reliable and high-quality operation of any technical system
lies in the design of its transmission system, aiming to ensure optimal
energy efficiency and proper lubrication. This approach helps to maintain
system performance and prolong the lifespan of its components (Zhang,
2013). Bearings, as fundamental components of any gearbox, endure
significant loads during operation and are therefore prone to frequent
potential failures, as described in the paper (Lu et al., 2020). Testing the
operational integrity of planetary gearboxes can involve various diagnostic
methods. In the study by (Lei et al., 2013), an adaptive resonance method
is described for diagnosing planetary gearbox faults. Planetary gearboxes
are frequently subjected to dynamic loads, as outlined in the paper
(Batinic, 2013), which can lead to elevated vibrations within the gearbox.
Modern diagnostic methods for assessing the condition of planetary
gearboxes are integral to implementing higher-quality maintenance
practices, with some primary diagnostics described in studies (Chatterjee
& Dethlefs, 2021; Lei et al., 2010). Vibration diagnostics is a crucial method
for monitoring and diagnosing the condition of rotating equipment, such as
pumps, compressors, turbines, gears, and other machinery systems in
industrial and engineering facilities. Since rotating equipment is
continuously subjected to mechanical loads and dynamic stresses, timely
detection of irregularities and the early stages of damage is essential for
ensuring the reliability and longevity of these systems.

Vibration diagnostics methodologies include signal analysis in both
the frequency and time domains, with advanced techniques increasingly
being used for more precise diagnostics. Frequency spectrum analysis
enables the detection of dominant frequencies, which facilitates the
identification of specific system components, such as gears and bearings,
which show signs of failure. Wavelet transformation, as a modern
technique, provides additional insight into short-term changes that often
go unnoticed in traditional frequency analyses, further enhancing the
precision of problem detection. Finally, time-domain signal analysis
through parameters such as RMS values and peak values enables the
direct detection of system performance changes, thereby simplifying the
identification of irregularities (Aherwar, 2012; De Silva, 2007; Goyal &
Pabla, 2016; Rai & Upadhyay, 2016; Singh & Sehgal, 2022; Vishwakarma
et al., 2017).

The thermography method enables visualization of temperature
distribution on the surface of machine components and the identification
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of zones with elevated temperatures, which may indicate potential issues
such as friction, inadequate lubrication, wear, or localized mechanical
stresses. The use of thermography aids in detecting these anomalies at
early stages, allowing for preventive interventions before more serious
failures or machine downtime occur. Thermography finds wide
applications across fields, from the construction industry to the process
and gas industries, and even aerospace, as illustrated in studies (Jakubek
et al., 2022; Risti¢ et al., 2013).

As opposed to vibration diagnostics, which focuses on analyzing
vibration patterns to identify mechanical irregularities, thermography
provides a different set of insights by relying on temperature variations
caused by increased mechanical load or friction. Thermographic analysis
is often useful in cases where vibration signals cannot fully reveal the
problem, such as issues related to thermal overheating of bearings or
electrical components in motors. Integrating these methods offers a
comprehensive view of equipment condition, which is especially valuable
in critical industrial processes where high machine reliability is essential.
In this way, a diagnostic approach that combines thermal and vibration
analyses is becoming increasingly important in modern industrial
applications to extend the service life of rotating equipment and minimize
the risk of unexpected failures (Gawde et al., 2023; Shaalan et al., 2024;
Thomas et al., 2001; Watban Khalid Fahmi et al., 2022).

Material and methods

In the pursuit of diagnosing faults in planetary gear reducers,
researchers increasingly employ advanced techniques such as
vibrodiagnostics and thermography. Vibrodiagnostic methodology
involves data acquisition on the vibrations of the reducer through the
placement of accelerometers at the key points within the system.
Frequency analysis of these vibrations facilitates the identification of
characteristic patterns associated with potential malfunctions such as
imbalance or gear damage. The sensitivity to changes in the reducer's
condition over time allows for an early detection of potential issues.
Conversely, thermography relies on infrared cameras to measure
temperatures on the surface of the reducer. Through the analysis of
thermal profiles, researchers can identify regions with abnormal
temperatures, indicative of problems such as friction or inadequate
lubrication. The amalgamation of vibrodiagnostics and thermography
provides a comprehensive assessment of the planetary gear reducer's
condition, enabling precise diagnostics and efficient maintenance of the
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system. In this case, thermography is utilized for the analysis of
temperature elevation on the bearings of a planetary gearbox within an
industrial mixer system with a power rating of 1.5 MW, undergoing a speed
reduction from 990 rpm to 49 rpm. Based on the presented formulas, it is
possible to determine the frequencies at which failures occur in specific
bearing components within the system, such as the inner ring, the outer
ring, the rolling elements, and the train. The Ball Pass Frequency Outer
Ring is represented by Equation (1):

d
BPF0=RPME(1——COS,8) (1)
2V D,
The Ball Pass Frequency Inner Ring is represented by Equation (2):

BPFI = RPM = (1 + 4 o B) (2)
2% ' D,
The Fundamental Train Frequency is represented by Equation (3):
RPM d
FTF:T(l_D_pCOS'B) (3)

The Ball Spin Frequency is represented by Equation (4):

BSF = RPM& 1-— (icos B)? 4)
B d D,

Analysis of vibration and thermal heating in an industrial
mixer and a planetary gearbox system

A comprehensive assessment of the condition of a planetary gearbox
installed in an industrial mixer system, as well as the issue of heating in
specific components of both the gearbox and the mixer, can be achieved
by fully integrating both methods for evaluating the condition of individual
elements within the gearbox and the mixer. Vibration analysis is used to
evaluate the condition of a gearbox by examining dynamic loads that occur
during the operation of individual components, such as the gear meshing
points and tooth contacts, the condition of ball bearings within the gears,
and the alignment of the drive and the driven gear shafts. This method
provides insight into mechanical wear, alignment issues, and potential
imbalances that may affect gearbox performance and longevity. On the
other hand, infrared thermography offers a complete overview that can
detect current or potential issues leading to elevated temperatures within
the gearbox. Thermal imaging can reveal temperature anomalies often
associated with friction, lubrication issues, or excessive loads. By
visualizing the thermal distribution, especially in the lubricating fluid and
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other critical parts of the gearbox and the industrial mixer system, infrared
thermography allows for early detection of issues that may not be
immediately apparent through vibration analysis alone. This dual-method
approach ensures a thorough examination of both the mechanical and
thermal conditions, enhancing predictive maintenance and overall system
reliability.
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Figure 1 — Spectrum of vibrations at the measurement point of the gearbox input

In Figure 2, the demodulated acceleration spectrum (in g RMS) is
shown, aiding in the identification of high-frequency vibrations often
associated with bearing defects. Through demodulation, peaks are
observed at very low frequencies around 0.75 Hz, 16.5 Hz, and 0.375 Hz.
Although the values are relatively low (up to 0.005 g RMS), the presence
of pronounced peaks at these frequencies may indicate early signs of wear
or faults in the bearings.
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Figure 2 — Demodulated spectrum of vibrations at the reducer outlet - bearing

Based on the FFT analysis of the gearbox, slight looseness was
detected in the bearing at the gearbox output. Given the very low vibration
levels at the gearbox output, it is recommended to monitor the bearing
condition and respond promptly if necessary. Obtain data on the bearings
in the gearbox for further analysis.
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Figure 3 — Spectrum of vibrations at the measurement point of the mixer input

Figure 4 shows the demodulated vibration spectrum at the mixer inlet.
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Figure 4 — Demodulated spectrum of vibrations at the mixer input

Based on the vibration spectra shown in Figures 3 and 4, it can be
concluded that there are no elevated vibrations beyond acceptable limits,
nor any detected irregularities in the mixer's operation at the bearing
measurement point at the inlet.
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Figure 5 — Spectral analysis of vibrations at the mixer outlet
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Figure 6 — Demodulated vibration spectrum at the mixer inlet
Given the visually identified potential malfunction of the bearing at the

mixer outlet, along with increased lubricant leakage, an additional time-
domain vibration acceleration analysis was conducted.
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Figure 8 — Thermal image of the gearbox at the inlet

The spectral analysis shows that vibrations are generally stable and
low-intensity, with RMS values close to zero for most of the measurement
duration. However, certain peaks (more pronounced increases in
vibration) occur at specific times, particularly after the 12th second, where
the vibration level rises. The overall RMS value measured during this
period is 0.021 g, indicating a relatively low level of vibration, though
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periodic peaks may suggest occasional impacts or asymmetric loads
within the system.

Figure 9 — Thermal image at the gearbox output
Since the vibration analysis did not reveal any specific faults in the
operation of the gearbox and the mixer, a thermographic inspection
method was applied to the gearbox and the mixer to obtain a
comprehensive view and identify any potential system malfunctions.

Figure 10 — Thermal image at the mixer inlet
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According to Figure 8 and the operational parameters of the gearbox,
the recorded temperatures and the heating levels captured by the camera
fall within the allowable temperature range, indicating no operational
anomalies at the gearbox input.

Additionally, the temperatures at the gearbox output are considered
within the tolerance range for optimal operation of both the gearbox and
the output bearings.

Figure 11 — Thermal image at the mixer outlet

Based on the thermal image of the mixer, it is possible to analyze the
presence of high temperatures in specific areas, which may indicate
lubrication issues. In particular, the maximum temperature values are
relatively high, reaching 74.9°C and 77.3°C, which suggests intense
friction in certain zones of the mixer. These temperature peaks may be
associated with lubricant leakage problems, often manifesting through
specific thermal patterns. Lubricant leakage can lead to a loss of the
necessary amount of lubricant at friction points, resulting in increased
friction and higher temperatures, as shown in the image.

If leakage occurs, the lack of lubricant at critical points causes
overheating because there is insufficient lubricant to form a protective film
between contacting surfaces. In the images, we can observe concentrated
zones of high temperature, potentially indicating that certain parts of the
mixer are inadequately lubricated due to possible lubricant loss. When
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lubricant leaks or is excessively lost from the system, heat tends to
concentrate in specific areas, while other parts may remain cooler. This
uneven temperature distribution may point to potential leakage points.

Based on the FFT analysis of the mixer shaft at the output, a minor
axial clearance in the bearing at position 1 was detected, attributed to
improper bearing installation during assembly. Visual inspection revealed
an incorrectly positioned seal on bearing 1, showing signs of wear.
Consequently, lubricant leakage from the bearing and the ingress of
contaminants into its interior occur, which explains the temperature
difference compared to other bearings, given that the seal does not
function adequately.

Figure 12 — Point of the mixer outlet

From Figure 12, it is clearly seen that there is leakage at the mixer
outlet, causing an excessive concentration of heat on the bearing located
at the output section of the shaft. Given that lubricant leakage has been
identified in the mixer outlet area, a more detailed lubrication analysis of
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the bearing at the mixer outlet is necessary. Figure 13 illustrates the
lubrication spectrum at the mixer outlet.
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Figure 13 — Lubrication at the mixer outlet

A detailed lubrication analysis of the mixer outlet bearing was
conducted using Lubri Mode. According to the data from the obtained
spectrum, the lubrication condition of the bearing at the time of inspection
is satisfactory, likely due to recent lubricant application to the bearings.
However, given that the visual inspection revealed leakage, there is a
tendency for peak values on the diagram to increase, potentially placing
the lubrication level in the red zone, which necessitates re-lubrication of
the examined bearing.

Results and discussion

Based on all applied diagnostics, including vibration analysis,
thermography, and additional tools for bearing lubrication assessment, it
can be concluded that current testing does not always provide a fully
accurate picture of the condition. However, the diagnostic methods
performed enable a predictive assessment of the examined component’s
condition, allowing for timely implementation of appropriate maintenance
procedures to prevent extended and unplanned downtimes.

Vibrations, as a parameter, indicate potential damage to both the
planetary reducer bearings and the mixer itself. According to the measured
values, no critical values were identified per the ISO standard (ISO 20816-
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3:2022), and the measured vibration values for the reducer’s measuring

points are shown in Table 1.
Table 1 — Vibration on the gearbox

Point 1V 1H 2V 2H 3V 3H 3A

Velocity (mm/s) 0,912 0,328 1,030 0,816 0,421 (0,637 (0,192

Acceleration

(g)RMS 0,252 0,380 0,377 0,316 0,229 (0,092 (0,146

The measurement results indicate that the RMS values of the
vibration velocity range from 0.192 mm/s to 1.030 mm/s, with the highest
value recorded at the measurement point 2V (1.030 mm/s) and the lowest
at the point 3A (0.192 mm/s). All velocity values are below the reference
threshold of 2.8 mm/s, indicating a low level of vibration consistent with the
standards for rotating machinery. Regarding the RMS values of vibration
acceleration, the range is from 0.092 g to 0.380 g, with the maximum value
observed at the point 1H (0.380 g) and the minimum value at the point 3V
(0.092 g). All acceleration values are below the 0.5 g threshold, indicating
the absence of impact vibrations that could compromise the structural
integrity of the bearings. Collectively, these data suggest a stable dynamic
condition of the system, with no elevated or critical vibrations that would
require corrective action.

Table 2 — Vibration on the mixer

Point 1V 1H 1A 2V 2H 2A
Velocity (mm/s) 0,281 0,170 0,116 0,357 0,164 (0,150
Acceleration (g)RMS 0,021 0,047 0,036 0,045 0,072 0,021
Point 3V 3H 3A 4V 4H 4A
Velocity (mm/s) 0,240 0,113 0,107 0,377 0,091 0,119
Acceleration (g)RMS 0,013 0,037 0,054 0,045 0,012 [0,038

The vibration analysis on the industrial mixer indicates that the RMS
values of the vibration velocity at the inlet points range from 0.116 mm/s
to 0.357 mm/s, while at the outlet points, they range from 0.091 mm/s to
0.377 mm/s. The highest velocity values were recorded at the points 2V
and 4V, yet all values are significantly below the threshold of 2.8 mm/s,
indicating a low level of vibration throughout the system. Regarding
vibration acceleration, the inlet points show the values between 0.021 g
and 0.072 g, while the outlet points range from 0.012 g to 0.054 g, with the
highest values at the points 2H and 3A. All acceleration values are below
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the reference threshold of 0.5 g, indicating the absence of impact
vibrations that could compromise the system's integrity. Overall, the results
indicate a stable dynamic condition of the mixer, with no elevated
vibrations requiring corrective action.

Conclusion

In this study, advanced vibration diagnostics and thermography
methods were applied and their results analyzed for an early detection of
defects in industrial systems such as gearboxes and mixers. Given that
these systems operate under substantial load, monitoring both vibrational
and thermal stresses is essential for the timely identification of
irregularities that could shorten service life and elevate maintenance costs.

Vibration diagnostics was employed to assess vibration levels
accurately during system operation, facilitating the identification of
potential issues in bearings, gears, and other moving components. By
measuring the RMS values of the vibrations at different bearing
measurement points, oscillations were detected that, while within
permissible limits according to ISO standard 20816-3, may indicate
gradual wear or the onset of damage. The vibration levels at critical points
also revealed frequent peaks at specific frequencies, potentially linked to
minor axial clearances due to improper bearing installation. These findings
underscore the importance of continuous vibration monitoring to reduce
the risk of more severe failures.

Thermographic analysis further contributed by identifying key thermal
anomalies on bearings and critical gear contact points, which may signal
lubrication issues. The elevated temperatures recorded in specific bearing
zones exceeded optimal operational thresholds, suggesting intensified
friction resulting from either a deficiency in lubricant or inadequate
lubrication application. This thermal concentration likely stems from
lubricant leakage or uneven distribution, leading to overheating that would
not be detectable through vibration analysis alone.

The thermographic measurements enabled the visualization and
quantification of thermal peaks, with the highest temperatures observed at
the mixer and gearbox output bearings. The analysis of these thermal
deviations pointed to uneven lubrication and pronounced thermal zones,
which may represent potential hotspots for wear. This thermal data allows
for more precise control over lubrication quality, facilitating preventive
corrective actions, such as timely lubricant replenishment or replacement,
and thus mitigating the risk of further thermal damage to the system.
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Resumen:

Introduccién/objetivo: Los rodamientos constituyen componentes
esenciales sin los cuales el funcionamiento de sistemas sometidos a
cargas significativas seria inconcebible. El proceso de instalacion de los
rodamientos en sistemas rotacionales influye considerablemente en su
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longevidad, fiabilidad y eficiencia. Una instalacion precisa y meticulosa de
los rodamientos es fundamental para garantizar un rendimiento operativo
optimo de los sistemas rotacionales. Un montaje correcto de los
rodamientos facilita la distribucion uniforme de las cargas, reduce la friccion
y minimiza el desgaste. Ademas, un montaje correcto de los rodamientos
reduce el riesgo de vibraciones, ruido y posibles fallos del sistema. Por lo
tanto, la instalacién de los rodamientos es un paso crucial para mantener
el funcionamiento fiable y eficiente de los sistemas rotacionales,
prolongando asi su vida util y reduciendo la necesidad de reparaciones.

Métodos: La metodologia empleada en este estudio combina el analisis
vibrodiagnéstico de un mezclador industrial equipado con una caja de
cambios planetaria y la aplicacion simultanea de técnicas termograficas.
Este enfoque integrado proporciona una comprension completa del estado
del sistema y ayuda a identificar posibles fuentes de calentamiento tanto
en la caja de cambios como en el mezclador. Los examenes
vibrodiagndsticos abarcaron el analisis de las vibraciones generadas por la
caja de cambios planetaria durante su funcionamiento, junto con el analisis
interpretativo de los resultados para detectar posibles desequilibrios, dafios
o irreqularidades en el sistema mecanico. Por otro lado, la aplicacion de la
termografia contribuyé a generar una representacion visual de las
distribuciones de temperatura en puntos criticos de la caja de cambios,
facilitando la identificacion de anomalias térmicas. La integracion de estos
métodos permite un enfoque cientifico holistico para el anélisis del sistema
de caja de cambios planetaria, lo que permite un diagnostico detallado y la
comprension de las causas raiz de los posibles problemas operativos en la
caja de cambios.

Resultados: La meticulosa interpretacion de los datos adquiridos facilito la
identificacion de las posibles causas de la carga térmica en el caja de
cambios planetaria, proporcionando una vision completa de los aspectos
mecanicos y térmicos de todo el sistema. La integracion de métodos de
vibrodiagndstico y termografia constituye un componente fundamental de
un enfoque analitico holistico, crucial para una comprension exhaustiva del
rendimiento y el estado general de la caja de cambios planetaria y del
mezclador industrial. Los resultados obtenidos sirven de base para el
desarrollo de procedimientos de diagnoéstico precisos, sentando las bases
para la implementaciéon de mejoras o estrategias de mantenimiento
pertinentes en el sistema. Esto, a su vez, tiene el potencial de optimizar el
rendimiento operativo de la caja de cambios planetaria y prolongar su vida
util.

Conclusién: La metodologia aplicada, basada en analisis
vibrodiagndésticos y técnicas termograficas, ha proporcionado una vision
completa del estado tanto de la caja de cambios planetaria como del
mezclador industrial que lo contiene. Todos los analisis descritos en el texto
se realizaron en cada componente del sistema mezclador. La
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interpretacion detallada de los datos ha permitido identificar las posibles
causas del calentamiento de la caja de cambios, lo que proporciona una
comprension mas profunda de los aspectos mecanicos y térmicos del
sistema. De esta manera, se puede mejorar la eficiencia del mantenimiento
del sistema examinado.

Palabras claves: caja de cambios planetaria, mezclador industrial,
vibrodiagnéstico, termografia, analisis, rodamiento, confiabilidad,
mantenimiento.

AHanus npumeHeHnst METOA0B BUOPOAMArHOCTUKM U TepMmorpadum ¢ Lenbo
BbisIBNEeHNs AedeKTOB Ha paHHen CTaaun B NMPOMbILLNEHHOW CUCTEME
CMecuTenNb-peaykTop — TemaTu4eckoe nccneaoBaHne

Bopusoti 3. HoBakoBny?, flyka [xxopaxeBuy?, koppecnoHaeHT, Jamup
Jepkosuy®, Muxans Bakatop?

2 HoBrCcaackvm yHMBepCcuTeT, TeXHoMNormdeckun dakynbtet um. Muxanna
MynuHa, r. 3peHsiHnH, Pecnybnuka Cepbus

6 YHnBepcuteT o6opoHbl B Benrpane, BoeHHas akagemus, 1. Benrpag,
Pecnybnuka Cepbus

PYBPUKA T'PHTW: 30.19.00 MexaHuka gecdopmupyemoro TBepaoro Tena,
30.15.35 Teopusi MexaHN3MOB U MaLLVWH,
55.43.00 ABTOomMOBUNecTpoeHue,

BWO CTATbW: opurmHanbHas Hay4Has ctaTes

Peswome:

Bepenune/uens: MNodwunHuxku sensromcesi saxHelwumu
KOMrioHeHmamu, 6e3  KOmopbIX  HEBO3MOXHO  rpedcmasumb
OYHKUUOHUPOBaHUE  MEeXaHUYecKux  cucmem, M008EePKEHHbIX
cepbe3HbIM Hagpyskam. [lpouecc ycmaHo8KU MOOWUMNHUKO8 8
POMOPHbIX cuCMeMax CyUEeCmeeHHO 6/UsSiem Ha CPOK UX CI1yX6bl,
HadexHocmb U aghghekmusHocmb. ToyHasi U rnpaeusibHasi ycmaHoeKka
nodwiurnHUKo8 uMeem e8axHeluwee 3HavyeHue Orns obecrniedyeHus
ornmumaribHbIX  3KCMIlyamayUuoHHbIX  XapakmepucmuK pPOMOPHbIX
cucmem. [lpasurnbHbili  NOOWUNHUKOBBIL  y3erl  criocobecmsyem
pasHOMePHOMY pacrnpedesieHurd Hazpy30K, CHUXEHUK mMmpeHuss U
MUHUMU3auuu u3Hoca. Kpome moe2o, npasusibHO yCmaHOB8/1IeHHbIe
MOOWUNHUKU yMeHbliarom eubpauuu, wyM U CHUXalm puck om
B03MOXXHbIX OMKa308 cucmemMbl. Takum 06pa3om, rMpouecc yecmaHO8KU
MOOWUMHUKOB 518/19emCsl 8aXHbIM 3marioM 8 obecrieyeHuU HadexHoul
u aghgpekmusHoli pabombl POMOPHbLIX CUCMEM, 4YMO [03680ss5em
npodnumMe CPOK UX CIyX6bl U CHU3UMb MompebHoCMb 8 peMOHMe.

Memodbi: Memodonoeus, ucronb3o8aHHass 8 daHHOM uccriefo8aHuu,
coyemaem 8 cebe subpoduazHocmu4ecKul aHasu3 rnpPoOMbILLIEHHO20
cMmecumersisi,  OCHaWEHHO20  MjiaHemapHbIM  pedyKmopoM, U
OOHOBPEMEHHOE MNPUMEHEHUE mepmoepagbudeckux memodos. Takol
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KomriniekcHbIl modxod obecrieyugsaem 8CECMOPOHHEE [OHUMaHUe
COCMOSIHUSI cucmeMbl U oMo2aem 6bIsseumb  MoMmeHyuanbHble
UCMOYHUKU  B803MOXHbIX  OucbanaHcos,  rnospexoeHuld  umnu
HeposHocmel 8 MexaHu4Yeckol cucmeme. [ToMuMo moeao, npuMeHeHuUe
mepmoezpaghuu ro380osusIo fosy4ums 8usyansbHoe npedcmassieHue o
pacripedenieHUU memrepamypbl 8 KPUMUYECKUX MOYKax KopobKu
nepeday, ymo obneayuno udeHmMuguKauuw mernnosbix aHomasud.
WHmeepayusi amux memodos obecriequsaem UernoCmHbIl HayYHbIl
nodxo0 K aHanu3dy cucmembl rnaHemapHoU Kopobku mnepedady,
noseonsowull Mposodums OemarsnbHylo OUuagHOCMUKY U MOHUMamb
MepeonpuUYUHbl  NMOMeHyUanbHbIx npobnem 6 pabome KOpobKU
nepedau.

Pesynbmamesi: TuwjamernbHass UuHmeprnpemauusi nosy4eHHbIX OaHHbIX
rnomoasna ebis8UMb omMeHyuasbHble NpUYUHbI Merio8ol HagpysKu 8
rnrnaHemapHoU Kopobke rnepeday, Ha OCHOBaHUU 4e20 CKiiadblieaemcsi
rosiHoe rpedcmaessieHuUe 0 MexaHU4YeCKUX U merniosbix acriekmax ecell
cucmemsil. WHmeepayusi  memodos  eubpoduazHoCmuku U
mepmoepagpuu  S8/SemCcs  KIIK4Ye8biM KOMIIOHEHMOM UesloCmHOo20
aHanumu4yeckozo nodxoda, KoOmopbil umMeem peliaroulee 3HavyeHue
Orid MOfIHO20 TOHUMAaHUS Xxapakmepucmuk U obwea2o cocmosiHuUs
nnaHemapHoeo pedykmopa U  [POMbIWIIEHHO20  CMecumers.
lMonyyeHHble pe3yribmamsbl S6M5Mcs 0cHogoU 0Onid pa3pabomku
moYHbIX duazHocmu4Yeckux rpouedyp, 3aknadbigas ¢pyHOameHm Ons
gHeOpeHUsT ~ coomeemcmeyrwux  ycogepweHcmeosaHul  unu
cmpameaull mexHU4eckoz20 obcryKugaHuUsi cucmembl. A 3mo, 8 C80H
oyepeodsb, fo3gonum  onNMUMU3UpoO8amb  IKCITyamauyuoHHbIe
Xapakmepucmuku nnaHemapHol Kopobku nepeday u rpodniume CPOK
ee Ccriyxb6ebil.

Bbigo0bi: lMpumeHeHHas memodorioaus, OCHOB8aHHasi Ha
8ubpoduacHoCMuUYECKOM aHasiu3e u mepmozpachudeckux memodax,
ro3eosusna rosy4umsb 8CEeCmopoHHee npedcmasieHue 0 CoOCMOosIHUU
Kak nnaHemapHo2o pedykmopa, mak U rpoMbIUWIeHHO20 CMeCcUmeris.
lpuyem ece aHanu3bi, onucaHHbie 8 cmambe, bbliu MpoeedeHbl Mo
Kax0oMy  KOMMOHeHmy  cucmembl  cmecumens.  [lodpobHas
uHmepnpemauyusi daHHbIX criocobcmeosasna 6bisI8NIeHUK 803MOXHbIX
MpUYUH nepezpesa KOPobKu rnepedad, 4Ymo rno38osusno aiybxe MoHsAMmb
MexaHu4eckue U mernsosble acrekmbsl cucmembl. Pykosodcmeysich
pesynbmamamu  0aHHO20  uccrie0o8aHusl,  MOXHO  MO8bICUMb
aghgpekmugHoCmb 0BCYKUBaHUST MECMUPOBaHHOU CUCMEMBI.

Kntouesble crioga: nnaHemapHasi Kopobka nepeday, rnpomMbILUIEeHHbIU
cmecumers, subpoduacHocmuka, mepmoepacghus, aHanus,
noGWUMNHUK, HaleXXHOCMb, MEXHUYECKoe obcrnyxugaHue.
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AHanunsa npumeHe meToaa BUOGpoanNjarHOCTUKE U TEPMOBU3N|E Y LUIby
OTKpMBama paHe dase aedekaTa Ha UHAYCTPUjCKOM CUCTEMY MeLLay-
penykTop — cTyauja cnydyaja

Bopusoj 3. Hosakosuh?, flyka Thophesuh®, aytop 3a npenmcky, Jamup
JepkoBuh?, Muxase Bakatop?

aYHuBepauteT y HoBom Caay, TexHuuku dakynteT ,Muxajno MynuH”,
3penanuH, Penybnuka Cpbuja

5YHuBepauteT onbpaHe y Beorpany, BojHa akagemuja, Beorpan, Peny6nvka
Cpbuja

OBJIACT: mMalUMHCTBO
KATEFOPUJA (TWUM) YITAHKA: opurinHanHu Hay4Hu paj

Caxemak:

Yeod/uyurb: Jlexxajesu npedcmaerbajy Kiby4YHe KOMIIoHeHme 6e3 Kojux 6u
byHKUUOHUCare cucmema U3/IOXEeHUX 3HamHUM onmepehersuma 6usio
Heszamucrniueo. [pouec yzpalH-e Jfiexajesa y pomayuoHe cucmeme
3HauyajHo ymuye Ha HUX08 8eK mpajarba, rnoysdaHocm U egbukacHocm.
TayHa u nipeyusHa MOHMaxa rexajesa je 00 CyWMUHCKO2 3Havaja 3a
rnocmus3sarbe ornmuMasHUx padHuUXx nepghopmaHcy pomauyuoHUX cucmema.
lpasunHa yzpalma nexajesa OONPUHOCU pPasHOMEpPHOj pacrodenu
onmepehera, CMarery mpera U MuHUMU3ayuju xabara. lNoped moea,
adekeamHO MOHMUpPaHU Jiexajesu cMmarbyjy pusuk o0 eubpayuja, byke u
romeHyujanHux omka3sa cucmema. Cmoea, rpouec yepaldre Jiexajeea
npedcmaerba KibyYHU Kopak y odpxxasarby rnoy3daHoe U echukacHoe pada
pOomayuUoHUX cucmema, Yume ce rpodyxasa HUxo8 padHU 8€K U CMarbyje
rompeba 3a noripaskama.

Memode: Memodosoauja npumer-eHa y 080M UCMpaxKusary KoOMOUHyje
8ubpoldujacHocmuyKy aHanusy UHOYCMpUjcKo2 Mewada OrpemMrbeHoe
ryiaHemapHUM MersadyeM U UCIMOBPEeMEHY MPUMEHY MmepMoepagbCcKux
mexHuka. Osaj uHmezpucaHu ripucmyrn omoeayhasa ceeobyxeamHu ysud y
Ccmakse cucmema u romaxe y udeHmucbukayuju nomeHyujanHux useopa
3azpesarba, Kako y Mersaqy, mako U y mewady. BubpodujazHocmuyka
ucniumuearba obyxeamuna cy aHanusy eubpauuja Koje eeHepuuie
ryiaHemapHU Merad ImoKom pada, y3 uHmeprpemauujy pesysmama padu
omkpusarba  Moeyhux  HeypasHomexeHocmu, owmehera  unu
HernpasusiHocmu y mMexaHu4ykom cucmemy. C Opyee cmpaHe, npumeHa
mepmoepachbuje  OoripuHerna je cmeapary 8U3YEeNIHO2  Ipukasa
ducmpubyyuje memrnepamype Ha KPUMUYHUM madykama Mer-aya,
onakwasajyhu udeHmugukauyujy mepmuykux aHomarsuja. inmezpayuja
osux memoOa omoeyhaga XOnuCMUYKU HayyHU [pucmyn aHanusu
cucmema nnaHemapHo2 Mersa4a, Wmo omoeyhasa OemarbHy
OujaezHOCMUKYy U crio3Hasar-€ OCHOBHUX y3poKa rnomeHyujanHux
orepamusHux rpobriema y MeHady.
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Pesynmamu: [Maxrbuea uHmMeprnpemauuja npukyrn/beHUX rnodamaka
omozyhuna je udeHmucbukauujy romeHyujarHUx y3poka mepMuyKoe
onmepehera y nnaHemapHoOM Merady, rnpyxajyhu ceeobyxeamaH ysud
y MexaHU4Ke U mepMuyKe acriekme UesioKyrnHoe cucmema. MiHmeepauyuja
g8ubpoldujacHocmuykux U mepmoepachckux memoda npedcmasrba
KIbY4YHY KOMIMOHEHMY XOuCmu4yko2 aHanumuykoe npucmyna, Koju je
HeorixodaH 3a nomryHU yeud y repgopmaHce U YKYrNHO Cmare
nnaHemapHoe2 Merava U uHdycmpujckoe Mmewava. [JobujeHu pesynmamu
Crly)ke Kao OCHOB8a 3a pa3eoj rnpeuyusHux OujaeHOCMUYKUX rpoyedypa,
nocmaerbajyhu  memerb  3a  umrsieMeHmauujy — odezosapajyhux
rnobosbwara unu cmpamezuja odpxaeara y cucmemy. To Moxe
dogecmu 0o onmumu3ayuje padHux nepghopmaHcu raaHemapHoe
Merbaya U rpody)xemka Hhe2o80e padHo2 8eKa.

Sakrbyyak: lpumer-eHa memodorioauja, 3acHoeaHa Ha
8ubpodujazHoCMUYKUM aHanu3ama U mepmMozpacbcKUM mexHUKama,
npyxura je ceeobyxsamaH y8ud y cmarse KaKko rnnaHemapHoz MeH-aya,
mako u UHOycmpujcKo2 Melwiada y KojeM ce OH Harna3su, rnpu 4Yemy cy cee
orucaHe aHasnu3se criposedeHe Ha C8aKoj KOMIOHEHMU yHymap cucmema
Mewada. [emarbHa uHmepnpemauuja rnodamaka omoeyhuna je
udeHmucbukayujy rnomeHuujanHUx yspoka 3aspeearba Meraya, Wmo
doripuHocu borbeM pasymesarby MexaHUYKUX U MepMUYKUX acriekama
cucmema. Ha osaj Ha4yuH Moxe ce yHarpedumu eghukacHOCm oOpkasarba
ucriumusaHoe cucmema.

KrbyyHe pequ: nmaHemapHu Memsad, UHOYCmpUjCKU  Mewad,
subpodujacHocmuka, mepmozpadpuja, aHanusa, nexaj, noyzdaHocm,
odpXxKasarse.
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Abstract:

The flexibility and capability of continuum robots to navigate complex and
constrained environments make them highly suitable for diverse
applications, including minimally invasive surgery, industrial manipulation,
and exploratory operations in hazardous or confined spaces. Despite these
advantages, accurately modeling their kinematics and conducting
comprehensive workspace analysis, particularly for multi-section cable-
driven continuum robots with dual cross-module configurations, remain
significantly challenging. This study begins by presenting a design of a
three-section dual-cross cable-driven continuum robot. The forward
kinematics model is analytically derived based on the constant curvature
assumption, while the inverse kinematics model is formulated as an
optimization problem. To support trajectory generation, the robot's
workspace is analyzed using MATLAB and SOLIDWORKS software. The
simulation example illustrates the robot's trajectory-tracking performance.

Key words: continuum robot, cable-driven continuum robot, kinematics
modeling, workspace analysis, trajectory tracking

Introduction

Continuum robots have attracted significant attention in recent years

their exceptional shape-morphing capabilities, expansive

workspaces, and adaptability to navigate complex environments. Inspired
by biological organisms (Hannan & Walker, 2003; McMahan et al, 2004),
these robots feature continuous, flexible movement, enabling safe
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operation in obstacle-rich settings. Their capacity to adopt diverse
configurations makes them highly versatile, with notable applications in
minimally invasive surgery (Burgner-Kahrs et al, 2015) and industrial
manipulation within confined spaces (Liu et al, 2016).

According to the literature, there are several types of continuum
robots, including flexible and rigid ones. This paper focuses on a rigid type
known as cable-driven continuum robots. These robots use cables for
actuation instead of traditional rigid components (Hemami, 1985; Murphy
et al, 2013). This approach offers advantages such as reduced weight,
increased flexibility, and a more compact form factor, which are particularly
valuable for tasks that require high adaptability in constrained
environments. Additionally, cable-driven robots can provide enhanced
safety in delicate applications due to their soft, non-colliding nature.
However, while these benefits enhance the robot's capabilities, they also
present challenges related to precise control and accurate prediction of
the robot's movement, due to the nonlinear mathematical expressions that
govern its kinematic and dynamic behavior and the associated modeling
complexities.

Kinematic modeling of CDCRs is essential for describing and
analyzing their movements without considering the forces that cause them,
with the aim of predicting the position, velocity, and orientation of the
robot's components. This is crucial for ensuring precise kinematic control,
workspace generation, and trajectory planning, especially in complex
environments where precision and adaptability are essential. However,
one of the primary challenges is modeling the robot's deformation during
its motion. This challenge is often simplified using various methods, such
as those proposed by Linn (2016), Mahl (2014), Amouri (2019), and
Webster & Jones (2010). In Linn (2016) and Mahl (2014), the authors treat
the robot's backbone as a one-dimensional elastic rod with bending and
twisting characteristics. Nevertheless, the constant curvature assumption
(Amouri, 2019; Webster & Jones, 2010) offers the simplest approach. This
assumption allows each section of the robot to be represented as a curve
with a constant radius, thereby simplifying the complex behavior of a
flexible, multi-sectional system into a more manageable form. While this
approach provides an effective approximation for many applications, it
may not fully capture the intricacies of the robot's deformation in highly
dynamic or constrained environments. Further refinements and models
may be required for more accurate predictions in such cases.

In the same context, focusing on a specific type of cable-driven
continuum robot known as the Dual Cross-Module Cable-Driven
Continuum Robot, only a few kinematic studies have been proposed in the
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literature (Zhou et al, 2022; Amouiri et al, 2023). In Zhou et al. (2022) and
Amouri et al. (2023), the authors introduced a bio-inspired novel dual
cross-module section cable-driven continuum robot that combines the
flexibility of continuum robots with the stability of rigid robots. These papers
presented the design and kinematics of the manipulator. However, Zhou
et al. (2022) did not address several important aspects such as
generalizing the inverse kinematic model and calculating the robot’s
workspace. In contrast, Amouri et al. (2023) focused on a robot with two
sections. However, a robot with fewer than three sections faces significant
limitations, as it lacks the necessary Degrees of Freedom (DoFs) to
independently adjust both position and orientation. Consequently, such a
robot is constrained to a limited set of feasible trajectories and cannot
achieve the same level of versatility in motion. In this study, we explore the
design and kinematic modeling of a dual cross-module cable-driven
continuum robot with three sections. This approach aims to address the
limitations associated with fewer sections and provide a more versatile
solution for complex tasks.

This paper begins by presenting an overview of the robot's design and
structural components. Next, kinematic models are developed under the
constant kinematic assumption. The forward kinematic models are derived
analytically, while the inverse kinematic model for the entire robot is
formulated as an optimization problem and solved using Knowledge-
Based Particle Swarm Optimization. Additionally, the workspaces of a
module and a section are generated and analyzed. Subsequently, a
simulation example is presented to illustrate line-shaped trajectory tracking
with a fixed end-tip orientation of the robot. Lastly, the main conclusions
and future perspectives are summarized in the final section.

Design of a dual-cross module continuum robot

Similar to the work of Amouri et al. (2023), the robot developed in this
study is a fish-like, bio-inspired continuum robot designed to balance
rigidity and flexibility, allowing it to seamlessly adapt to diverse
environments and effectively perform a wide range of tasks. By mimicking
the structural adaptability found in biological organisms, this robot can
navigate complex or constrained spaces, providing both the strength
necessary for stability and the flexibility required for maneuverability. Its
unique design enables smooth, continuous movements, making it ideal for
a wide range of applications.

The robot consists of two main parts: rigid components and flexible
backbones. The rigid components provide stability and contain the
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actuation cables, while the flexible backbones enable a wider workspace
and greater range of motion. The backbone is made of rectangular elastic
sheets, each measuring 90 mm in length, 26 mm in width, and 3.4 mm in
thickness, and is constructed from ASTM X36 steel which provides the
necessary flexibility for the robot’s operation. The rigid components, in the
form of cross-shaped sheets, are made from a lightweight 3D-printed ABS
material, chosen for its low weight and suitability for constrained
environments. The advantage of using this cross-shaped design, rather
than the traditional disk shape, is that it conserves material, reduces
weight, and makes the robot better suited for navigating tight spaces. For
more details on the design development and illustrations, refer to (Amouri
et al, 2023). In summary, a rectangular elastic sheet and 15 cross-shaped
sheets, with uniform spacing between them, form a module that enables
2D motion. Subsequently, two successively mounted modules create a
section enabling 3D motion. The entire robot under consideration is
composed of three sections.

Typically, common designs use three or four cables per module,
arranged symmetrically around the backbone. However, in this design,
each module is actuated by only two cables, reducing the complexity of
actuation and control while requiring fewer motors. The guiding holes in
the cross-shaped sheets ensure that the cables form an arc-like shape
within the designated bending module. In theory, as the number of cross-
shaped sheets increases, the bending shape of the cables will become
more circular.

Kinematic modeling

Description of a dual-cross module continuum robot

The systematic development of kinematic models requires, first and
foremost, an appropriate method for describing the morphology of the
robot. Various methods and notations have been proposed in the literature
for the kinematic description of continuum robots (Webster & Jones, 2010;
Jones & Walker, 2006). In this context, the constant curvature assumption
is employed, wherein the central axis of the structure is considered
inextensible. This approach simplifies several modeling challenges and
enables a more efficient representation of the robot's kinematics, as
illustrated in Figure 1 (for further details on the development, refer to
(Amouri, 2017).
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Actuation
space

< Inverse kinematics :

Figure 1 — Overview of the kinematic mapping of a continuum robot using the constant
curvature assumption

However, this assumption holds only under specific conditions: (i) the
gravitational influence on the robot is disregarded; (ii) only the controlling
forces from the cables are considered, while all other external forces are
neglected; (iii) the frictional interaction between the cables and the routing
holes is ignored; (iv) the elastic sheet backbone is assumed to undergo
pure bending without any expansion, contraction, or torsion; and (v) the
cable is treated as inextensible, meaning it cannot stretch or extend.

To define the quantities involved in the kinematic description of the
robot under consideration, four primary reference frames are established.
The first is the absolute frame R,,. Next, the frames R, with k = 1,2,3, are
assigned to the upper cross-shaped sheet of each section k, while the
frame R, is fixed at the base of the first section (Figure 2a). Additionally,
three intermediate frames R;,;, designated for the first module of each
section, provide a localized reference for kinematic calculations (Figure
2b).

As previously mentioned, each module is modeled as an inextensible
circular arc lying in a plane, as illustrated in Figure 2 (Amouri et al, 2023).
This arc is characterized by its length ¢; , and its bending angle 6; ;. In this

configuration, the orientation angle ¢;, of each module, with j = 1,2, is
equal to 0 and /2, respectively.
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Figure 2 — Depiction of the reference frames defined for the three-section dual-cross
cable-driven continuum robot: (a) global reference frames, and (b) intermediate frames

Forward kinematics of the module

Typically, the forward kinematic model of such a robot serves as the
foundational step in the modeling process. This subsection aims to
establish a relationship that predicts the position and orientation of the
module's end-tip based on the varying lengths of the actuation cables. This
relationship is described by the following homogeneous transformation
matrix:

R; P;
o= | Tk Tk
H],k 01><3 1 (1)

where R;; represents the 3 x 3 rotation matrix R;;, and P;, denotes the

3 x 1 vector position. These components are determined using the
following equations:

Rj,k = rot(u, 0]-,,() (2)

|(xj'k = %(1 — cos(Gj,k)) cos(goj,k)
Py = 1yj,k = 21— os(80)sin(o)

k Zix = sm( x)
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where u represents the axis of rotation, which aligns with the y —axis for
the first module and the x —axis for the second module, respectively.
On the other hand, the relationship between the cable lengths [; ;

and the bending angle 6; , can be expressed by the following equation:
£ —ALj,
gj’k = # (4)
where Al ; ; represents the value of the change in cable length due to
bending, and r denotes the radial distance between the cables and the
neutral z —axis of the backbone.

Forward kinematics of the section

The forward kinematic model of the section k describes the
relationships that express the expression of the position and orientation of
the upper cross-shaped sheet as a function of the cable lengths. As
previously mentioned, the section k consists of two modules connected in
series. This model can be obtained by successively multiplying the
transformation matrices of each module (j, k), treating them as a simple
open-chain system. This model is represented by the following
transformation matrix:

Hy = 1721 Hj (5)

Forward kinematics of the entire robot

The forward kinematic model of the multi-sectional robot is obtained
by successively multiplying the transformation matrices of each section k
along with the transformation matrix of the static reference frame. The
resulting matrix is expressed by the following equation:
Hy = Ho [T He = [0 7 (6)
where H, represents the transformation matrix that defines the robot’s
base frame R, with respect to the global reference frame R,,.

Workspace analysis

The determination of the workspace is a crucial aspect in the design
of a robot, as it defines its range of motion and determines the set of points
that can be reached during its operation. This section focuses on
determining and analyzing the workspace of the module, the section, and
the entire robot, respectively.

Figure 3 illustrates the workspace of the modules within a section as
they bend independently, forming a set of points that trace a curve. These
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curves are plotted for bending angles in the range [—r/2,7/2] which
represents the maximum values that prevent overlap between adjacent
cross-shaped sheets.

Wakspace

X (mim)

Figure 3 — Workspace of a single module within a section as it bends independently: (a)
workspace of the first module during bending, and (b) workspace of the second module
during bending. For clarity, the intermediate cross-shaped sheets and the rectangular
backbones are not shown

For such a section, this results in an enveloping surface, as shown in
Figure 4. The figure also includes the workspace of a section with a
cylindrical backbone. These workspaces were computed using Solidworks
software.

(a) (b)

Figure 4 — Workspace of a single section: (a) workspace of the section for the considered
robot, and (b) workspace of a section for a robot with a cylindrical backbone
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Despite the differences in their shapes, the areas of the workspaces
are equivalent, as demonstrated in Figure 5. This difference in workspace
shape is advantageous for the robot when adapting to tasks requiring
diverse movement patterns or navigating through constrained
environments, as it provides greater flexibility and operational versatility.
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Figure 5 — Meshing process for calculating the area of a single section: (a) section of the
considered robot, and (b) section of a robot with a cylindrical backbone

However, for a three-section dual-cross cable-driven continuum robot
or any robot with more than two sections, the workspace extends from a
curve or surface to a three-dimensional volume. This volumetric
workspace encompasses all possible positions and orientations that the
robot's end-tip can achieve within its physical constraints. The complexity
of this workspace increases with the number of sections, making its
representation challenging to comprehend.

Inverse kinematics of the entire robot: optimized
problem formulation

The hyper-redundancy of the robot enables the inverse kinematics
problem to be addressed using an optimization algorithm that minimizes a
quadratic criterion (lgbal et al, 2009). While previous studies considered
only the Cartesian position in the cost function (Amouri et al, 2023), this
work incorporates both the Cartesian position and the orientation of the
robot's end-tip. Accordingly, the cost function to be optimized, which
determines the necessary adjustments in the actuation cables for the
robot's end-tip to accurately follow the desired trajectory, is formulated as:
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F(ej,k) = )\”Ptrajet - P3||2 + (1 - 7\)||l_)trajet - F3”2
s.t.
|9j,k| < gmax

where Py and Ftra,-et are the 3 x 1 vectors representing the desired
Cartesian position and the orientation of the robot's end-tip, respectively.
Similarly, P; and P; denote the actual position and orientation of the robot’s
end-tip. The parameter A is set to 0.5 to balance the position and
orientation objectives. The components of the vector P; correspond to the
fourth column of the matrix Hs, as defined in Equation (6), while P; can be
computed based on the rotation matrix R; using the following equation:

( a=tan"! (rz—l)
i1

— -r
={b=tan! (—31 )
3 4 r'11CO+TI51Sa (8)
— r13SQX—ry3CA
c=tan™? (—13 2 )
—I1,S0+T5,C0

where r,,, is the (n, m) element of the direction cosine matrix R;.

To solve this optimization problem, various algorithms can be
employed. As demonstrated in, the Knowledge-based Particle Swarm
Optimization (Kb-PSO) algorithm, originally proposed by (Kennedy &
Eberhart, 1995), is utilized due to its simplicity and fast convergence
properties. The algorithm ensures efficient computation and reliable
results, making it well-suited for the inverse kinematics problem of hyper-
redundant robots.

Simulation results

This section presents the application of the solution to the inverse
kinematics problem of a three-section dual-cross cable-driven continuum
robot, formulated as an optimization problem and addressed through
numerical simulation. The reference trajectory is defined as follows:

x =10t _ a=0
Ptraljet =3y =10t ,and Ptraljet =1b=0 9)
z =540 — 10t c=0

The simulation results, which illustrate the required bending angles,
execution time, and combined error for tracking a line-shaped trajectory
while maintaining a fixed end-tip orientation, are presented in Figures 6, 7,
and 8, respectively.
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Figure 6 — Required bending angles to track the line-shaped trajectory in a fixed robot’s
end tip orientation
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Figure 7 — Combined error for tracking the line-shaped trajectory with a fixed robot end-tip
orientation
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Figure 8 — Execution time for tracking the line-shaped trajectory with a fixed robot end-tip
orientation

The combined error, shown in Figure 7, quantifies the deviation
between the desired and actual end-tip configuration. Specifically, it
represents the weighted sum of the mean squared errors in both position
and orientation. The position error is measured as the squared Euclidean
distance in the three-dimensional space, while the orientation error is
computed as the squared deviation in a three-dimensional representation
of orientation. Thus, the combined error accounts for discrepancies across
six dimensions: three for position and three for orientation.

Conclusion

This paper introduces the design, kinematic modeling, and workspace
analysis of a novel Multi-Dual Cross-Module Cable-Driven Continuum
Robot. The proposed robot consists of three sections, each incorporating
two planar bending modules. Unlike previous designs in the literature, this
configuration enhances adaptability to diverse environments and expands
the range of possible tasks. Additionally, it offers several advantages,
including a lightweight structure, smooth deformation, enhanced rigidity,
lower energy consumption, and a non-uniform workspace.

First, the principal components and materials of the proposed design
are discussed in detail. Second, the forward kinematic model is developed
using the constant curvature assumption, and the workspaces of the robot,
as well as those of the section and module individually, are generated and
analyzed using MATLAB and SOLIDWORKS. Given the complexity and
highly nonlinear nature of the forward kinematic model, the inverse
kinematics problem is formulated as an optimization task with a quadratic
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cost function that accounts for both the position and orientation of the
robot’s end-tip. This optimization problem is solved using the Knowledge-
based Particle Swarm Optimization (Kb-PSO) algorithm. Finally, to
demonstrate the effectiveness of the Kb-PSO algorithm in solving the
inverse kinematics problem, a numerical example of point-to-point tracking
along a line-shaped trajectory is presented.

As a future perspective, the dynamic model of the robot will be
developed, and both classical and advanced control strategies will be
implemented to further enhance its capabilities.
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Modelado cinematico y andlisis del espacio de trabajo de un robot
continuo accionado por cable con médulos cruzados multidual
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Resumen:

La flexibilidad y capacidad de los robots continuos para navegar en
entornos complejos y restringidos los hacen muy adecuados para diversas
aplicaciones, como cirugia minimamente invasiva, manipulacién industrial
y operaciones exploratorias en espacios peligrosos o confinados. A pesar
de estas ventajas, modelar con precision su cinematica y realizar un
analisis exhaustivo del espacio de trabajo, en particular para robots
continuos multiseccién accionados por cable con configuraciones de doble
mddulo cruzado, sigue siendo un desafio considerable. Este estudio
comienza presentando el disefio de un robot continuo de tres secciones
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accionado por cable de doble mdédulo cruzado. EI modelo de cinematica
directa se deriva analiticamente con base en el supuesto de curvatura
constante, mientras que el modelo de cinematica inversa se formula como
un problema de optimizacion. Para facilitar la generacién de trayectorias, el
espacio de ftrabajo del robot se analiza mediante MATLAB y
SOLIDWORKS. EI ejemplo de simulacion ilustra el rendimiento de
seguimiento de trayectoria del robot.

Palabras clave: robot continuo, robot continuo accionado por cable,
modelado cinematico, analisis del espacio de trabajo, seguimiento de
trayectoria

KnHemaTnyeckoe MoaenMpoBaHue 1 aHanua pabovero npocTpaHcTBa
MHOroayanbHOro Kpocc-mMoayrnbHoro kabenbsHoro pobota
HenpepbIBHOroO AENCTBUS

[edunu Amernb,KoppecnoHaeHT, AMypu AMMap
YHuBepcuteT 6patbeB MeHToypu KoHCTaHTUH, 1, MalLMHOCTPOUTENBHBIN

akynbTeT, nabopatopusi MexaHuku, Amxupckast HapogHas
[emokpaTtuyeckas Pecnyb6nvka

PYBPUKA T'PHTW: 81.09.00 MaTteprnanoseaeHue
B CTATbW: opurmHanbHas HayyYHas ctaTbsl

Pestome:

Tubkocmb u criocobHocmb pobomoe  HerpepbisHo20 delicmeust
OpueHMUPOBamMbCsl 8 CIIOXKHbLIX U CIMECHEHHbIX ycriosusix Oefiaom UX
yO0bHbIMU O MPUMEHEHUSI 8 PasfiudHbIX  cghepax, BKIovasi
MariouHeasuBHyr  XUPYpauto,  MPOMbBIWIIEHHbIE — MaHUMymasyuu U
rouckosbie  pabombl 80  83PbIBOOMNACHbIX  UAU  3aMKHYMbIX
npocmpaHcmeax. Hecmompss Ha amu npeumyujecmea, MOYHOe
ModeriuposaHue Ux KUHeMamuku U rposedeHue 8CECMOPOHHE20 aHasu3a
paboyezo npocmpaHcmea, 0CobeHHO Orisi MHO20CEKUUOHHbLIX pobomos
HerpepbligHo20 Oelicmeusi ¢ MpPocosbiM npueodom U 08yXMOOyribHOU
KOHbuzypayuel, sce euwje ocmaemcsi crioxHou 3adadvel. B nepsgoli yacmu
cmambUu rnpedcmasieHa KOHCMPYKUUST MPexceyUoHHO20 rnaparsinennbsHo20
poboma HernpepbisHo20 delicmeusi ¢ mpocosbiM rpusodom. Moderb
npsmoll  KuHemamuku  paspabomaHa aHaniumuyecku Ha OCHose
rpedronIoXeHUs O OCMOSIHHOU Kpueu3He, 8 mOo epeMs Kak Moloerib
obpamHoU KuHeMamuKu ¢hopMynupyemcsi kak 3adada ro onmumusayuu.
Ana  eeHepayuu mpaekmopuu pabodee rnpocmpaHcmeo poboma
aHanu3upyemcsi ¢ ucrionb3o8aHueM ripoepammHbix nakemos MATLAB u
SOLIDWORKS. lMpumep modernuposaHusi riokasbleaem
3aghghekmuUBHOCMb OMCIIEXUBaHUS mpaekmopuu poboma.

KnioueBble  cnoBa:  poBOT  HeMnpepbIBHOTO  AEWCTBUs,  pobom
HerpepblgHo20 delicmeusi C TPOCOBbIM MPUBOAOM, KMHEMAaTU4eCckoe
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MOZEenupoBaHue, aHanu3 paboyero MNPOCTPaHCTBA, OTCNEeXuBaHue
TpaeKTopuu.

KnHemaTnuko MoaenoBawe 1 aHann3a pagHor NpocTopa BULLECTPYKO
AyanHor yHakpcHO-MoaynapHor kabrnoBcku BOReHOr KOHTUHYarnHor
poboTa

Hedunu Amen, ayTop 3a npenucky, Amypu Amap

YHuBepauteT 6pahe MeHTypu KoHcTaHTuH 1, KaTtegpa 3a MalMHCTBO,
JlabopaTopuja 3a mexaHuky, Amxmup

OBNACT: mawwmHCcTBO
KATETOPWUJA (TUIM) YITAHKA: opyruHanHu Hay4Hu paa

Caxemak:

@riekcuburiHocm U criocobHOCM KOHMUHYarnHuUx poboma Oa ce cHanase y
CITOXEeHUM U O2PaHUYEHUM OKPY)XerUMa YUHU UX 8eoMa roeo0HUM 3a
pasHospcHe rpuMeHe y obriacmuma Kao Wimo Cy MUHUMAarIHO UH8aH3UBHa
Xxupypauja, UHOYCMPUJCKO pyKogsar-e U ucmpaxueadyke ornepauuje y
onacHuM umnu CKyYeHum rpocmopuma. M rnoped oesaksux rpedHocmu,
npeyusHo Moderiogarbe  HUX08€  KUHEMamuke U  cripogohere
ceeobyxgamHe aHasnuse padHoe rpocmopa (Hapo4yumo Kada je pedy o
suwedennHom kabroscku 8ofjeHoM  KOHMuUHyarHoOM pobomy ca
d80CMpYKUM YHaKpCHO-MOOyrnapHUM KOHgbuaypauujama) npedcmasrbajy
3HavajaH u3a308. paldy je npedcmasrbeH [pojekam MmpooOesiHoe
080CMpPYKOYHaKpPCHO2 Kabrio8CKu 60ReHo2 KOHMUHyanHoe poboma.
Moden dupekmHe KuHemamuke U38e0eH je aHalumu4yKuM rymeMm Ha
OCHOBY Npemriocmaske 0 KOHCMaHmHOoj 3aKkpuerbeHocmu, 00K je Moden
UHBepP3He KuHeMamuke ¢hopMyriucaH Kao rpobnem onmumu3sayuje. Padu
2eHepucarba nymarse, padHu rpocmop poboma aHanu3upaH je y3 nomoh
cogpmeepckux nakema MATLAB u SOLIDWORKS. lNpumep cumynayuje
unycmpyje nepghopmarce rpahersa nymare poboma.

KrbyyHe pedu: KOHmMuHyasiHu pobom, kabroecku 60ReH KOHMUHyasHu
pobom, wmodernogare KUHEMamuke, aHasusa padHoe fpocmopa,
npahere nymar-e
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Abstract:

Introduction/purpose: Self-compacting mortars possess very good
flowability which enables them to consolidate only through the force of their
self-weight, not demanding any mechanical vibration. This type of mortars
has a significant value in complicated construction and repair works. In this
paper, research will be conducted on using brick powder as replacement
for cement in SCM with a detailed study of effects on workability,
compressive strength, and all other performance.

Methods: The proposed research models the relationships of different
parameters, brick powder content and fineness, with the resultant
properties of mortar using artificial neural networks (ANN) models.
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Results : The results showed that the addition of brick powder up to 10% of
cement as replacement improves mortar workability, giving the slump flow
ranging from 306 to 309 mm and the funnel flow time between 4.8 and 5.4
s, while its compressive strength was ranging from 45 to 60 MPa at 28 days.
However, at replacement levels higher than 20%, the slump flow was
reduced to 285 mm, the time to funnel flow increased fo 9 s, and the
compressive strength decreased to 35 MPa.

Conclusion: The study illustrates brick powder as a promising recycled
material for SCM applications not only to reduce environmental impacts but
also to improve performance, although optimization of its replacement
levels should be taken carefully to balance workability and strength.

Key words: brick powder, self-compacting mortar, cement, workability,
artificial neural networks, slump flow, funnel flow time, compressive
strength.

Introduction

Self-compacting mortar (SCM) is a type of mortar that can flow and
consolidate under its own weight without any added mechanical vibration.
This property adds value to SCM while building applications particularly in
complex shapes and dense steel reinforced structures where common
mortar struggles to fill voids. SCM’s ability to achieve uniform placement
enhances product quality and durability while improving efficiency and
reducing labor costs. These benefits have contributed to the extensive use
of SCM in contemporary constructions, especially in precast elements and
rehabilitation activities.

The design and selection of self-compacting mortar (SCM) qualities
and compositions in practical applications are dependent on various
aspects, including workability, strength requirements, and material
availability. Workability, characterized by measures such as slump flow,
V-funnel flow time, and viscosity, is essential for achieving enough
consolidation without external vibration, rendering SCM especially
advantageous in highly reinforced structures and complex formwork
geometries (Nepomuceno et al., 2012).

The mixture design of SCM generally follows the established
approaches such as the EFNARC (European Federation of National
Associations Representing Concrete) guidelines, which recommend, for
the optimal ratios of cement, supplementary cementitious materials SCMs,
fine aggregates, superplasticizers, and viscosity-modifying agents (Ashish
and Verma, 2019) (concrete, 2005). A high-flowability supplementary
cementitious material (SCM) designed for narrow-section precast
elements might require a higher quantity of superplasticizer and a reduced
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water-to-binder ratio to sustain fluidity and prevent agglomeration (Ghafari
et al., 2016). Conversely, a supplementary cementitious material (SCM)
designed for structural restoration applications may integrate pozzolanic
substances such as fly ash, silica fume, or brick powder to improve
durability and long-term strength.

Given the emergence of global urbanization trends, the construction
sector is plagued with challenges of sustainability with a keen need for
sustainable alternatives. Cement is, however, the third-highest source of
CO, emissions globally, accounting for nearly 5% of worldwide emissions
(Benhelal et al., 2021). Also, extraction of natural aggregates causes many
harmful effects on the environment (Pacheco-Torgal et al., 2012).

The search for sustainable alternatives has led to the exploration of
waste materials such as brick powder (BP) made from recycled bricks,
which minimizes landfill trash and requirements for new raw materials
Silva et al., 2016). Typically, BP contains natural silica (SiO,), alumina
(Al,0O3), and iron oxides that are essential to the pozzolanic activity which
enhances strength and durability, making it an attractive choice for SCM
(Mansoor et al., 2024).

The use of brick powder waste as supplementary cementitious
materials in SCM has been treated in detail by Bouleghebar et al. (2023).
The authors proposed substituting cement by weight with 4, 8, 12, 16, and
20% BP, having three levels of Blaine fineness (F1=3300 cm?/g, F2=4400
cm?/g, and F3=6000 cm?/qg). The study reported the improvement of the
mechanical properties and reduced porosity of mortars in this format,
giving them potential in sustainable construction practices and resources
conservation.

The study of Si-Ahmed and Kenai (2020) evaluated the effect of
utilizing waste BP as a partial replacement for cement in SCMs. It was
reported that replacements levels up to 15% of cement had a limited effect
on rheology and positively affected long-term compressive strength.
However, beyond that percentage, workability was diminished by the
increase in water absorption of BP. A slight increase in water absorption
by capillarity was reported in this work; this shows a compromise between
strength and permeability. This confirms the possibility of using waste BP
in SCMs towards sustainability.

Another study carried out by Boukhelkhal and Benabed (2019)
assessed the effect of waste brick powder (WBP) as a filler material in self-
compacting repair mortar (SCRM) by partially replacing Ordinary Portland
Cement (OPC) at substitution levels of 5, 15, and 25%. They found that
the incorporation of 5% WBP improved the flowability and stability of
mixtures in a fresh state, while at a level of substitution up to 25%, the
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replacement caused a significant decrease in slump flow. Moreover, in
terms of hardened state, the compressive strength decreased by 10.6% at
15% replacement and by 35.3% at 25% replacement levels, highlighting
the potential of WBP to produce a new reduced carbon blended cement,
which enables reduced carbon emission while achieving environment-
friendly sustainability.

The effect of recycled brick powder (RBP) as a partial cement
replacement in SCM was the research topic of Irki et al. (2018), who used
varying replacement levels (0, 5, 10, 15 and 20%) and three Blaine
fineness values (3900, 4300, and 5200 cm?#qg). The results showed that
increasing the RBP content led to a decrease in workability, with a 30%
reduction observed at more than 20% replacement. However,
compressive and splitting tensile strengths improved with higher Blaine
fineness and 5% to 10% RBP substitution, attributed to the pozzolanic
activity, indicating significant long-term strength gains.

Karatas et al. (2010) analyzed the influence of Elazig region waste
brick powder (WBP) on the strength and viscosity properties of SCM. They
found that the compressive strength of SCM mixtures made with 5 and
10% WBP exhibited higher compressive strength at early curing ages
compared to mixtures without WBP. Beyond this range, the compressive
strength of SCM diminished as WBP content increased. Furthermore, the
research highlighted that WBP increased cohesion in mortars but
decreased its flowability due to the viscous nature of the admixture.

Despite an increasing interest in alternative materials for SCM, there
is limited research that examines the use of Artificial Neural Networks
(ANNSs) to predict the effectiveness of such materials, in the form of BP, on
SCM performance. It has been confirmed that ANNs are successful in
modeling, solving and understanding complex relationships, particularly in
mortar and concrete, as they are heterogeneous materials which makes it
difficult to predict their behaviour, using simple analytical methods.
However, the use of ANNs to study how BP affects workability, strength
and durability of SCM is lacking. Utilizing AAN systems could improve
prediction accuracy and optimization according to changed properties of
recycled materials as BP, and improving sustainable practices in
construction.

The TanH function was chosen for enabling effective gradient flow
during backpropagation and convergence stability enhancement (Yan et
al., 2022). This activation function is particularly advantageous in modeling
construction material properties, as it handles both positive and negative
input data, ensuring the model accurately represents the complex
interactions in cementitious systems (Sathiparan et al., 2024).
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This study's primary goal is to use artificial neural networks (ANNs) to
analyze the effects of using BP as an alternative material in SCM. It aims
to model the relationship between the amount of BP added and the
resulting properties of SCM such as flowability and compressive strength.
The study uses neural networks to optimize the mix design of SCM
containing BP, ultimately helping to the development of sustainable
construction materials and practices. This approach will aid to better
understand the performance of BP in SCM while also demonstrating the
efficiency of computational tools in cementitious material science.

Methodology

Data collection and preparation

The dataset used in this study was collected to evaluate the influence
of BP on the flowability and compressive strength of self-compacting
mortar. The key parameters analyzed are:

e Superplasticizer content (%),

Cement content (Kg/m?),
Water-to-binder ratio W/B,
Brick powder (%),
Sand content (Kg/m?3),
Fineness of brick powder (cm?/g),
Dune sand content (Kg/m?), and
Si/Al/Fe content in BP (%).
The target variables for this study are :

e  Slump flow (mm),

e V-funnel flow time (sec), and

e Compressive strength at 28 days (MPa).

The dataset needed to perform this analysis is detailed in the
Appendix (Table 1) along with some basic properties of cement and
aggregates (Table 2) to enable full documentation and transparency in the
study (i.e., the dataset required contains every single detail of all mixtures).
It should also be noted that selecting the data was conducted only with
mixtures having comparable properties as the same cement types (CEM
I) and a superplasticizer of a single type generation were used. This
method improves the dataset reliability and the validity of the analysis.

The dataset included some missing values which were addressed
through mean imputation. After imputation, the features were scaled using
a standard scaler to standardize them to a mean of 0 and a standard
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deviation of 1. This preprocessing step was essential for the effective
operation of the neural network (Aksu et al., 2019).

Model generation

The ANN models used in this study effectively capture the
relationships between the key input parameters and the properties of SCM
in both its fresh and hardened states. Figure 1 illustrates the ANN structure
for predicting the fresh-state properties, namely slump flow (mm) and V-
funnel flow time (sec). The inputs to this model include superplasticizer
(Sp) content, BP percentage, and BP fineness (cm?g), all of which
significantly influence workability and flowability. These parameters
interact through the ANN's hidden nodes to produce accurate predictions
for fresh-state performance.

Qutput layer

Input layer

Hidden layer

Figure 1 — Schematic diagram of the ANN model for predicting slump flow and V-funnel
flow time
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On the other hand, the ANN developed for predicting hardened-state
properties, specifically compressive strength (MPa), is shown in Figure 2.
This model identifies the BP fineness, the Al-Si-Fe composition of brick
powder, and the BP percentage as the primary factors affecting strength.

Qutput layer

Input layer

Hidden layer

Figure 2 — Schematic diagram of the ANN model for predicting compressive strength

A total of 31 self-compacting mortar mixtures sourced from the
literature were utilized for training and validating the ANNs. The ANN
model consisted of five hidden nodes and employed the TanH activation
function to capture the non-linear relationships between the input
parameters and the resultant properties of the mortar.

The dataset was divided into training (80%) and validation (20%)
subsets employing a stratified random sampling method to ensure a
balanced representation across various BP replacement levels and
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material characteristics. This split is commonly acknowledged in machine
learning as an ideal ratio that equilibrates model training and assessment
(Xu and Goodacre, 2018). The training subset, including 80% of the data,
allows the artificial neural network (ANN) to discern significant patterns
and correlations among the essential input parameters, including BP
content, fineness, and slump flow. The 20% validation subset facilitates
an impartial evaluation of the model's prediction accuracy and
generalization capacity on novel data (Ren et al., 2021).

A random holdback of 33% from the validation set was employed to
estimate the model parameters and evaluate the generalization
performance. This methodology guarantees that model assessment
remains impartial to any particular data subset and that all patterns within
the dataset are integral to model training. A holdout technique paired with
randomization effectively reduces overfitting while preserving a superior
prediction performance. The holdback technique offers a more reliable
assessment of the model's capacity to generalize over various SCM
combinations, reducing dependence on a static partition that could induce
bias (Witten and Frank, 2002, Pedregosa et al., 2011, Zhao et al., 2021) .

Moreover, employing a random subset for validation rather than a
fixed partition preserves statistical integrity, especially for small to
moderate datasets such as those utilized in ANN-based modeling of
cementitious materials. This is especially significant in materials science
applications where experimental data is frequently constrained, and the
optimization of dataset partitioning is essential for assuring dependable
ANN predictions (Zhang et al.,, 2025, Salama, 2024). Research on
modeling cement-based materials has demonstrated that utilizing 70—-80%
of data for training and allocating 20-30% for validation provides the
optimal balance between learning efficacy and predicted accuracy (Khan
and Abbas, 2023) (Gholamy et al., 2018).

The modeling and analysis were carried out using Python as the
programming environment. NumPy was employed for efficient numerical
computations, and Matplotlib was used to create detailed visualizations
(Harris et al., 2020, Hunter, 2007). Additionally, the Scikit-learn library
facilitated preprocessing tasks such as feature scaling and enabled robust
implementation of the ANN model (Salama, 2024, Pedregosa et al., 2011,
Wang et al., 2024)

Model performance

The trained ANN model achieved a R? score of 0.96 , 0.96 and 0.95
on the training set and 0.99 ,0.98 and 0.84 on the validation set for slum
flow ,V-funnel flow time and compressive strength respectively, indicating




that the model was able to explain a significant portion of variability in
different parameters.

Optimization process and 2D contour plot generation

To identify the optimal combinations of material parameters that
maximize compressive strength, a grid search was performed over arange
of values for two parameters at a time, while keeping the other parameters
constant at their mean values. For each combination of two parameters,
the model predicted the corresponding compressive strength.

The predicted compressive strength values were then plotted using
2D contour plots, where the contour lines represent regions of equal
compressive strength (isoresponse lines). This approach allowed for visual
identification of the parameter combinations that produced the highest
compressive strength.

Results and discussion

The application of ANNs in the design of self-compacting mortar
presents many benefits compared to conventional mix design techniques,
especially regarding perdictivee precision, efficiency, and optimization of
workability. Conventional approaches depend on empirical formulations,
regression models, and trial-and-error experimentation, which can be
laborious and resource-demanding. Conversely, ANNs provide real-time
adjustment of mixture proportions, thereby diminishing experimental
endeavors and enhancing sustainability. They can also capture complex
nonlinear relationships among factors, resulting in enhanced accuracy in
forecasting SCM features, such as slump flow and compressive strength
(Alibrahim et al., 2025, Asteris et al., 2019)

Moreover, ANN modeling offers additional advantages by generating
2D and 3D contour plots, providing better visualization and interpretation
of results. These plots allow researchers and engineers to graphically
analyze the interactions between multiple mix parameters, helping to
identify optimal compositions for SCM. Unlike traditional numerical
outputs, contour plots enable a clearer understanding of how variations in
factors such as cement content, brick powder proportion, and
superplasticizer dosage influence workability and strength simultaneously
(Abdellatief et al., 2023, Yaghoubi et al., 2024). This feature enhances the
practical usability of ANN-based predictions, making them more
accessible for material designers and practitioners.

Upon completion of training, the ANN model is optimized and fine-
tuned by cross-validation and sensitivity analysis to enhance its prediction
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performance. Ultimately, validated ANN models can be implemented in
practical applications, facilitating real-time mix design modifications,
enhancing workability forecasts, and substantially reducing material
waste. This technique not only optimizes SCM formulation but also
improves sustainability by maximizing material utilization (Khan et al.,
2023, Meng et al., 2025).

A systematic methodology is necessary to implement ANNs in the
design of SCM. The process is initiated with data collection and
preparation, during which essential input variables are assembled and
normalized to enhance model efficacy. Subsequently, a suitable ANN
architecture is chosen, such as multi-layer perceptrons (MLPs) or deep
neural networks (DNNs), and trained utilizing an 80-20% data partition with
optimization methods such as backpropagation and gradient descent.
After training, the model is subjected to fine-tuning and validation by cross-
validation and sensitivity analysis to enhance its perdictivee precision
(Getahun et al., 2018, Suryadi et al., 2016). The validated ANN model is
ultimately used for practical applications, facilitating real-time mix
optimization, enhancing workability control, and minimizing material waste,
making SCM design more efficient and sustainable.

The rheological and mechanical properties of SCM, (slump, V-funnel
flow time, and compressive strength), are affected by multiple factors.
The superplasticizer dosage is a critical parameter that improves
workability by increasing slump flow. Excessive amounts can result in
segregation and reduced compressive strength (Jithendra and Elavenil,
2021, Jithendra and Elavenil, 2020). The water-to-binder ratio is critical,
as increased ratios increase flowability but reduce strength, especially in
ultra-high-strength concrete (Liu et al.,, 2022). Work factors, including
mixing duration, temperature, and curing conditions, influence both the
fresh and hardened characteristics of SCM. Research on self-compacting
concrete demonstrates its considerable impact on material performance
(Zerbino et al., 2009).

The relationship between slump, fineness, and BP content (BP) in
SCM is illustrated in Figure 3, and the predictive model of slump in terms
of BP and SP content and fineness of BP is illustrated in Appendix (Table
3). A 10% rise in BP content was found to correspond to an average 6 mm
rise in slump, indicating a significant enhancement in workability.
Nevertheless, introducing 15 to 30% BP will lead to a reduction in slump
flow. Similar findings were reported by Boukhelkhal and Benabed (2019)
who attributed this decline in slump flow to the angular shape and coarse
particles of BP. Shah et al. (2021) found and declared that the particles of




WBP are of irregular shapes having a rough texture and a porous surface,
which is another cause for an increase in the demand for water.

A previous study (Phan et al., 2022) indicated that higher percentages
of BP result in decreased flowability, primarily because BP absorbs more
water compared to traditional cement, thus reducing the free water
available for slump flow.

Karatas et al. (2010) pointed out that blends with 5% BP showed
greater slump values than the control one, whereas higher amounts above
20% caused decreased slump because of high viscosity and cohesion.
This behavior is due to the larger grain size of BP in comparison to cement,
impacting the flowability of mortar. On the other hand, the impact of
fineness is more nuanced, highlighting the potential negative influence of
finer particles on flowability. Zhao et al. (2021) confirmed that the plastic
viscosity of SCM increased as the substitution rate of WBP increased.

Slump (mm) Contour Plot
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Figure 3 — Effect of fineness and BP content on the slump flow of SCM

pp.993-1016

Laidani, Z.E.A. et al, Predictive analysis of brick powder-enhanced self-compacting mortar using artificial neural networks,



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 3

Bouleghebar et al. (2023) found that the flowability of BP tends to
diminish as its fineness increases, particularly when it exceeds that of
cement. This reduction in workability is attributed to the higher water
absorption and rough surface texture of BP.

The plot reveals an optimal range of BP and fineness where slump is
maximized. The optimal BP content might be between 3% and 14%, while
the optimal fineness could range from 3000 to 4200 cm?g. These values
can change based on other factors, including the water to binder ratio and
particular application needs.

Figure 4 shows the evolution of V-funnel flow time depending on
fineness and BP content, while the predictive model of this parameter in
terms of BP and SP content and BP fineness is given in Appendix (Table
3). It can be observed that with the increase in the fineness of BP, the V-
funnel flow time increases. For instance, the flow duration varies from 4.2
to 6.0 seconds at a fineness of 3000 cm?/g, but it increases dramatically to
7.8 t0 9.0 seconds at 6000 cm?/g. Similarly, the flow time increases with a
higher BP content. At 0% BP, the flow time was around 4.2 s; but at
30%, it increases to about 9.0 s. The longest flow times, approximatively
9.0 seconds, are noted when the BP content rises to 30% and the fineness
reaches 6000 cm?g.

In contrast, the flow times are the shortest, approximately 4.2
seconds, when both the fineness and the content of BP were low, for
instance, at 3000 cm?/g and between 0-5% of the BP content. This analysis
has pointed out that a rise in BP content and fineness results in low
flowability, which is manifested by longer flow times when the percentage
of BP exceeds 20% and when the degree of fineness is above 5000 cm?/g.
In general, it was confirmed that higher values of either parameter lower
workability.

A prior study by (Bouleghebar et al., 2023) confirmed that a longer
flow time is correlated with a higher BP content. In addition, the mixtures
take longer to flow as the Blaine fineness rises, which contributes to
increased plastic viscosity.

The same results were obtained by Boukhelkhal and Benabed (2019),
who pointed out that the addition of WBP increases the viscosity of SCM
because of the angular shape and coarse particles of WBP which increase
the flow resistance and, therefore, the viscosity of SCM.

To achieve better flowability, an optimal range is suggested with a BP
content between 10% and 15% and a fineness of 3500 cm?g to 4500
cm?/g. Staying within these parameters keeps the V-funnel flow time
relatively low, indicating improved flowability and minimizing flow

resistance in the SCM mixture.
1004



Better flowability is indicated in an optimum range where the content
of BP varies from 5% to 15% and the fineness in the range of 3500 cm?/g
to 4500 cm?/g. Maintaining these settings results in a reasonably low V-
funnel flow time, which suggests enhanced flowability and reduced flow
resistance in the SCM mixture.

Figure 5 shows how the amount of BP with a fineness of 4500 cm?/g,
and its Al-Si-Fe content affects a SCM’s compressive strength. The
appropriate predictive model representing this parameter in terms of
fineness, Al-Si-Fe, and the BP content is shown in Appendix, Table 3.The
range where the BP content is between 5% and 10% and the Al-Si-Fe
content is between 78% and 80% exhibits the maximum compressive
strength, exceeding 57.5 MPa.
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Figure 4 — Effect of the fineness and the BP content on the V-funnel flow time of SCM

Given the minimum requirements established by ASTM C618-15 for
pozzolans, where the sum of SiO,, Al.O3, and Fe2O3 must be greater than
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70%. A higher content of these oxides in supplementary cementitious
materials boosts pozzolanic activity by increasing calcium ion
consumption, which in turn promotes greater formation of calcium silicate
hydrate (C-S-H) (McCarthy and Dyer, 2019, Ivashchyshyn et al., 2019,
Nasr et al., 2023).

On the other hand, strength dramatically decreases when the BP
content rises above 10%, dropping below 45 MPa when the BP level
reaches about 20% to 30%. Furthermore, the AI-Si-Fe composition is
important, where its higher levels (78% to 80%) result in increased
strength, whereas its lower content (less than 75%) causes a diminution in
compressive strength.

According to Bouleghebar et al. (2023), the compressive strength
increased from about 30 MPa to 35 MPa when the BP content was
increased from 4% to 12%. There are a number of reasons for this
improvement. Firstly, amorphous silica, which is present in BP, adds to its
pozzolanic qualities. Strength development depends on the silica's
reaction with water and calcium hydroxide generated during cement
hydration, which results in the formation of more calcium silicate hydrate
(C-S-H) gel. Secondly, BP fine particles can fill in the voids within the
cement matrix, hence offering a denser microstructure, which reduces
porosity, thus improving the mechanical properties of mortars. The results
of the study indicated that an optimum replacement level of 12% was the
limit, beyond which compressive strength began to decline.

This result is consistent with the findings of Irki et al. (2018) who
observed that the pozzolanic activity of BP, which enhances over time as
it reacts with the calcium hydroxide generated during the hydration of
cement, caused compressive strength to increase with the addition of RBP
up to a substitution level of 10%. Their results noted that compressive
strength increased with the addition of RBP up to a substitution level of
10% due to the pozzolanic activity of BP, which becomes more
pronounced over time as it reacts with the calcium hydroxide produced
during the hydration of cement. Above the 10% substitution level, the
compressive strength is observed to decrease, probably because of the
dilution effect of the cement matrix and the lack of sufficient amount of
reactive silica required for the pozzolanic reaction. These findings are
confirmed by Nasr et al. (2023) who pointed out that the upper limit for
using brick waste in self-compacting concrete is 10% to ensure that the
compressive strength is equivalent to or slightly higher than that of the
control mixture.

Consequently, a combination of the 2% to 14% BP content with the
76% to 82% Al-Si-Fe concentration, offers the best compressive strength.
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Figure 5— Effect of the Al/Si/Fe content and the BP content with a fineness of 4500 cm%g
on the compressive strength

The ANN analysis identified the optimal SCM mix design by
evaluating workability, mechanical strength, and material sustainability.
The ANN model estimated optimal performance with a water-to-binder
ratio of 0.38, a cement content of 450 kg/m?3, a brick powder substitution of
15%, and an optimum Al/Si/Fe value of 0.75. The superplasticizer dosage
of 1.2% by binder weight ensured superior flowability and viscosity,
resulting in a slump flow value of 730 mm and a V-funnel flow time of 10.5
seconds, demonstrating optimal self-compacting capabilities without
segregation.

The ANN model forecasted an optimal compressive strength of 58
MPa at 28 days in the hardened state, due to the synergistic effect of brick
powder as a supplemental cementitious material, which improves particle
packing and pozzolanic reactivity. The Al/Si/Fr parameter, optimized at
0.75, was important in fine-tuning the mix proportions to attain an optimal
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equilibrium among workability, strength, and durability. The findings
indicate that the ANN-optimized mix design provides a well-proportioned
composition for precast elements, high-performance concrete buildings,
and repair applications.

Although experimental validation of this optimum mixture is desirable,
constraints in available resources may have prevented direct laboratory
testing. Nevertheless, ANN predictions were corroborated using external
datasets and comparative analyses, exhibiting alignment with the current
literature on SCM that includes brick powder, optimal Al/Si/Fe values, and
superplasticizer quantities. These findings validate that the ANN-based
mix design offers a more efficient, data-driven methodology in contrast to
conventional empirical techniques.

Conclusion

The paper focuses on the properties of brick powder used as a
substitute for Portland cement in the production of the environment-friendly
SCM using ANNs. The following are the major conclusions obtained:

e An optimum range of brick powder content, between 5% and
15%, could be identified where flowability is better; with an
increase in the percentage, flowability generally decreases,
especially when the replacement is more than 20%, which
resulted in longer flowing time and reduced slump.

e There is evidence that an optimal replacement level of brick
powder of 2% to 14% enhances the compressive strength;
beyond 20%, strength gain started reducing due to a diluted
effect.

e Brick powder has pozzolanic properties and tends to react with
calcium hydroxide during hydration and forms additional C-S-H,
which is responsible for strength development.

¢ ANNSs applied in this work have the capability of modeling mix
design efficiently, thus making optimization possible and
providing insight into the relationship between material
parameters and performance.

e The use of brick powder as a partial replacement for cement
provides environmental sustainability due to the use of waste
materials, which reduces carbon emissions associated with
cement. Further study on durability and long-term performance
in SCM containing brick powder is recommended.
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Resumen:

Introduccién/Propésito:  Los morteros autocompactantes poseen una
excelente fluidez, lo que les permite consolidarse Unicamente mediante la
fuerza de su propio peso, sin requerir vibracion mecanica. Este tipo de
morteros es de gran utilidad en obras complejas de construccion y
reparacion. En este trabajo, se investigara el uso de polvo de ladrillo como
sustituto del cemento en SCM, con un estudio detallado de sus efectos
sobre la trabajabilidad, la resistencia a la compresion y otras caracteristicas
de rendimiento.

Métodos: La investigacion propuesta modela las relaciones de diferentes
parametros, contenido de polvo de ladrillo y finura, con las propiedades
resultantes del mortero utilizando modelos de redes neuronales artificiales
(ANN).

Resultados: Los resultados mostraron que la adicién de polvo de ladrillo
hasta un 10% de cemento como reemplazo mejora la trabajabilidad del
mortero, alcanzando un caudal de asentamiento de 306 a 309 mm y un
tiempo de embudo de 4,8 a 54 s, mientras que su resistencia a la
compresion se situé entre 45 y 60 MPa a los 28 dias. Sin embargo, con
niveles de reemplazo superiores al 20%, el caudal de asentamiento se
redujo a 285 mm, el tiempo de embudo aumenté a 9 s y la resistencia a la
compresion disminuyé a 35 MPa.
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Conclusién: El estudio ilustra al polvo de ladrillo como un material reciclado
prometedor para aplicaciones de SCM no sélo para reducir los impactos
ambientales sino también para mejorar el rendimiento, aunque la
optimizacion de sus niveles de reemplazo debe tomarse con cuidado para
equilibrar la trabajabilidad y la resistencia.

Palabras claves: polvo de ladrillo, mortero autocompactante, cemento,
trabajabilidad, redes neuronales artificiales, flujo de asentamiento, tiempo
de flujo en embudo, resistencia a la compresion.
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rnpogedeHo uccriedosaHue UCMOMb308aHUS  KUPMUYHO20 [1OpowKa 8
Kavyecmee 3aMeHbl UeMeHma 8 caMoyriiomHsirowjuxcs pacmeopax (SCM).
B cmambe g@HUMamernibHO U3y4eHO erusHue Ha obpabambieaemMocms,
MPOYHOCMb Ha CxXamue U Opyaue xapakmepucmuKuy.

Memodbi: B 0OaHHOM uccriedogaHuu MoOenupyemcsi COOMHOWeHUe
pasnuyHbIX rapamempos colepxaHusi KUPUYHO20 ropowiKa U e2o
pasmeribdeHHOCmMU ¢ 3¢hbghekmusHbIMU  ceolicmeamMu  pacmeopa.
ucronb3ysi MoOesu UCKycCmBeHHbIX HelpoHHbIx cemel (ANN).




Pesynbmambi: Pe3ynibmambl rioka3arnu, 4mo OobaeneHue KuprnuyHo20
ropouuka, 3ameHsieMo2o0 00 10% uemeHma, ynydwaem
obpabamsbigaemocmb, obecriequsasi ocedaHue (slump flow) e npedenax
om 306 do 309 mm u epems npoxoda Yepes 80pPOHKY om 4.8 3o 5.4 cekyHO.
lpuyem npoyHOCMb Ha Cxxamue Yepes 28 OHeli sapbupyemcsi om 45 do
60 Mrla. OdHako nipu 6oriee 8bICOKUX YpoBHsIX 3ameHbl boree 20%
ocedaHue cHusunocb 00 285 mm, epems rpoxoda 4Yepe3 BOPOHKY
yeenu4unock 0o 9 cekyHO, a MPOYHOCMb Ha Cxxamue yMmeHbLunack 0o 35
Mrla.
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OBJIACT: rpaheBunHapcTBO, MaTepujanu
KATETOPUJA (TWUM) YITAHKA: opurinHanHu Hay4Hu paj

Caxemak:

Yeod/yurb: Camosbujajyhu manmepu (SCM) nocedyjy eeoma Aobpy
criocobHocm meyversa wmo um omoeyhasa da ce KoHconudyjy camo rnod
dejcmeom coricmeeHe mexuHe, 6e3 mnompebe 3a MexaHUYKUM
subpayujama. Osa epcma Manmepa 8eoma je 3HaqajHa KOO CIIOXEeHUX
cmpykmypa u padoea Ha perapayuju. Y osom pady ce ucmpaxyje
Kopuwherse npawkacmux Yecmuuya yuerne ymecmo yemeHma y SCM u
OemasbHO ripoyyasajy echekmu Ha obpadusocm, yepcmohy Ha npumucak
u cee dpyeae rnepghopmaHce.
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Memode: [llpednoxeHo ucmpaxueare MoOeslyje O00HOC PasIuUYUMuX
napamemapa, cadpxxaja yuasieHoz rnpaxa, Kao U Hez2oee puHohe, ca
pesynmyjyhum ceojcmeuma manmepa y3 rnomoh modesia geuimadykux
HEYPOHCKUX Mpexa.

Pesynmamu: Pe3ynmamu cy roka3anu 0Oa je Kopuwhere yuerneHoe
npaxa ymecmo 0o 10% uemeHma nobosbwano obpadusocm mako wmo
Je nocmuaHymo crniezaare pacripocmuparem (slump flow) od 306 do 309
MM U spemMe meydera Kpo3 niesak (funnel flow time) usmehy 4,8 u 5,4 ¢, npu
yemy je yepcmoha Ha npumucak buna y orniceay 00 45 0o 60 MPa HakoH
28 OaHa. Mehymum, npu 3ameHama eehum 00 20%, crieeame
pacrnipocmupar-em ce cMarbusio Ha 285 MM, epeme mederba Kpo3 Jieeak
ce noeehario Ha 9 ¢, a Yspcmoha Ha npumucak je onana Ha 35 MPa.
Sakrbyyak: Cmyduja ykasyje Oa uuerieHU rMpax, Kao peyukupaHu
Mamepujan, uma nepcriekmugy y npumeHama SCM He camo padu
CMarbUBarba ymuuaja Ha XXueomHy cpeduHy He2o U padu rnobosbuiagar-a
nepghopmaHcu, uako je nompebHO naxsbugo epuwumMuU ornmumu3ayujy
Hueoa 3aMeHe Kako 6u ce rnocmuana pasHomexa obpadusocmu U
ygpcmohe.

KrbyuyHe peuu: yueneHu npax, camosbujajyhu manmep, uemeHm,
0bpadusocm, selumayke HeypOHCKe Mpexe, crieaarbe pacrpocmupar-em
(slump flow), epeme npomoka Kpo3 nesak (funnel flow time), yepcmoha Ha
rpumucax.
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Abstract:

Introduction/purpose: Algerian natural zeolite (denoted NZ) was modified
using hydrochloric acid (HZ) and sodium hydroxide solution (NaZ). This
study investigated the impact of acid and alkaline modifications on the
adsorption of two cationic textile dyes (BRss and BY13) from aqueous
solutions.

Methods: The XRF analysis confirmed that SiO2 is the predominant mineral
in all three zeolites. The XRD results revealed that NZ is primarily
composed of mordenite, with chabazite and minor quartz content. The
MEB-EDX analysis showed slight variations in the Si and Al content for HZ
and NaZ, without significantly altering the zeolite’s structure.. The effects of
initial dye concentration, contact time and pH were examined in a batch
system.

ACKNOWLEDGMENT: We gratefully acknowledge the textile industry (COTITEX Ain
Djasser, Batna, Algeria) for kindly providing us with cationic textile dyes (BRss and BY13).

thermodynamic and equilibrium studies, pp1017-1044.

Belgaid, N et al, Removal of basic textile dyes from water by natural and modified Algerian zeolite: kinetic,



mailto:n.belgaid@univ-batna2.dz
https://orcid.org/0009-0008-3508-540X
mailto:redha.menani@univ-batna2.dz
https://orcid.org/0000-0001-7261-9417
mailto:ke.bouhidel@gmail.com
https://orcid.org/0009-0004-1956-7733
https://doi.org/10.5937/vojtehg73-5612

EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 3

Results: The adsorption on NZ, NaZ and HZ increased with longer contact
times, higher initial dye concentrations, and elevated temperatures.
Equilibrium was rapidly attained best described using the pseudo-second-
order kinetic model. Both the Langmuir and the Freundlich isotherm models
fit for the adsorption data.

Conclusion: The highest dye removal efficiency was observed for NaZ, with
97.62% for BR4s and 98.97% for BY13. The lowest removal rates occurred
at pH= 8 for HZ and pH=10 for NZ and NaZ. Adsorption was spontaneous
and endothermic.

Keywords: zeolite, modification, acid, alkaline, adsorption, cationic dyes

Introduction

Dyes used in paper, plastics, food, cosmetics and textile industries
are among the most prevalent organic micropollutants in water. Many of
these dyes are toxic and have a severe environmental impact, as they
block light penetration, inhibit photosynthesis, reduce dissolved oxygen
levels, hinder plant growth, enter the food chain, and bioaccumulate (Lellis
et al, 2019, Aarden, 2001). Additionally, many dyes are carcinogenic.
Their high solubility, chemical stability, and resistance to light and heat
make their removal through conventional methods challenging. Various
physical and chemical techniques are used to remove dyes from industrial
effluents, including coagulation (Li_et al, 2016), biological treatments
(Aravindhan et al, 2023), flotation, oxidation, and adsorption. Among
these, adsorption is the most widely used due to its high efficiency, low
material cost, simple design and operation, and the abundance and non-
toxicity of materials like: activated carbon (Kumar et al, 2023), silica gel,
bentonite (Selim et al, 2014), kaolinite (Ighnih et al, 2023), and zeolite
(Senguttuvan et al, 2022).

Zeolites are microporous hydrated aluminosilicates with a three-
dimensional framework that carries a negative charge balanced by
exchangeable cations, primarily Na*, Ca?* and K*. Naturally occuring in
zeolitic-rich rocks, zeolites exist in various forms, including clinoptilolite,
heulandite, faujasite, mordenite, chabazite, analcime, etc. They can also
be synthesized in laboratories into other forms such as zeolite A, zeolite
Y, and zeolite P (Reeve and Fallowfield, 2018). Although synthetic
zeolites are valued for their high purity, large surface area, and
considerable porosity, their production requires expensive raw marterials,
complex synthesis processes, and time-consuming steps. Consequently,
recent research has focused on enhancing the properties of natural
zeolites such as exchange capacity, and a specific surface area through




various modificaton methods, including acid activation (Pastukhov et al,
2023), alkaline activation (Ates and Akgull, 2016), iron oxide
modification and organic modification (Wang et al, 2023), and surfactant
modification (Ebsa, 2023). The effectiveness of modifications depends
not only on the target pollutant but also on the desired properties,
environmental impact (toxicity), and cost considerations (expenses and
duration). Therefore, a comprehensive understanding of the caracteristics,
structure, morphology, and interractions of zeolites is essential, providing
valuable insights for future studies.

Zeolites have a broad range of applications, from agriculture and
wastewater treatment to petroleum refining, where they serve as
adsorbents, molecular sieves, and ion—exchange agents (Visa, 2016).

Mordenite, first discovered in 1864 in Nova Scotia, Canada, and
named after the small community of Morden, is a zeolite mineral with the
molecular formula (Na*s) [(AlO2)s(SiOz2) 40].24H20. The Si/Al ratio in natural
mordenite samples varries from 4 to 6, with higher ratios correlating to
greater thermal and chemical stability (Nakamoto et al, 2017, Mamo
et al, 2015). In Algeria, mordenite-type zeolite is particulary predominant
in the northeast region (Mehdi et al, 2022). While its primary application
has been in cement activities, only a few studies have explored its potential
for removing heavy metals (Mehdi et al, 2022) and dyes
(Imessaoudene et al, 2024) from water. The modification of natural
zeolites using acid and alkaline solutions significantly impact their
composition, morphology and porosity. These treatments facilitate the
removal of silicon and aluminum from the zeolite framework, altering the
SiO2/Al;Osratio and influencing their adsorption properties, leading to the
modification of external and internal surface properties (Garcia-Basabe
et al, 2010).

In this work, our main objective is to improve properties of natural
mordenite such as exchange capacity, specific surface and porosity via
treatment with HCl and NaOH solutions without altering the main structure.
This is verified by studying the adsorption capacity of two cationic textile
dyes by natural and modified mordenite. The effects of contact time, initial
dye concentration, pH, and temperature were aslo studied.

Materials and methods

Natural zeolite was obtained from a Tuf deposit in Tinedbar, located
in Bejaia, northeast of Algeria. The bulk sample was crushed into smaller
particles of varying sizes and subsequently sieved using a column sieve
to obtain clay particles with a diameter of<63um. The processed zeolite
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was stored in a polyethylene container for further use and designated as
NZ.

The following chemicals were used in the study: sodium hydroxide
(NaOH,40g/mol, 99%), sulphuric acid (H2SOs4, 98.08g/mol, 95-97%,
d=1.83 ), hydrochloride acid (HCI,36.5g/mol, 37%, d= 1.18), sodium
chloride (NaCl, 58.44 g/mol, 99.5%), and nitric acid (HNO3, 63.01 g/mol,
69%, d=1.410). All reagents were obtained from Sigma-Aldrish, VWR
Prolabo Chemicals, and Fluka Chemicals. Distilled water was used to
prepare all solutions.

The textile dye Basic Red 56 (BRss, C1sH21BrNg, 401.3 g.mol') and
Basic Yellow 13 (BY13, C20H23 CIN2O , 342.86 g.mol”, pK. =10.35) (Figure
1) were supplied from a textile industry plant located in Ain Djasser, Batna,
in the eastern region of Algeria. Both dyes are cationic, water-soluble, and
commonly used for dyeing acrylic fibers and textile printing.

HaC b
CHy CHy (a) 3 CH;,,H (b)
. N N v W

r N If \ N N

L, r;l,)—ral CHyCeHs Ly, H
\ ) ]
CHy Br Cl OCH,

Figure1 — Structure of cationic dyes:(a) Red dye (BR56), and (b)Yellow dye (BY13)

Preparation of adsorbents

A bulk sample of natural zeolite was ground into small particles using
an industrial crusher. The crushed material was then passed through a
series of sieves with diameters ranging from 1 mm to 63 um (from 15 to
236 mesh). Zeolite particles with a diameter of <73 um were collected,
stored in bottles, and designated as NZ.

Alkaline modification:

The activation of natural zeolite using an alkaline treatment was
conducted as follows:

A measured mass of natural zeolite was mixed with a specific volume
of sodium hydroxide solution (500 mol/m3) at a 2:1 volume-to-mass ratio.
The mixture was stirred continuously for six hours while maintaining a




temperature of 343 K. The resulting slurry was then washed several times
with deionized water, filtred, dried, and sieved to 63 um before being
stored in bottles and labeled as NaZ.

Acid Activation:

The acid activation of zeolite was carried out using the following
procedure:

A 5x10% m?3 reactor equipped with a reflux condenser, a magnetic
stirrer, and a thermometer was used. A specified amount of natural zeolite
was mixed with a hydrocloridric acid solution (500 mol/m?®) and added to
the reactor. The mixture was heated under reflux at 90 °C and agitated for
two hours, maintaining a constant temperature throughout the process.
The clay was then filtered and repeatedly washed with deionized water
until no residual acid was detected (i.e., no white precipitate appeared after
the addition of barium chloride). The clay was dried at 110 °C, crushed,
sieved to 63 uym, and stored in a bottle, labeled as HZ.

Results and discussion

Characterisation of adsorbents

The chemical composion of the samples was determined using X ray
fluorescence (XRF). The X-ray diffraction patterns were rfomed on a
diffractometer (Rigaku Miniflex Il desktopX-ray diffractometer ) with Cu(Kq)
radiation, operated at a voltage of 40 kV and a current of 40 mA. The
samples were scanned over a 26 range from 2° to 60° at a scanning rate
of 5 deg/min.The morphology of both natural and modified zeolites was
analyzed using a scanning electron microscope (SEM, JEOL, JSM-6400).
Additionally, FTIR spectra were recorded within the wavenumber range of
500-4000 cm™ using a JASCO spectrophotometer.

Point of zero charge (PZC)

The point of zero charge (PZC) for the three zeolites (NZ, NaZ, and
HZ) was determined by mixing a series of 5x10° m*® NaCl solutions (5
mol/m?3) with the initial pH values ranging from 3 to 10 by adding 100
mol/m? of HNO3; or NaOH before adding 0.05 g of zeolite. The mixture was
stired for 48 hours, after which the final pH was measured. The pH
variation (ApH= pHspHi) was plotted against the initial pH.

The PCZ was identified as the intersection point of the curve where
ApH=0. According to the plot shown in Figure 2, the PZC values for NZ,
NaZ, and HZ were determined to be 9.292, 9.71 and 7.25, respectively.
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Figure 2 — Zero point of charge value for natural (NZ) and activated zeolites (NaZ and
HZz)

X-ray fluoerescence (XRF)

Table 1 shows that SiO; is the predominant mineral in all zeolites,
followed by Al2O3, Fe203, CaO, K20, and other oxides. The Si/Al ratio of
NZ indicates that it belongs to the mordenite type (3 < Si/Al < 5). For the
two modified zeolites (NaZ and HZ), a slight change in the ratio is
observed, although the mordenite structure remains unchanged. The
decrease in the silica content for NaZ is attributed to its removal by sodium
hydroxide, whereas the decrease in the aluminum content for HZ is due to
its removal by hydrochloric acid.

Table 1 — Chemical composition of natural zeolite (NZ), modified zeolites with 100 mol/m?3
of NaOH (NaZ) and 100 mol/m® of HCI (HZ)

SiO2 AlO3 Fe203 CaO MgO Na:O KO0 ClI SOs3
Nz 60.43 16.01 6.57 442 0.88 241 3.55 0.015 0.025
Naz 5594 17.31 6.11 296 0.66 6.78 6.38 / /
HZ 58.17 13.62 6.03 558 079 2.31 3.05 / /

X-ray diffraction (XRD)

The X-ray spectra of natural zeolite and treated zeolites (NaZ and HZ)
(Figure 3) indicate that mordenite is the major component of NZ, followed
by chabazite and minor amounts of quartz.




A comparison of the three diffractograms reveals a shift in the peaks
and a reduction in the intensity of some peaks corresponding to impurities.
Additionally, an increase in the intensity of the peaks related to mordenite
and chabazite was observed, demonstrating the effectiveness of acid and
alkali treatments.

Furthermore, a decrease in the intensity of quartz peaks was
observed for NaZ, which is attributed to the removal of Si from the
framework by acid. Based on the previous studies, NZ mainly contains
mordenite ((Ca, Naz, K2)ALSi10024:7H20), chabazite (Ca2Al:SisO12. 6H20),
and quartz (SiO>).

The reduction in the HZ peak intensities was mainly caused by the
decrease in crystalinity and/or the crystal size of the mordenite framework.
This explains why the mordenite structure remained intact and protected
after the treatment process.

+Mordenite

e Chabazite NZ
—— NaZ

* Quartz

Intensity (a.u)

20 ()
Figure 3 — XRD patterns for NZ,NaZ and HZ

Scanning electron microscopy (SEM/EDX)

The SEM images are presented in Figures 4a, 4c, and 4e. Figure 4c
reveals that NaZ exhibits a slightly rougher surface and particle irregularity,
mainly due to severe crystal de-agglomeration of the zeolite. In contrast,
Figure 4e of HZ particles shows the presence of ultrafine/nanoscale
entities surrounding larger particles.

The EDX results presented in Figure 4b, 4d, and 4f indicate changes
in the chemical composition of NaZ and HZ compared to that of NZ. A
slight decrease in Si and Al percentage and an increase in Na and Ca
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percentage are observed for NaZ and HZ. Additionally, a significant
decrease in the K content was noted in NaZ compared to NZ and HZ,
probably due to ion exchange of K ions with Na ions.

The Si/Al ratio in HZ increases due to aluminum removal, while it
decreases for NaZ due to the removal of Si. The oxygen content in all three
zeolites is higher, probably because either all cations are present in their
oxide form or part of the oxygen comes from water molecules and
hydronium ions adsorbed on the surface. These findings are consistent
with previous results reported by Lycourghiotis et al.(Lycourghiotis et al,

Element Atomic %
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Al 423

0 65.9

Ca 03

Na 03

K 23

Element Atomic %
Si 2573
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0 70
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Figure 4 — SEM images and the EDX spectra of NZ (a.b), NaZ (c,d) and HZ (e,f)

Fourrier transform infra red spectroscopy (FTIR)

FTIR spectras are used to detect functional groups. Figure 5 presents
the IR spectra of NZ, NaZ, and HZ. For natural zeolite (NZ), the absorption
bands at 3639-3442 cm™ correspond to the stretching vibrations of
isolated silanol groups (Si-O-H) and H>O molecules adsorbed on the
surface. The band at 710 cm™ is characteristic of the tetrahedral units of
Si04 and A|O4.

During the acid treatment, a shift in the main peak from 1075 cm™ to
1032 cm™' was observed, which can be explained by the removal of cations
(mainly sodium) from the pores, affecting the vibration frequencies. At
1745 cm”, an increase in the peak intensity indicates a higher
concentration of H,O/H3O* replacing cations within the framework pores,
leading to an increase in microporosity and smaller mesopore volume.

Additionally, the increase in the peak size at 3607 cm™ was caused
by the replacement of cations by water molecules and hydronium ions
(HsO*) on the outer surface.

For the zeolite treated with sodium hydroxide, the intensity of the peak
signal at 1543 cm™, which corresponds to Al sites on the zeolite surface,
shows an increase of intensity due to the removal of Si. Additionally, the
intensity of the peaks in the range of 600-800 cm™, associated with
exchangeable cations, decreases due to the loss of cations and silica.
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Figure 5 — FTIR spcetra of natural and modified zeolites

Adsorption isotherms modeling

The adsorption experiments were conducted in 100 cm?® Erlenmeyer
flasks by mixing 4 g/l of the adsorbent with 50 cm?® of an aqueous dye
solution. The mixture was agitated at 250 rpm for a specified period,
followed by centrifugation at 2000 rpm for 10min.

The dye absorbance was measured using a SHIMADZU UV-Visible
spectrophotmeter at the maximum wavelength specific to each dye:
411 nm for BY13, and 532 nm for BRss. The percentage of dye removal
was calculated using the following equation :

R%=Mx100

G (1)
The amount of adsorbed dye was calculated as follows:
(C,—C,)xV
.=
m (2)

where Co and Ce represent the initial and equilibrium concentrations
of the dye in the solution (mg/l). V is the volume of the solution (L), and m
is the mass of the adsorbent (g).




The equilibrium adsorption of BRss and BY13 onto NZ, NaZ and HZ
was analyzed using the Langmuir and Freundlich isotherm models. These
adsorption isotherms reflect the relationship between the amount of dye
adsorbed onto adsorbents (gass) and the dye concentration at equilibrium
(Ce).

Langmuir isotherm

The Langmuir isotherm describes a simple model for monolayer
adsorption on surfaces with identical adsorption sites. The general
equation is as follows:

_1+K,-C,
qe 1+ aL ° Ce (3)
After linearization, Equation (3) becomes:
c, 1 a-C,
.
q, K, K,

(4)

where K. and a_ are the equilibrium constants, ge and C. are the
adsorption capacity and the concentration at equilibrium, respectively. The
lineair Langmuir plot is obtained by plotting Cc/qe versus Ce.

Freundlish isotherm

The Freundlish isotherm describes non-ideal and multilayer
adsorption on a heterogenous surface. The model is given as follows:
1
qe = KF : Cen (5)

The linear form of Equation (5) for data fitting is expressed as follows:

1
logg, =logK, +—logC,
n (6)
where Kr and n are the Freundlish constants, representing adsorption
capacity and intensity, respectively.

Modelisation of adsorption kinetics

For a better analysis of the adsorption process, the kinetic data
reported here have been fitted to three commonly kinetic models: the
pseudo-first—order model, the pseudo-second-order (Lagergren, 1898),
and (Ho and Mckay, 1998), and the intra-particule diffusion model
(Weber Jr and Morris, 1964).
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The pseudo-first-order equation can be expressed as follows:
dgq,
=K (g -
o =K (4.-4q) )
where K is the adsorption constant rate (s™'), q: is the amount of

adsorbed adsorbate at the time t (ug.g™'), and ge is the amount adsorbed
at saturation. The integrated form of Equation (7) becomes (8):

log(q. —q,)=logq, K-t g,

The pseudo-second-order equation can be expressed as follows:

d
L=Ke(@-aP (9
where K; is the adsorption constant rate. The integrated form of
Equation (9) becomes (10):

q, K, q. (10)

Several factors can limit the adsorption kinetics, including intra-
particle diffusion. The influence of this latter can be interpreted by the
following equation:

1
q, =K, t*+C (1)
where Kiq is the intra-particle diffusion rate constant (ug. g min *),
and C is a constant related to the thickness of the boundary layer.

Thermodynamic study

The thermodynamic parameters AG, AH and AS can be calculated by
the following equations:

c

q
K =-*% 12
C (12)

e

AG=-RTInK, (13)
AG=AH-TAS  (14)
AS AH

InK, ==2-22 (15)
R RT




where K. is the equilibrium constant, g. the amount of dye adsorbed
per liter of the solution at equilibrium (mg/dm?), C. is the equilibrium
concentration of the adsorbate in the solution (mg/dm?3), T is the
temperature (K), and R is the gas constant and is equal to 8.314 J/(mol K).
AG, AH, and AS are standard free energy, standard enthalpy and standard
entropy, respectively. AH and AS are caculated from the slope and the
intercept of the linear plot of 1/T versus LnKc.

Results and discussion

Adsorption study of BRss and BY13 on natural and
activated zeolites

Kinetic study

The effect of contact time on dyes removal by the zeolites (Figure 6)
was studied over a range of contact times from 10 to 360min at 298 K. The
initial dye concentration was set at 50mg/|, with an adsorbent dosage of 4
kg/m?3.
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Figure 6 — Effect of the contact time on the adsorption of BR4s and BY13 on NZ, HZ and
NaZ

Figure 6 illustrates that the amount of dye adsorbed increased rapidly
during the first 10 min before gradually stabilizing until equilibrium was
reached. The optimal time to attain equilibrium was determined to be 60
minutes. The high adsorption efficiency can be attributed to the availability
of abundant active sites on the adsorbent surface. This initial rapid uptake
is followed by a slower removal rate as the adsorbent reaches a saturation
point. It is noteworthy that the highest adsorption capacity was observed
for NaZ with both dyes, followed by HZ, whereas NZ exibited the lowest
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adsorption capacity. This suggests that modifying mordenite with both acid
and base enhances adsorption capacity by removing cations from the
framework channels, thereby creating mesopres and micropores and
increasing the overall porosity of zeolite. Lycourghiotis et al.
(Lycourghiotis et al, 2018) also demonstrated that acid modification
improves the porosity and structure of mordenite. However, in contrast to
their study, which employed high-concentration acid, our study utilized
low-concentration acid, resulting in only a slight removal of cations without
significantly altering the main structure. For alkaline modification, the
removal of Si and the incorporation of Na led to an increase in the number
of strong acid sites, thereby enhancing the adsorption potential.

The pseudo-second-order model was applied to evaluate the
adsorption of cationic dyes onto NZ, NaZ and HZ, as depicted in Figure 7.
The pseudo-second-order constants are summarized in Table.2.
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Figure7 — Application of the pseudo-first and —second-order models on the adsorption of
BY13 and BR4s on NZ,NaZ, and HZ




Table 2 — Pseudo-order constants

Pseudo
First Order
R? _Xz Qe K1
BRae
NZ 0.519 1.808x10-° 0.0069 0.0012
Naz 0.588 9.124x10-7 0.0096 0.0014
HZ 0.658 1.717x10-8 0.012 0.0021
BYi3
NZ 0.605 4.73%10-7 0.0073 9*10-4
Naz 0.670 1.103x10-° 0.007 0.0013
HZ 0.754 1.792x10-° 0.012 0.00217
Pseudo
Second Order
R? _Xz Qe K2
BRae
NZ 0.941 1.204x10-6 0.0074 0.304
Naz 0.962 3.09%x10-7 0.010 0.204
HZ 0.944 6.77x107 0.0129 0.252
BYi3
NZ 0.968 1.639x107 0.0082 0.149
Naz 0.950 4.21x107 0.010 0.189
HZ 0.941 7.16x107 0.013 0.258

The kinetic data presented in the table compare the pseudo-first-order
and pseudo-second-order models in describing the adsorption process.
The parameters analyzed include the coefficient of determination (R?), the
chi-square error (x?), the equilibrium adsorption capacity (qe), and the rate
constant (K).

The accuracy of the kinetic models is primarily assessed using R? and
X2. The pseudo-first-order model exhibited relatively low R? values, ranging
from 0.292 to 0.776, indicating a week to moderate correlation between
the experimental and theoretical data. Additionally, the higher x? values
suggest significant deviations between the predicted and experimental
adsorption capacities. Conversely, the pseudo-second-order model
demonstrated substantially higher R? values (0.951-0.968), indicating a
superior fit. The corresponding lower x? values confirm a reduced error
between theoretical and experimental data, further supporting the
suitability of this model.
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The equilibrium adsorption capacity (ge) predicted by the pseudo-
second-order model is more consistent with the experimental values
compared to the pseudo-first-order model. This stability suggests that the
pseudo-second-order model more accurately describes the adsorption
process. Furthermore, the rate constant (K) values obtained from this
model are lower, which may indicate a slower but more controlled
adsorption mechanism. This trend aligns with the previous studies where
the pseudo-second-order kinetics have been associated with
chemisorption-dominated processes (Amin et al, 2023).
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Figure 8 — Application of the intra-particule diffusion model to dye adsorption on NZ, NaZ
and HZ

Table 3 — Constants of intra-particle diffusion

Constants of intra-particle R2 Kigx10-5 Cigx103
diffusion (kg/kg s) (kg/kg)
NZ-BRas 0.892 6.865 1.7
HZ-BRas 0.771 8.22 3.78
NaZ-BRas 0.681 9.483 5.5
NZ-BY13 0.893 6.714 1.8
HZ-BY13 0.813 8.564 3.3
NaZ-BY13 0.709 9.375 5.15

The results indicate that adsorption does not follow to a single linear
diffusion model, suggesting the presence of multiple rate-limiting steps.
This non-linearity necessitates a more in-depth analysis of the diffusion
rate constant (Kis), the boundary layer effect (Cis), and the correlation
coefficient (R?). The non-zero values of Cq (ranging from 2 to 5.465)




confirm that adsorption is influenced by boundary layer resistance,
implying that film diffusion also plays a significant role in the overall
process. The increase in Ciq values with zeolite modification suggests that
surface interactions contribute substantially to adsorption kinetics. The
highest Ciq values, observed for NaZ-BRss (5.5) and NaZ-BY13 (5.15),
indicate that surface adsorption effects are more pronounced in these
materials, further supporting the hypothesis of multi-stage adsorption.

The variation in R? values (0.681-0.893) reflects differences in the
extent to which intraparticle diffusion governs the adsorption process
across different zeolite modifications. The highest R? values observed for
NZ-BR4s (0.829) and NZ-BY3 (0.893), suggest a stronger correlation with
the intraparticle diffusion model, whereas the lower values for NaZ-BY3
(0.703), indicate a more complex adsorption mechanism involving multiple
kinetic stages.

Natural zeolite exhibited the lowest Kiy values (0.485-0.487 mg/g
min®%), presumably due to increased pore accessibility and surface acidity,
which enhance adsorbates-adsorbent interactions.

The non-linearity observed in the diffusion plots suggests the
presence of distinct adsorption phases:

I.  External Mass Transfer Phase: Initially, dye molecules migrate
from the bulk solution to the zeolite surface. The significant Cig
values suggest that this phase is not negligible and that film
diffusion contributes to the overall rate limitation.

Il. Intraparticle Diffusion Phase: Once adsorbates reach the
surface, they diffuse into the internal structure of zeolite. The
variation in Kig values among different zeolites confirms that this
phase is influenced by structural and chemical modifications.

Ill.  Equilibrium Phase: At longer contact times, the adsorption rate
decreases as active sites become occupied. The lower slopes
observed in the latter stages of adsorption support this trend,
consistent with diffusion-limited kinetics.

Effect of dye concentration

The effect of dye concentration on the adsorption on natural and
activated zeolites (Figure 9) was investigated by varying the initial dye
concentration between 10 and 200ppm.

The findings demonstrate that an increase in the initial dye
concentration enhances dye removal efficiency. As the concentration
increased from 10 to 200 ppm, both the removal percentage and the
amount of dye adsorbed exhibited the following trends:
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NZ-BRss : The removal efficiency increased from 44.8% to
70.84% corresponding to an increase in adsorption capacity from
1.1 to 35.5 mg/g.

NZ-BY13 : The removal efficiency increased from 46.7% to
69.25% corresponding to an increase in adsorption capacity from
1.54-34.5 mg/qg).

HZ-BRss: The removal efficiency increased from 55.3% to
76.88% corresponding to an increase in adsorption capacity from
1.38-38.40mg/g.

HZ-BY13: The removal efficiency increased from 56.7% to
80.43% corresponding to an increase in adsorption capacity from
1.417-40.5mg/g.

NaZ-BRss: The removal efficiency increased from 85.16% to
97.62% corresponding to an increase in adsorption capacity from
2.12-48.35mg/g.

NaZ-BYis: The removal efficiency increased from 87% to
98.97% corresponding to an increase in adsorption capacity from
2.175-49.45mg/g.

These findings suggest that dye adsorption is direcly dependent on
the initial dye concentration in the solution. The observed variations in the
adsorption efficiency among different zeolites highlight the influence of
surface properties and activation methods on the adsorption process.
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Figure 9 — Effect of the initial concentration on the adsorption of dyes on natural and

activated zeolites
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Figure 10 — The non-linear Langmuir adsorption isotherms for BRas (on the left) and BY13
(on the right) adsorption on NZ, NaZ, and HZ

Table 4 — Langmuir constants for the adsorption of BR4s and BY13 on NZ, NaZ, and HZ

Langmuir isotherm

R? X2x107 dm K
NZ-BR4s 0.974 2.594 0.0130 17.770
NaZ-BRus 0.982 3.138 0.0156 36
HZ-BRus 0.954 0.16 0.0230 25.50
NZ-BY13 0.982 0.108 0.0085 41.301
NaZ-BY13 0.991 0.120 0.0131 34.121
HZ-BY13 0.988 0.374 0.0201 49.885
0,020 4 0,020 4
0,015+ 0,015+
g 0,010+ g 0,010
< 84
° 0,005 L] :;::2« ° 0,005 u NZBY,
oon] e vamizan, oo | etz
—— Freundich isotherm NaZ-BR,; —— Freundiich isotherm NaZ:BY
0,02 O,E)() O,EZ 0‘114 D‘E)G O,E)S 0,‘10 0‘22 O‘YM 0,16 0,18 0,‘00 0,2)5 0"10 0.‘15 0,20
C, (Kg/m’) C, (Kgim’)

Figure 11 — Non-linear Freundlish adsorption isotherms for BR4s and BY13
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Table 5 — Freundlish model constants of BR4s and BY13 removal on NZ, NaZ, and HZ

R? X2x10°7 Ks n

BR4s

NZ-BR4s 0.978 3.23 0.023 2.138

HZ-BR4s 0.999 1.493 0.026 2.868

NaZ-BRas 0.978 9.187 0.040 2.533
BY13

NZ-BY13 0.978 2.671 0.013 3.282

HZ-BY13 0.987 6.519 0.020 3.033

NaZ-BY13 0.984 4.068 0.03 3.075

By analyzing the correlation coefficient (R?) presented in Tables 4
and 5, it can be observed that the adsorption of dyes onto natural and
activated zeolites follows both the Freundlich and the Langmuir isotherm
model. These results imply that both monolayer and multilayer adsorption
processes may occur simultaneously, and the zeolites surface exhibit both
homogeneous and heterogeneous characteristics (Tian et al, 2016).
Moreover, the values of n (Table 5) are greater than 1, suggesting a
favorable adsorption process. These findings are consistent with the
results reported by (Karadag et al, 2007).

Effect of pH

The influence of pH on dye adsorption was investigated by variying
the initial solution pH (pHo) from 3 to 10 at 25 °C298 K. Adjustments were
made using 100 mol/m3 HCI or 100 mol/m® NaOH, while ensuring that all
other experimental conditions remained constant.
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Figure 12 — Effect of pH of the dye solution on the removal of dyes by NZ,HZ, and NaZ




As shown in Figure 12, the dye removal percentage initially decreased
with pH up to a certain level for the three zeolites before increasing. The
lowest removal percentages were observed at pH 8 for NZ, pH 9 for NaZ,
and pH 7 for HZ. This trend can be attributed to the variations in the surface
charge of each zeolite and the degree of dye ionization. In the acid
medium, the presence of H* creates competition with the dyes. At neutral
pH, protons and hydroxides are in equilibrium, while at higher pH, OH-
dominates. The observed fluctuations in the removal efficiency can be
effectively explained by the point of zero charge (PHZ).

Comparing the pH;and the PHZ values of NZ, NaZ, and HZ, it was
found that at the pH levels below the PHZ, the zeolite surfaces became
positively charged, favoring anion adsorption over cations. However, at the
pH levels above the PHZ, negative charges on the zeolites dominated,
leading to a preference for cation adsorption.

Thermodynamics of adsorption

Table 6 presents the thermodynamic parameters AG, AH, and AS for the
adsorption of BR4s and BY13 on NZ, HZ, and NaZ. The negative values of
AG at all temperatures indicate that the adsorption process is both
spontaneous and thermodynamically favorable. Furthermorer, as the
temperature increases, AG values decrease, suggesting that higher
temperatures enhance the favorability of adsorption. The positive values
of AH confirm that the adsorption process is endothermic. Additionally,
the positive values of AS indicate an increase in randomness at the solid-
liquid interface during adsorption, for both natural and activated zeolites.
These findings are consistent with the previous studies conducted by
Karadag et al. (Karadag et al, 2007).

Table 6 — Thermodynamic parameters of BR4s and BY13 adsorption on NZ, HZ, and NaZ

BYi3 BRys
AG®° (kJ/mol K) AH° AS° AG° AH° AS°
(kd/mol) | (J/mol) kJ/mol J/mol
K K
298K | 313K | 323K 298K | 313K | 323K
NZ _ _ _ 264.97 _ _ _ 242.41
6.055 | 24.55 | 33.80 | 0.925 13.87 | 26.77 | 35.37 | 0.86
Naz | -829 | - - 245.01 0.85 - - - 222.81 | 0.803
21.04 | 29.54 16.48 | 28.53 | 36.56
HZ - - - 276.21 0965 | - - - 229.8 0.821
11.36 | 25.83 | 35.48 14.85 | 27.17 | 35.38
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Conclusion

This study investigated the effect of modifying natural mordenite
zeolite with low concentrations of acid and alkaline solutions on the
removal of cationic textile dyes from aqueous solutions, comparing their
adsorption affinities. XRF and SEM-EDX analyses revealed that the HCI
treatment removed Al, while the NaOH treatment removed Si from the
zeolite surface, reducing their external framework content while preserving
the primary structure. FTIR spectroscopy indicated shifts, disappearance
of bands, and decreases in certain peaks for NaZ and HZ, attributed to
cation replacement by hydronium inons or the removal of aluminium and
silicon. These structural changes also influenced the PHZ of both natural
and modified zeolites. The results showed that NaZ exhibited the highest
removal efficiency compared to NZ and HZ for cationic dyes in aqueous
solutions. Equilibrium was reached gradually, stabilizing due to the high
number of active sites on the zeolite surface. The adsorption of BR4s and
BY13 on NZ, NaZ, and HZ was described by both the Langmuir and the
Freundlich models, while the pseudo-second-order model accurately
represented the adsorption process. The adsorption onto zeolites is
governed by a combination of film diffusion and intraparticle diffusion, with
zeolite  modification significantly influencing diffusion  kinetics.
Thermodynamic analysis indicated that dye adsorption was spontaneous,
random and endothermic.
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Resumen:

Introduccién/objetivo: La zeolita natural argelina (denominada NZ) se
modific6 mediante acido clorhidrico (HZ) y solucién de hidréxido de
sodio (Na2). Este estudio investigé el efecto de las modificaciones
acidas y alcalinas en la adsorciéon de dos colorantes textiles cationicos
(BR46 y BY13) en soluciones acuosas.

Métodos: : El analisis XRF confirmé que el SiO, es el mineral
predominante en las tres zeolitas. Los resultados de XRD revelaron que la
NZ esta compuesta principalmente de mordenita, con chabasita y un
contenido menor de cuarzo. El analisis MEB-EDX mostré ligeras
variaciones en el contenido de Si y Al para HZ y NaZ, sin alterar
significativamente la estructura de la zeolita. Se examinaron los efectos de
la concentracion inicial del tinte, el tiempo de contacto y el pH en un sistema
por lotes.

Resultados: La adsorciéon en NZ, NaZ y HZ aumenté con tiempos de
contacto mas largos, mayores concentraciones iniciales de colorante y
temperaturas elevadas. El equilibrio se alcanzé rapidamente, lo cual se
describe mejor mediante el modelo cinético de pseudo-segundo orden.
Los modelos de isotermas de Langmuir y Freundlich son compatibles
con los datos de adsorcion.

Conclusién: La mayor eficiencia de eliminacion de colorante se observo
para NaZ, con un 97,62 % para BR4sy un 98,97 % para BY13. Las tasas de
eliminacion mas bajas se obtuvieron a pH = 8 para HZ y pH = 10 para NZ
y NaZ. La adsorcion fue espontanea y endotérmica.

Palabras claves: zeolita, modificacién, &cido, alcalino, adsorcién,
colorantes cationicos

Belgaid, N et al, Removal of basic textile dyes from water by natural and modified Algerian zeolite: kinetic,

thermodynamic and equilibrium studies, pp1017-1044.



EVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 3

YaaneHne OCHOBHbIX TEKCTUMbHbIX KpaCVITeJ'IeVI 13 BOAbl NPUPOAHbIM U
MODM(*)I/ILI,I/IpOBaHHbIM aAImMXUPCKNM LIeOJTUTOM: nccrnegoBaHnA
KMHEeTn4ecKoro, TepmoanHamMmm4eckoro n paBHoBeCcHOro COCTOSIHUN

Haccuma Benrann?, koppecnoHaeHT, Moxamed Pedxa MeHaHn®, Kamerb

3dduH Byxmaoens®

2 YHuBepcuteT BaTHbl, 2, nabopatopus mobunusauum u ynpasneHMem
BoAHbIMK pecypcamn (MGR), HayuHbIn nctutyt o 3emne un
kocmoce, gopora KoHctaHtuHa 53, ®ecauc, batHa 05078, Amkupckas
HapopgHas [lemokpaTtudeckasa Pecrnyonvka Amkup.

6 YuueepcuteT BatHbl 1, nabopaTopust XMMUM 1 OXpaHbl OKpyXatoLen cpeapl
XMMUWYECKUA UHCTUTYT, hakynbTeT maTtepuanoBeneHus, gopora buckpa,
BatHa, 05000, Amxupckas HapogHas JemokpaTtnyeckas Pecnybnvka

PYBPUKA TPHTWU: 61.13.21 Xumuyeckme npouecchl
BWO CTATbW: opurmHanbHas Hay4Has ctaTes

Pe3some:

BeedeHue/uenb: Armxkupckull npupodHsIl yeonum (06o3HadyaeMbll Kak
NZ) 6bin modugpuyuposaH ¢ nomowbro consHol Kucnoms! (HZ) u
pacmeopa eudpokcuda Hampusi (NaZ). B daHHOM uccredosaHuu
U3YYEHO BNUSIHUE KUCIOMHbIX U WENI0YHbIX MoOugukayuli Ha
adcopbuyuro d8yx KamuoOHHbIX MeKCmusibHbIX Kpacumenel (BR46 u
BY13) u3 800HbIX pacmeopos.

Memodbl: PeHmeeHoghazosenili aHanu3 mnodmeepdusn, 4ymo SiO2
sensemcs ripeobnadarowum MUHEpPasioM 80 8CeX mpex ueosiumax.
Pesynbmambl peHmeeHoga308020 aHasnu3a nokasanu, 4ymo NZ e
OCHOBHOM cocmoum u3 MopdeHuma ¢ HebonbwuMm codepxaHUeM
wabasuma u keapua. AHanu3z MEB-EDX nokasan He3HadyumersibHble
usmeHeHuUs1 8 codepxaHuu Si u Al 8 HZ u NaZ 6e3 cyuwecmeeHH020
U3MeHEeHUSI cmpyKkmypbl ueonuma. BnusiHue HayarnbHouU
KOHUeHmpauyuu Kpacumerisi, 6peMeHU KOHmakma u pH 6bino
uccredosaHo Mo cepusiM.

Pesynbmamesi: Adcopbuusi NZ, NaZ u HZ ysenu4yueanach rpu 6onee
pPodomKUMebHOM 8PeMeHU KOHMmakma, yeesludeHuUU HadanabHoU
KOHUeHmpauuu Kpacumesns u nosbiweHuu memrepamypsl. banaHc
6b11 6bICMPO  yCcmMaHOBJIEH, 4MO Jly4We B8ce20 Oruchisaemcsi C
MoMoWbo KuHemu4yeckol modenu rncesdo-emopozo nopsidka. [ns
rnony4yeHusi 0aHHbIx 06 adcopbyuu nodxodssm kKak mModenu usomepm
JleHemropa, mak u ®pelHdnuxa.

Bbigodbl: Camasi ebicokasi aghghekmueHOcmb yOarneHusi Kpacumers
Habnwodanacs y NaZ - 97,62% 0ns BRss u 98,97% 0ns BYis.
HaumeHbwasi ckopocmb yOaneHusi Habnodanace npu pH = 8 y HZ u
pH=10 y NZ wu NaZ  Adcopbyus 6bina crioHmMaHHoU U
3HOOMepMUYECKOU.




Knwuesbie crosa: yeonum, wmoduchukayusi, Kucsoma, Wesoysb,
adcopbuyusi, KaAMUOHHbIE Kpacumersiu.

Yknawawe OCHOBHUX TEKCTUNHMX 6oja 13 Boae NOMONY NPUPOLHOT U
MOAMGUKOBAHOT arKUPCKOT 3e0nnTa: CTyanje U3 KMHeTUKe,
TEPMOANHAMUKE U PABHOTEXHUX CTaka

Hacuma Benrana?, aytop 3a npenucky, Moxamed Pedxa MeHanun®, Kamern
Edur Byxvpen ©

2 YHuBep3auteT y batHu 2, JllabopaTtopuja 3a MobGunmsaumjy 1 ynpasrbake
BOAHWUM pecypcuma, VIHCTUTYT 3a 3eMrbaHe Hayke 1 YHUBEP3yM,
decouc, BaTHa, Penybnuka Amxup

6 YHnBepanTeT y bathu 1, NlaBopaTtopuja xemuje 1 ekonoLuke xemuje, Oacek
3a xemujy, PakynTeT 3a Hayky o Mmatepwujany, batHa, Penybnuka Amkup

OBNACT: xemujcka TexHonoruja
KATEITOPUJA (TWUM) YITAHKA: opurnHanHu Hay4Hu paj

Caxemak:

Yeod/yurb: NpupodHu 3eonum (NZ) uz Armkupa ModughukosaH je nomony
X/10p08000HUYHe KucenuHe (HZ) u pacmeopa Hampujym-xudpokcuda
(NaZ). Osa cmyduja ucriumyje ymuuaj MoOugbukayuja KucessuHoMm u 6asom
Ha adcopnyujy dee kamjoHcke boje 3a mekcmur (BRys u BY13) u3 800eHux
pacmeopa

Memode: Ananusa XRF je nomepduna da muHepan SiO2 npeoenahyje y
cga mpu 3eonuma. Pesynmamu aHanuse XRD ykasyjy 0a ce NZ
npesacxo0Ho cacmoju 00 MopdeHuma, y3 xabasum u MarsU cadpxaj
keapua. AHanusa MEB-EDX je roka3sana marse eapujayuje y cadpxajy Si
u Al ko0 HZ u NaZ, 6e3 3HayvajHe MpPOMeHe y CmpyKmypu 3eoruma.
Ymuuyaju noyemHe KoHueHmpauuje 6oje, epemeHa KoHmakma u pH
8pedHoCcmu ucriumaxu cy o cepujama.

Pesynmamu: Adcopniuyuja NZ, NaZ u HZ nosehana ce ca Oyxum
8peMeHUMa KOHmakma, eUWUM [OYemHUM KOHUeHmpauujama 6oje u
rosuweHUM memrepamypama. PasHomexa je 6p3o 6una nocmueHyma,
wmo je Hajborbe onucaHo KUuHemuykum modesiom riceydodpyeoe peda.
UzomepmHU modenu u no JlaHemupy u no ®PpojHdnuxy odzoeapajy
adcopnyuoHuM rnodayuma.

Sakrbyyak: HajegpukacHuje yknararse 60je yodeHo je kod NaZ (97,62% 3a
BRu4s u 98,97% 3a BY13) . HajHuxe 6p3uHe yknarbar-a burne cy 3a pH= 8
k00 HZ u 3a pH=10 k0d NZ u NaZ. Adcopnuyuja je buna crioHmaHa u
eHOomepMHa.

Kmbyyne peyu: 3eonum, wmoducbukayuja, Kucesiocm, asnkasaHocm,
adcopnyuja, kamjoHcke b6oje
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Abstract:

Introduction/purpose: This study highlights the importance of synthesis
parameters in the crystallization of mordenite zeolite. Precise control of the
SiO./Al, QO3 ratio, alkalinity and crystallization time results in mordenite
crystals with high crystallinity and optimum purity, while avoiding the
formation of secondary or amorphous phases.

Methods: The materials were prepared by the hydrothermal method, using
silica gel and sodium aluminate as sources of silicon and aluminum,
respectively. Several synthesis parameters were varied, including
SiO/Al;O3 molar ratio, alkalinity (OH/Si), as well as crystallization time, in
order to assess their effect on mordenite crystal formation. Experiments
were carried out at a constant temperature of 170°C and 190°C.

Results: The results show that the SiO,/Al;O; ratio plays a crucial role in
crystal formation. A low ratio, such as 15, combined with high alkalinity,
favors the formation of analcime crystals. On the other hand, a high ratio,
such as 30, leads to the formation of mordenite crystals with high
crystallinity and purity. However, when this ratio reaches 60 and is
combined with low alkalinity, crystalline nucleation is impeded, leading to
the formation of an amorphous material.

Concerming alkalinity (OH/SI), the values of 0.39 and 0.49 result in pure,
well-crystallized mordenite crystals, while higher values, such as 0.59, lead
fo the formation of secondary phases. With regard to crystallization time,

Yssaad, I. et al, Effect of variations in parameters on the crystallization of zeolite mordenite, pp. 1045-1067
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the periods of 48 and 72 hours at 170°C produced pure, well-crystallized
mordenite crystals.

Conclusion: This study highlights the importance of synthesis parameters
in the crystallization of mordenite zeolite. Precise control of the SiO./Al,O3
ratio, alkalinity and crystallization time results in mordenite crystals with high
crystallinity and optimum purity, while avoiding the formation of secondary
or amorphous phases.

Key words: mordenite, alkalinity, Si/Al ratio, crystallization, zeolite.

Introduction

Zeolites are crystalline microporous alumina-silicate materials used in
a wide range of practical applications. They belong to the silicate group,
the tectosilicate subgroup (M. B. Z. Gili and Conato, 2019; Pérez-Botella
et _al, 2022), and show remarkable properties and performance in
domestic, medical, and industrial fields such as catalysis, separation,
adsorption, and ion exchange (Jia et al, 2019; Zhang et al, 2011). These
characteristics encourage scientific inquiry into the cost-effective
production of zeolites.

The shape and size of crystals strongly influence the properties of
zeolites. It is therefore crucial to study the influence of synthesis
parameters on zeolitic morphology in order to optimize their use in various
applications. Controlling the size and morphology of mordenite crystals is
currently the focus of much research (Bolshakov et al, 2019; Gili and
Conato, 2018; Khalil and Muraza, 2016; Mohamed et al, 2005). Various
sources, such as silica gel, rice ball ash, and smoked silica, are used in
some works to prepare mordenite-type zeolites, while metakaolin or
faujasite zeolite are used as sources of aluminium (Narayanan et al, 2021).
Other studies have focused on the optimization of the mordenite synthesis
parameters by microwave heating (Khalil and Muraza, 2016; Li et al,
2011), and the use of mono-quaternary ammonium to synthesize
hierarchical mordanite monotiges (Bolshakov et al, 2019).

Zeolites have important characteristics such as high cationic
exchange capacity. Mordenite is one of a few zeolitic structures that is
useful in industry, especially in petrochemistry where it is used as a
catalyst for breaking down hydrocarbons, alkylating benzene, reforming,
and deparaffinating (Bajpai, 1986). It is also used as an isomerization
catalyst for naphta C5/C6 to increase their bonding and improve the
octane index of gasoline. Mordenite also plays a significant role in the
adsorption of various pollutants, including heavy metals and radioactive
materials (Gili and Conato, 2018), and it serves as a selective adsorbent
in the production of oxygen enriched air. It offers better nitrogen adsorption




than oxygen because of a quadripolar interaction between the nitrogen
molecule and the surface of the polar zeolite (Golden and Jenkins, 1981).
Additionally, mordenite has shown potential in the catalytic conversion of
methane to methanol under mild conditions, leveraging its unique acidic
and structural properties to facilitate this transformation, which is a critical
step toward utilizing methane as a sustainable chemical feedstock
(Brezicki et al, 2021; Le et al, 2017).

Mordenite has an orthorhombic structure with a unit cella = 18.121 A,
b =20.517 A, and ¢ = 7.544 A belonging to the spatial group Cmcm (M. B.
Z. Gili_ and Conato, 2019). The mordenite structure consists of parallel
rings with 12 limbs (MR) (6.5 * 7.0 A) and 8-MR (2.6 * 5.7 A) along the ¢
axis (Mohamed et al, 2006), interconnected by 8-MR channels (3.4 * 4.8
A) across the b axis (Nasser et al, 2016; Zhang et al, 2011).

While natural mordenite exists, some applications prefer synthetic
mordenite because of its purity and controlled porous structure (Kordala
and Wyszkowski, 2024). Natural mordenite crystals typically appear in the
form of needles with an elongation in ¢ (Borissenko, n.d.; Hamidi et al,
n.d.), and sometimes are thin in the direction [010] (Hamidi et al, n.d.).
Synthesis conditions and post-synthesis treatments have a significant
impact on mordenite morphology, size, and structural defects (Borissenko,
n.d.). Gels with a SiO,/Al,O3 ratio of 8 to 12 and a Na/Al ratio lower than 3
yield to acicular crystals, whereas increasing gel alkalinity and reducing
the amount of aluminum yields prism crystals (Borissenko, n.d.). Hamidi et
al. discovered that dissolving silica gel before mixing it with other reagents
can yield short stick-shaped mordenite crystals (60 nm to 240 nm).

Mordenites obtained by direct hydrothermal synthesis typically have
a SiO2/Al,0O;3 ratio between 10 and 20. One can use an organic template
to achieve a higher ratio, but this method is costly and carries risks of
contamination and pollution. Direct hydrothermal synthesis therefore
remains the best option for controlling the ratio of mordenite-type zeolites
(Gili_and Conato, 2018; Li et al, 2023; Lima et al, 2023). We observe a
notable correlation between the alkalinity of the synthetic solution and the
composition of zeolite, where a higher alkalinity facilitates the incorporation
of aluminium (Zhang et al, 2011).

In this study, we synthesized mordenite-type zeolites with various
parameters using the hydrothermal method, without the use of organic
dimensions. We have evaluated the synthetic products in terms of
composition, crystallinity, morphology, and grain size using various
characterization techniques.
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Experimental

Materials

The reagents used in this study are silica gel, sodium aluminate (Haen
Riedel), sodium hydroxide (>98%, Prolabo) and demineralized water. A
gel was prepared following a precise sequence: 55 cm® demineralized
water, sodium hydroxide, 1.034 g sodium aluminate, and silica added
progressively. The resulting gel was aged under magnetic stirring at 600
rom for 120 minutes, then transferred to a stainless steel autoclave for
hydrothermal treatment. The temperature was raised to 170°C /190°C,
then maintained at this level for varying lengths of time. The solid material
was then rapidly cooled, filtered, washed to a pH of 9.00 or less, and dried
at 80°C. Several parameters were investigated to improve crystallinity and
reduce the mordenite crystal size, including the impact of the Na,O/SiO,
ratio, the SiO,/Al,O; ratios, and the crystallization time.

Effect of the Na20O/SiO> ratio

The variation in relative proportions (x) of Na;O was explored while
keeping the quantities of the other components constant. We modified the
mixture's composition using the following formula:

xNaz20; Al>03; ySiO,; 560H-0

The molar x/y ratios were adjusted between 0.23 and 0.33, or the
OH-/Si ratios between 0.39 and 0.59, respectively. We carried out the
crystallization at 190 °C for a duration of 24 hours.

Effect of the SiO2/Al>03 ratio

Variations in the SiO2/AI203 molar ratio were analyzed by adjusting
the ratios according to:

7Nazo; yA|203; XSiOz; 560H20

with 15 < x/y < 60.
The crystallization was carried out at 190 °C for a duration of 24 hours.

Effect of the crystallization time

The effect of the crystallization time was evaluated by varying the
synthesis time of mordenite between 48 and 72 hours, while maintaining
a constant temperature of 170 °C during batch sample preparation.




Characterizations

To find out what kinds of crystals were in the samples, we used X-ray
diffraction (XRD) on a Malvern Panalytical diffractometer with Cu Ka (40
kV, 15 mA). Analyses were carried out at a scan speed of 5°/min, over a
range from 4 to 50°, at a wavelength of 1.54 A and a step size of 0.02°.
The surface morphology was observed using a scanning electron
microscope (SEM) in conjunction with a focused ion beam (Scios 2 Dual
Beam). The infrared spectra of zeolites were obtained using Fourier
transform infrared spectroscopy (FTIR) and an INVENIO spectrometer.

Results and discussion
Effect of alkalinity

Structure and crystallinity

Alkalinity, defined as the concentration of hydroxide ions (OH-) in the
gel solution, plays a decisive role in zeolite purity, morphology and
crystallinity. The results of the X-ray diffraction (XRD) analyses shown in
Figure 1 illustrate the effects of variations in the OH-/Si ratio (between 0.39
and 0.59) on the crystalline phase obtained. An OH-/Si ratio of 0.39 (S1)
favors the formation of pure, well-crystallized mordenite. However, as this
ratio increases to 0.49 (S2), a slight decrease in peak intensity is observed.
An even higher ratio (0.59) (S3) leads to the formation of another
thermodynamically more stable zeolitic phase, identified as analcime.

Alkalinity control is crucial to the crystallization process. At an
alkalinity ratio (OH7/Si =0.39) (S1), pure, well-crystallized mordenite is
obtained and crystal growth conditions are optimal.

However, when alkalinity exceeds certain thresholds (OH-/Si =0.49),
an increase in nucleation rate is observed, generating a large number of
small nuclei. The latter, competing for Si and Al nutrients, limit individual
crystal growth, resulting in the reduction in the crystal size (see Table 1).

High alkalinity (OH/Si =0.59) also affects the stability of nuclei over a
prolonged period and favours the appearance of secondary phases
(Hamidi et al, 2011). In addition, it influences the formation of hydroxyl
groups on the mordenite surface, thus modifying its reactive and catalytic
properties (Limousy et al, 2013). Crystallization kinetics as well as the final
phase obtained are strongly influenced by the key parameters such as the
OH/Si and H,O/SiO, ratios (Larlus and Valtchev, 2004; Zhang et al, 2018)
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Vibrational groups

Figure 2 presents the Fourier Transform Infrared Spectroscopy (FTIR)
results of the synthetic products at different alkalinity ratios. For OH7/Si
(0.39), the significant bands are as follows. Large bands at 3339.52 and
3240.43 cm™ are due to the asymmetrical stretching vibration of isolated
silanol groups (Si-OH) and the stretching of the absorbed water molecules
onto the solid surface (Hincapie et al, 2004). A narrow band of low intensity
is centered at 1645.03 cm™ which is attributed to the flexion vibration of
residual water molecules (H-O-H) in the zeolite voids (Aloulou et al, 2017;
Gili and Conato, 2018). The absorption band at 1185.45 cm™ represents
the external asymmetrical stretch vibration between the zeolitic SiO4 and
AlO, tetrahedra (De Macedo et al, 2004; Gili and Conato, 2018). The band
at 1001.50 cm™ corresponds to the asymmetrical stretch vibration of the
tetrahedric bonds (TO), while the low intensity bands at 807.65 cm™ and
767.07 cm™ refer to the symmetric stretch of the internal tetrahedral. The
thin bands at 700.62 and 629.60 cm~" represent the symmetrical stretching
vibration of the external bonds (Aloulou et al, 2017). A centered band at
552.40 cm™ corresponds to the vibration of the five-chain rings of the
tetrahedral (V. Rahbari et al, 2017). The results confirm the presence of
zeolitic and/or aluminosilicate materials.

On the other hand, the FTIR spectra associated with the alkalinity
OH/Si(0.49) appear to show a strong analogy with those for OH/Si (0.39),
except that the absorption bands for the hydroxyl group (-OH) and the
bending vibrations of water molecules (H-O-H) show lower intensities,
suggesting a reduction in moisture content (M. Gili and Conato, 2019). The
band at 1000.17 cm™' corresponds to the asymmetric stretching vibration
of tetrahedral bonds (TO) and becomes more pronounced with increasing
alkalinity. This feature is specific to amorphous aluminosilicates, where the
tetrahedra have the freedom to vibrate without a specific constraint, unlike
crystalline zeolites, which feature a regular structure, thus limiting certain
tetrahedra vibrations due to their confinement within a fixed lattice or
framework (Gili and Conato, 2018).

Seen from another angle, the FTIR spectra of OH/Si (0.59) appear
closely similar to those of OHY/Si (0.39), with the exception of the
intensification of all absorption bands, suggesting the presence of a
different type of zeolite to that observed for OH/Si(0.39) and OH/Si(0.49).
However, the band at 1027.61 cm™, corresponding to the asymmetric
stretching vibration of the tetrahedral (TO) bonds, remains unchanged,
indicating the persistence of a regular structure.
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Figure 1 — XRD models of the synthesized MOR samples with various alkalinity ratios
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Figure 2 — FTIR spectra of the MOR samples synthesized with different alkalinity ratios

Morphology

Figures 3a to 3c show the SEM images of the synthetic powder
products with different alkalinity ratios.

The synthesized sample with an OH7/Si ratio of 0.39 (Figure 3a)
consists of grains with clearly defined linear edges. A significant proportion
of these grains have a hexagonal shape, although most are irregular in
size and morphology. Grain crystals measure on average:

Length: 11 um,

Width: approximately 5.57 ym, and

Height: about 13.07 ym.
1052
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Figure 3 — SEM images of the synthesized MOR samples synthesized with different
alkalinity ratios (a) OH/Si (0.39), (b) OH/Si (0.49), (c) OH/Si (0.59).
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The synthesized sample with an OH7/Si ratio of 0.49 (Figure 3b) is
characterized by grains of irregular shape. The bulk grains show a
hexagonal configuration with average dimensions:

Length: 8.857 um,

Width: about 5.21 ym, and

Height: about 13.93 um.

The synthetic powder with an OH7/Si ratio of 0.59 (Figure 3c) is
composed of spherical-shaped grains, corresponding to the analcime
phase. Some grains appear fragmented or damaged due to very high
alkalinity, producing amorphous mordenite.

Effect of the SiO2/Al>O3 ratio

Structure and crystallinity

Figure 4 shows diffractograms of the zeolites produced by
hydrothermal synthesis at different SiO,/Al,O; ratios. At a SiO,/Al,O; ratio
of 30 (S1), the resulting product exhibits a high degree of crystallinity.
Clearly defined diffraction peaks appear at angles 206 = 6.43, 9.73, 13.42,
19.59, 22.23, 25.63, 26.26, 27.66, corresponding respectively to the (110),
(200), (111), (330), (150), (202), (350), (511) crystal planes of mordenite.
These results confirm the formation of the mordenite phase, with a
crystallite size measured at 43 nm, testifying to efficient crystallization.

At a lower SiO,/Al,O; ratio of around 15 (S4), sharp, well-defined
peaks were detected at angles 26 = 15.82, 18.30, 26.01, 30.62, 33.40,
35.93, 37.13, corresponding to the (211), (220), (400), (332), (431), (521),
(440) crystal planes characteristic of analcime zeolite (Gili and Conato,
2018; Gingdr and Ozen, 2021). In addition, further peaks at 26 = 14.30,
23.45, 27.62 were identified, corresponding to the (021), (002), (511)
planes of mordenite, respectively.

The appearance of the analcime phase is generally associated with a
low SiO,/Al,O; ratio or a prolonged crystallization time during mordenite
synthesis (Gili and Conato, 2018; Mohamed et al, 2005). This phase is
thermodynamically favored under such conditions, as it can incorporate a
greater amount of aluminum into its structure. Consequently, analcime
appears as a competing product to mordenite when the SiO,/Al,O; ratio is
low and under conditions of high alkalinity.

Conversely, a high SiO,/Al,O; ratio, such as 60 (S5), alters
crystallinity due to alkalinity deficiency. Undissolved silica, which remains
unreactive, prevents adequate dissolution of raw materials and hampers
the formation of crystalline structures. To achieve even higher SiO,/Al,O;




ratios, up to 100, the use of organic templates is necessary, in line with
previous work (Mohamed et al, 2005).

Vibrational group

Figure 5 shows the FTIR spectra of the samples synthesized at
different SiO2/Al;O; ratios. The functional groups detected are
characteristic of zeolites and/or aluminosilicates. The FTIR spectrum of the
sample synthesized with a SiO2/Al;O3 ratio of 15 (S1) appears closely
similar to that obtained with a ratio of 30 (previously interpreted in
Section1), with the exception of the intensification of all absorption bands.
This indicates the existence of another variety of zeolite.
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Figure 4 — XRD patterns of the MOR samples synthesized with different SiO2/Al20z3 ratios
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Figure 5 — FTIR spectra of the MOR samples synthesized with different SiO2/Al20s ratios
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For the sample synthesized with a very high SiO,/Al,Os3 ratio, around
60, we observe almost the same vibrational bands as those present in the
samples with ratios of 15 and 30. However, the band at 1026.46 cm™,
corresponding to the asymmetric stretching vibration of the tetrahedral
(TO) bonds, presents a higher intensity, suggesting a significant amount
of amorphous phases, which is in line with the results obtained by X-ray
diffraction.

Morphology

Scanning electron microscopy (SEM) images of the synthesized
products are shown in Figure 6.

N
Figure 6 — SEM images of the MOR samples synthesized with different SiO2/AI203 ratios
(a) Si0O2/AI203=30, (b) SiO2/AI203=15

The sample prepared with an SiO2/Al.Os ratio of 30 is shown in Figure
6a. It consists of particles with well-defined contours although most of them




display an irregular shape. A significant proportion of these particles adopt
a hexagonal shape. For the sample synthesized with a SiO2/Al,Os3 ratio of
15, spherical analcime single crystals with an irregular surface were
obtained, as shown in Figure 6b. Spheres with jagged contours can be
observed, while others have a dodecahedron-like appearance, which is
characteristic of analcime as it is commonly encountered (Chen et al
2017).

Effect of the crystallization time

Structure and crystallinity

Figure 7 shows the XRD patterns for mordenite (MOR) synthesized
at a constant temperature of 170°C with variable crystallization times.
These patterns reveal a high degree of crystallinity in the two samples
analyzed (S6) (S7). The XRD spectrum of the sample crystallized for 48
hours is comparable to that obtained after 72 hours, indicating that the
structural stability of mordenite is maintained even after prolonged
crystallization, without the appearance of undesirable secondary phases.

However, very short crystallization times lead to the formation of
amorphous phases, as reported in Gili's study (M. Gili and Conato, 2019).
Conversely, excessively long crystallization times can lead to the
coexistence of several crystalline phases. The analysis also shows that
longer crystallization times favour an increase in crystallite size. This is
explained by the longer time available for crystallite growth before the
system reaches the thermodynamic equilibrium.

The work of Zhu et al (Nazir et al, 2020; Zhu et al, 2014), confirms the
significant influence of crystallization time on crystallite growth and
dehydration performance of mordenite membranes. This research
indicates that longer crystallization times enable increased crystal growth,
which improves material performance. In addition, further studies (Zhu et
al, 2016) show that longer crystallization times promote better organization
of crystalline structures, leading to larger, more homogeneous crystallites.

Vibrational group

Figure 8 shows the FTIR spectra of the synthesized samples at
different crystallization times. Both samples show the same profile in the
IR spectra. Thus, the samples reveal vibrational bands typical of mordenite
(Klunk et al, 2020). The FTIR spectra of mordenite show two vibrational
bands of 3336.02 cm™ and 3232.15 cm™' for the sample synthesized at
170 °C for 48 hours and 3334.21 cm™" for the sample synthesized at 170 °C
for 72 hours associated with silanol end groups (Si-O-H and Si-OH-Al). In
addition, the H-OH bending bands were observed at 1694.14 cm™ and
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1645.46 cm™, while the absorption bands at 1130.23 cm™ and
1130.04 cm™ represent the external asymmetric stretching vibration
between the SiO4 and AlO, tetrahedra of zeolite. Vibrational stretching was
found at 1027.51 cm™ and 1001.11 cm™, linked to the TO group. The
wavelengths of (808.20 cm™ - 794.38 cm™), (626.53 cm™ - 605.34 cm™)
and (574.41 cm™ - 549.62 cm™) for both spectra are related to Al-O-Al, Si-
O-Si vibrations, and internal asymmetric stretching of Al-O and Si-O (Klunk
et al, 2020).
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Figure 7— XRD patterns of the MOR samples synthesized with different crystallization
times (48 hours and 72 hours)
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Figure 8 — FTIR spectra of the MOR samples synthesized with different crystallization
times (48 and 72 hours)




Morphology

Figures 9a and 9b show the SEM images of the powder products
synthesized at varying crystallization times. The sample crystallized for 48
hours is composed of hexagonal-shaped particles with surprisingly linear,
well-defined edges, while the other grains are irregular in size and shape.
The grain crystals have an average size ofa=1.4 ym, b=0.73 ym, and ¢
= 0.67 pm. In parallel, the sample crystallized over 72 hours is composed
of particles of various sizes and irregular shapes, while the bulk particles
have rounded edges. The grain crystals have a length of a = 1.35 ym, a
width of b =0.71 ym, and a height of ¢ = 0.48 pym. The results demonstrate
that crystallization time has an impact on particle size and morphology.

Figure 9 — SEM micrographs of the MOR samples synthesized with different
crystallization times (a) 48 hours and (b) 72 hours
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Conclusions

This study underscores the critical importance of controlling synthesis
parameters to achieve the desired zeolite phase, particularly mordenite.
Among these parameters, the OH7/Si and SiO,/Al,O; ratios are pivotal in
optimizing the crystallinity and purity of the resulting phase. A well-
calibrated OH7/Si ratio promotes the formation of pure, crystalline
mordenite, whereas deviations from the optimal value can lead to the
emergence of impure or undesirable phases. Similarly, a balanced
SiO,/Al,O; ratio of 30 has been shown to favor the formation of crystalline
mordenite. Deviations from this ratio can result in alternative phases, such
as analcime or amorphous materials, highlighting the SiO,/Al,O; ratio as
a key determinant of the crystalline phases formed and their degree of
crystallinity.

In addition to chemical composition, crystallization time plays a
decisive role. A duration of 48 hours is sufficient to produce well-
crystallized mordenite, while longer crystallization periods enhance
structural stability but may lead to morphological irregularities.
Crystallization time is therefore a critical parameter in mordenite synthesis,
influencing not only the crystal structure but also the material's functional
properties. Striking the right balance is essential to optimize crystal growth
while minimizing the formation of amorphous or secondary phases.

These findings provide valuable insights for the design and
optimization of zeolite materials. By carefully controlling synthesis
parameters, it is possible to develop zeolites with tailored properties for a
wide range of applications, paving the way for advancements in material
science and industrial applications.
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Resumen:

Introduccidén/objetivo:  Este estudio destaca la importancia de los
parametros de sintesis en la cristalizacion de la zeolita mordenita. El control
preciso de la relacion SiO./Al,Q3, la alcalinidad y el tiempo de cristalizacion
da como resultado cristales de mordenita con alta cristalinidad y pureza
optima, evitando a la vez la formacion de fases secundarias o amorfas.

Métodos: Los materiales se prepararon mediante el método hidrotérmico,
utilizando gel de silice y aluminato de sodio como fuentes de silicio y
aluminio, respectivamente. Se modificaron diversos parametros de
sintesis, como la relacién molar SiO./Al,O3, la alcalinidad (OH./Si) y el
tiempo de cristalizacion, para evaluar su efecto en la formacién de cristales
de mordenita. Los experimentos se realizaron a temperatura constante de
170 °Cy 190 °C.

Resultados: Los resultados muestran que la relacion SiOx/Al,O;
desempenia un papel crucial en la formacion de cristales. Una relacion baja,
como 15, combinada con una alcalinidad alta, favorece la formacién de
cristales de analcima. Por otro lado, una relacion alta, como 30, conduce a
la formacién de cristales de mordenita con alta cristalinidad y pureza. Sin
embargo, cuando esta relaciéon alcanza 60 y se combina con una
alcalinidad baja, se impide la nucleacion cristalina, dando lugar a la
formacion de un material amorfo.

En cuanto a la alcalinidad (OH_/Si), los valores de 0,39 y 0,49 dan lugar a
cristales de mordenita puros y bien cristalizados, mientras que valores
superiores, como 0,59, conducen a la formacioén de fases secundarias. En
cuanto al tiempo de cristalizacion, los periodos de 48 y 72 horas a 170 °C
produjeron cristales de mordenita puros y bien cristalizados.

Conclusién: Este estudio destaca la importancia de los parametros de
sintesis en la cristalizacion de la zeolita mordenita. El control preciso de la
relacion SiO./Al;Os, la alcalinidad y el tiempo de cristalizacién da como
resultado cristales de mordenita con alta cristalinidad y pureza éptima,
evitando a la vez la formacién de fases secundarias 0 amorfas.

Palabras claves: Palabras clave: mordenita, alcalinidad, relacién Si/Al,
cristalizacion, zeolita.

BrnnaHue nsmeHeHuii NnapameTpoB Ha KpUCTannusauuio Leonura
MopAeHuTa

Mkpam MCCAAL?, koppecnoHaeHT, datuxa XAMUOWNE, Oexnc NYAPTS
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Moxamena Byanada, Xvumnyecknii hakynbTeT, nabopatopus
YHKUMOHaNbHBIX 1 HAHOCTPYKTYPUPOBAaHHbIX 3KOMaTepurarnos,
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Pe3some:

BeedeHue/yenb: [aHHoe uccriedogaHue nod4yepKusaem 8axHOCmb
rMapamMempos8 cuHme3a rnpu Kpucmarsniuzayuu ueonuma MopoeHuma.
TouHbili koHMposb coomHoweHusi SiOL/Al, O3, wenoyHocmu u epemeHu
Kpucmarniu3ayuu ro3eossem nofy4Yums Kpucmarnsisl MopOeHuma ¢
8bICOKOU Kpucmariu4HoCmbro U onmumasibHoU Yucmomod, u3beaasi rpu
3mom 0bpa308aHUsi BMOPUYHbIX UiU aMOPQHbIX (has.

Memodki: Mamepuaribi 6biriu nosyyYeHb! 2udpomepmMaribHbIM Memodom ¢
ucrionb308aHUEM CUJIUKazernss U anrMuHama Hampus 8 Kayecmee
UCMOYHUKO8 KpeMHuUs U alJlloOMUHUA. Bbinu  usmMeHeHb! HeKomopsbie
napamempbl CUHMe3a, eK/vas MosnsapHoe coomHoweHue SiO./AlLO3,
wenoyHocms (OHY/SI), a markxe epems Kpucmarnnusayuu 075 moeo,
umobbl OUeHUMb UX e/usHUe Ha opMuposaHUe Kpucmarsios
mopdeHuma.  JKcriepuMeHmbl  IpPoeodUSIUCL  MpU  MOCMOSIHHOU
mewmnepamype: 170°C u 190°C.

Pesynbmamel:  Pe3dynbmambl  MOKa3bl8arom, 4Ymo  COOMHOWEHUe
SiO,/Al,O3 uespaem pewarowyro posib 8 0bpasoeaHuu KpuCmariios.
Hu3skoe coomHoweHue, Harnpumep, 15 6 coyemaHuu C 8bICOKOU
wierio4HOCMbI0 criocobecmeyem obpa3ogaHuro Kpucmarsiios aHarbyuma.
C Opyzoli cmopoHbI, 8bICOKOE cOOMHoweHuUe, Harpumep, 30 npugodum K
obpasosaHul0  Kpucmasiog MopdeHuma C  8bICOKOU CMENEeHbHo
KpucmannudHocmu u 4yucmomsl. OO0Hako kKoeda 3mo COOMmHOWeHuUe
docmueaem 60 u codemaemcsi ¢ HU3KOU WeT04YHOCMbIO, YCIIOXHAemcs
3apox0eHue Kpucmarios, Ymo rnpusodum K obpa3osaHuro aMopghHO20
Mamepuarna.

Ymo kacaemcsa wenoyHocmu (OH-Si), mo 3HaveHuss 0, 39 u 0, 49
pueodsim K 006pa308aHU0 HYUCMbIX, XOPOWO KpUCMAasiu308aHHbIX
Kpucmariiioe MopdeHuma, a boree 8bICoKUe 3Ha4vyeHusi, makue kak 0, 59,
rpueodsim K obpa3osaHuro e8mopu4HbIX ha3. 1o epemeHu npoyecc
Kpucmannusayuu e medyeHue 48 u 72 yaca npu 170C npusen kK
06pa3osaHur0  YUCMbIX, XOPOWO KPUCMAsU308aHHbIX KpUCMAasios
mopdeHuma.

Bbigodhbi: [JaHHoe uccriedogaHue nodyepkusaem 8axHOCMb rnapamempos
CuHmMe3a npu Kpucmasnnusauuu ueonuma MopOeHuma. TouHbIl
KoHmponb coomHoweHusi  SiOx/Al;Os, — wenoyHocmu U 8peMeHU
Kpucmarnnu3sayuu crnocobcmeyem obpasoeaHul0  Kpucmarnsios
MopdeHUma C B8bICOKOU Kpucmaslud4HoOCmb U OnmuMaribHoOU
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yucmomoti, uzbeaasi Mpu 3Mom 06pa3oeaHUsi BMOPUYHBIX USU aMOPGOHBIX

gas.

Knrouesbie crniosa: MopdeHum, weno4YyHocmb, coomHoweHue Si/Al,
Kpucmannusauusi, ueosum.
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MopAeHuTa
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OBNACT: maTepujanu, XeMujcke TeXHosoruje
KATEFOPWUJA (TWIM) YNAHKA: opuriHanHu Hay4Hu pag

Caxemak:

Yeod/uyurb: Y 080M ucmpaxkugary Haznauiasa ce 3Hadaj napamemapa
CcuHme3se y Kpucmarsnusauyuju 3eoruma mopdeHuma. [NpeyusHa KoHmpona

odHoca SiO/Al;Q; ankanHocmu u epeMeHa Kpucmarnusauyuje pesynmupa

Kpucmanuma MopOeHUma B8UCOKe KpucmanHocmu U onmumarsHe
yucmohe, y3 usbezagare opmMupara CEeKyHOapHUX Unu amMopgbHUX
¢asa.

Memode: Mamepujanu cy npurnpemrbeHu xudpomepmarHoM MemodomM,
KopuwhereM cumnuka 2efa U HampujyM anymuHama Kao Uuseopa
cunuyujyma, oOHOCHO anymuHujyma. Hekonuko napamemapa cuHmese je

8apupaHo, ykrbydyjyhu monapHu odHoc SiO/AlO;, ankanHocm (OH7/SI),
Kao u epeme Kpucmarnu3sayuje, kako bu ce rMpoueHUo HUX08 ymuuaj Ha

gopmuparbe Kpucmasna mopdeHuma. ExkcrniepumeHmu cy useedeHu Ha
KoHcmaHmHoj memnepamypu 00 170°C u 190°C.

Pesynmamu: Pesynmamu noka3syjy 0a o0Hoc SiO Al;O; uma Kiby4Hy

yroey y ¢hopmuparby Kpucmana. Huszak odHoc, kao wmo je 15, y
KoMbUHauyuju ca eucokoMm arnkanHowhy, ¢asopusyje c¢hopmupar-e
Kpucmana aHankuma. C dpyee cmpaHe, 8UCOK 00HOC, Kao wmo je 30,
0os800u 0o ghopmuparba Kpucmarsa MopdeHuma 8UcoKe KpucmarHocmu u
yucmohe. Mehymuwm, kada osaj odHoc docmueHe 60 u kombuHyje ce ca
HUCKUM asikanumemom, KpucmarnHa Hykrneauyuja je omemada, Wwmo
doe0odu do chopmupara aMopghHO2 Mamepujana.

Uimo ce muy4e ankanHocmu (OH/SI), epedHocmu 00 0,39 u 0,49
pesynmupajy 4yucmum, G0bpo  Kpucmasnu3oeaHuM  Kpucmanauma
mopdeHuma, Ook eehe epedHocmu, kao wmo je 0,89, dosode do
opmuparba cekyHOapHux ¢paza. KalBa ce rnocmampa epeme




Kpucmanu3sayuje, nepuodu 00 48 u 72 cama Ha 170°C danu cy yucme,
006po Kpucmarnu3osaHe Kpucmarsie MopOeHuUma.

Bakpyqak: 080 ucmpaxueare Haznawaea 3Hadyaj rnapavemapa
CcUHMe3se y Kpucmanusayuju MmopdeHuma kao spcme 3eonuma. lNpeyusHa
KoHmporna o0Hoca SiO/Al;O;, ankanHocmu U epeMeHa Kpucmarsusauuje
pesynmupa Kpucmanuma MOpOeHUma 8UCOKe KpucmanHocmu U

onmumarsnHe 4qucmohe, y3 usbezasar-e hopmMupara CEKyHOapHUX unu
amMopgHux ¢hasa.

KrbyyHe peyu: mopdeHum, ankanumem, Si/Al oOHOC, Kpucmarnu3auuja,
3eonum.
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Abstract:

Introduction/Purpose: This paper presents a comprehensive survey of
fixed-point results in metric-like spaces, with a particular emphasis on
b-metric-like spaces. The purpose of the study was to explore the gen-
eralization of several important concepts in fixed point theory, including
partial metric spaces, metric-like spaces, and b-metric spaces. This re-
search aimed to contribute to the advancement of fixed-point theory in
these generalized settings.

Methods: The study involved reviewing foundational and recent research
on fixed-point results in b-metric-like spaces. It focused on summarizing
key contributions from the early stages of the field to the present, pro-
viding an extensive compilation of results. Additionally, the paper ad-
dressed open problems arising from the best proximity results in orthog-
onal 0-complete b-metric-like spaces.

Results: The results highlighted significant contributions to the theory of
fixed points in metric-like spaces, particularly in the context of b-metric-
like spaces. The study offered affirmative answers to some open prob-
lems concerning the best proximity results in orthogonal 0-complete b-
metric-like spaces, further enriching the theoretical framework.

Conclusions: This paper is concluded by advancing the understanding
of fixed point theory in generalized metric-like spaces. It provides re-
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searchers with valuable insights and references, which could facilitate
further exploration and development in this field.

Key words: fixed point theory, b-metric-like spaces, metric-like spaces,
partial metric spaces, metric spaces, best proximity results, orthogonal
0-complete spaces, generalizations.

Introduction and preliminaries

Let (X, d) be a metric space, and let G : X — X be a mapping. The
function G is defined as a contraction on X if there exists a constant k£ such
that 0 < k < 1 andforall z,y € X, the following inequality holds:

d(G(x),G(y)) < kd(z,y).

This definition essentially means that G brings points closer together, with
the constant k& providing a bound on how much closer. The celebrated Ba-
nach Fixed-Point Theorem, established by Stefan Banach in 1922, asserts
that any contraction mapping on a complete metric space has a unique
fixed point. This powerful result has become a cornerstone of modern
analysis and has inspired numerous extensions and generalizations, see
(Abkar & Gabeleh, 2013; Chen et al., 2015; Ciri¢, 1974; Czerwik, 1993;
Gregori & Sapena, 2002; Karapinar, 2014; Kirk, 2003; Mattews, 1994; Mi-
het, 2008; Mirkov et al., 1994; Moussaoui et al., 2022, 2024; Pacurar &
Rus, 2010; Petrusel, 2005; Radenovi¢, 2016a; Suzuki, 2008, 2009; Yang
et al., 2020).

Researchers have sought to broaden Banach’s theorem by consider-
ing more general classes of spaces and mappings. The generalizations
primarily follow two avenues: either modifying the underlying metric space
or replacing the traditional contraction condition with a more flexible form.
Specifically, instead of using a constant k, the contraction condition can
be expressed in terms of a function ¢ that maps (0, +0) to itself, i.e., by
replacing kd(z,y) with ¢(d(z,y)). These extensions have led to the intro-
duction of new types of generalized metric spaces, such as partial metric
spaces, metric-like spaces, b-metric spaces, partial b-metric spaces, and
b-metric-like spaces. Each of these spaces provides a different framework
for studying contraction mappings, which may hold under conditions that re-
lax or modify traditional distance properties. Berinde and Pacurar Berinde
& Pacurar (2022) provided a concise overview of the foundational progress
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in fixed point theory on b-metric spaces, compiled a collection of key ref-
erences, and analyzed recent advancements in the field. In 2012, Amini-
Harandi Amini-Harandi (2012) developed the concept of metric-like spaces
as a broadening of partial metric spaces and established foundational fixed
point results that unify and extend previous work. Aleksic et al. Aleksic et
al. (2020) simplified proofs for key results in b-metric spaces, showing that
contractive conditions ensure b-Cauchyness of Picard sequences, improv-
ing the existing results. Monika in Monika (2019) compiles a comprehen-
sive overview of fixed point results in metric-like spaces. The study in-
cludes significant findings from their inception to recent advancements. In
2013, Alghamdi et al. Alghamdi et al. (2013) defined b-metric-like spaces,
proved fixed point theorems, and applied their results to integral equations.
Chunfang Chen et al. Chen et al. (2015) explore fixed point theorems in
b-metric-like spaces, generalizing the existing results and applying them
to an integral equation. Kastriot Zoto et al. Zoto et al. (2018) introduced
(s, p, @)-quasi-contractions and (s, p)-weak contractions, establishing fixed
point results in b-metric-like spaces.

These generalized structures have proven useful in various areas of
mathematics, particularly in fixed-point theory, where they provide more
flexible settings for studying existence and uniqueness theorems. They
also find applications in the areas such as computer science, optimization,
and dynamical systems. The interplay between these important and di-
verse generalizations is presented as follows:

’ Metric Spaces }—>’ b-Metric Spaces ‘

’ Partial Metric Spaces }—»’ Partial b-Metric Spaces ‘

’ Metric-like Spaces H b-Metric Like Spaces ‘

Let us now review the definitions of the six distinct classes of spaces,
which encompass the classic metric space and five extended classes of

generalized metric spaces.
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The concept of a metric space was introduced by Maurice Fréchet
Fréchet (1906) in 1906 during his doctoral work, titled Sur quelques points
du calcul fonctionnel. This idea marked the beginning of the formal study of
abstract spaces equipped with a distance function, forming a foundational
aspect of modern analysis and topology.

DEFINITION 1. Fréchet (1906) Let X be a nonempty set. A mapping d :
X x X — RT is said to be a metric on X if the following conditions holds
forall z,y,z € X :

(M1) d(x,y) =0ifand only if x =y,
(M2) d(z,y) = d(y,x), and
(M3) d(x,z) < d(y,z) +d(y, 2)

A pair (X, d) satisfying the above assumptions is a metric space.

The concept of a partial metric space was first introduced by Matthews
Mattews (1994), as defined below.

DEFINITION 2. A mapping p : X x X — R, where X is a nonempty set, is
called a partial metric on X if, for any z,y,z € X, the following conditions
hold:

(P1) =z =y ifand only if p(x,z) = p(y,y) = p(x,y),

(P2) p(z,z) < pl(z,y),

(P3) p(z,y) = p(y, ), and

(P4) p(z,2) < p(z,y) +p(y, 2) — Py, y)-

The pair (X, p) is then referred to as a partial metric space.

p
p

Recently, Amini-Harandi (Amini-Harandi, 2012) see also (Amini, 2012)
proposed the concept of a metric-like space, which serves as a notable
generalization of both partial metric spaces and dislocated metric spaces
Aage & Salunke (2008); Sarma & Kumari (2012); Zoto & Hoxha (2012).
This new framework extends the traditional notions of distance between
elements in a space by relaxing some of the standard conditions of metric
spaces. In particular, metric-like spaces allow for the possibility of non-zero
values of o(z, ), unlike standard metric spaces where o(z, x) is always
zero. This flexibility makes metric-like spaces a powerful tool for studying
various types of convergence and continuity in more generalized settings.
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DEFINITION 3. A function o : X x X — R*, where X is a nonempty set, is
called a metric-like function on X if it satisfies the following conditions for
all x,y,z € X:

(01) o(x,y) = 0 implies x = y,

(02) o(z,y) = o(y,z) (Symmetry), and

(03) o(x,z) < o(x,y) + o(y, z) (triangle inequality).

The pair (X, o) is referred to as a metric-like space. A metric-like on

X fulfills all the standard properties of a metric, with the exception that
o(x,x) can take a positive value for x € X. Every metric-like function o on
X defines a topology 1, on X, with the base given by the family of open
o-balls:

B,(z,e) ={ye X :|o(z,y) —o(z,z)| <e}, forallz € X ande > 0.

A sequence {x,} in the metric-like space (X, o) converges to z € X if
and only iflim,, o 0(zp, ) = o(x, ).

Let (X,0) and (Y, 7) be metric-like spaces, and let G : X — Y be a
continuous mapping. Then,

nEToo z, = x implies nEToog(x”) =G(x).

A sequence {z,}'_,o0 C X is called o-Cauchy if the limit
limyy, n—s400 0(Tm, ) exists and is finite. The metric-like space (X, o) is
complete if every o-Cauchy sequence {x,},;_,00 converges to some z € X
such that

ngg_loo o(xp,x) =0o(x,x) = m,il—lg—oo (T, Tny)-

It is worth noting that every partial metric space is an example of a
metric-like space.

ExXAMPLE 1. Consider the set X = {0, 1}, and let the function o : X x X —

R* be defined as:
2 ifx=y=0,
olz,y) =9,
1 ifz#y.

In this case, the pair (X, o) forms a metric-like space. However, since
0(0,0) £ ¢(0,1), we conclude that (X, o) is not a partial metric space.

The notion of b-metric space was first introduced by Czerwik in his sem-
inal work Czerwik (1993). This concept generalizes the traditional idea




of a metric space by relaxing the triangle inequality. Specifically, in a b-
metric space, the standard triangle inequality is modified by a constant fac-
tor s > 1.

DEFINITION 4. A b-metric on a nonempty set X is a functionb : X x X —
[0, +00) such that for all z,y,z € X and a constant K > 1, the following
three conditions hold true:

(b1) b(x,y) = 0ifand only if x =y,

(b2) b(x,y) = b(y,x), and

(b3) b(z,y) < s(b(z, 2) + b(z, y))-

The pair (X, b) is referred to as a b-metric space.

DEFINITION 5. Alghamdi et al. (2013) A b-metric-like on a nonempty set X is
a function D : X x X — [0, +o00) such that for all x,y, z € X and a constant
s > 1, the following three conditions hold true:

(D1) D(z,y) =0 implies x =y,

(D2) D(x,y) = D(y, ), and

(D3) D(x,y) < s(D(x, 2) + D(z,9)).

The pair (X, D) is referred to as a b-metric-like space.

ExAMPLE 2. Alghamdi et al. (2013); Chen et al. (2015)

1) Consider the set X = [0,+00) and define a function D : X x X —
[0,+00) by D(z,y) = (z + y)2. The pair (X, D) forms a b-metric-
like space with a constant s = 2. However, (X, D) is neither a b-
metric space nor a metric-like space. To verify, forany z,y, z € X, we
observe:

D(z,y) = (x+y)°* < (x+2+24y)* = (2+2)+(2+y)*+2(z+2) (2 +y),
and since
(z+2)°+(z+y)° +2@+2)(z+y) <2[(x+2)°+ (2 +)7],

it follows that
D(z,y) < 2(D(x,z) + D(2,9)),

thus satisfying condition (D3). Additionally, conditions (D1) and (D2)

are also satisfied.
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2) Let X = [0,+00), and define the function D : X x X — [0,4+00) by
D(x,y) = [max{z,y}] ?_ In this case, the pair (X, D) forms a b-metric-
like space with the constant s = 2. However, it is evident that (X, D)
does not qualify as either a b-metric space or a metric-like space.

3) Consider the set X = {0,1,2} and define the function D : X x X —
[0, +00) by:
2, ifzx=y=0,
D(z,y) =4, .
3, Otherwise.

The pair (X, D) forms a b-metric-like space with the constant s = 2.

4) Let Cp(X) = {G : X — R : sup,cx |G(x)| < +oo}. Define the function
D:X xX — RT by:

D(G,H) = §/sup(\g(a;)\ FH(z)))3,  forall G, H € Cy(X).

zeX
The function D satisfies the properties of a b-metric-like with the con-
stant s = v/4, making (X, D, v/4) a b-metric-like space.

To verify this, observe that for any two nonnegative real numbers e
and ¢, the following inequalities hold:

(e+c)d <4+ and Ve+c< e+ Ve
As a result, it can be deduced that:

D(G,H) <V4-(D(G, L)+ D(L,H)) forall G, H,L e Cy(X).

DEFINITION 6. Alghamdi et al. (2013)Let (X, D) be a b-metric-like space,
x € X andr > 0. The set

B(z,r)={y € X : |D(z,y) — D(z,z)| < r}

is referred to as an open ball in the b-metric-like space (X, D, s), where x
is the center and r > 0 represents the radius. Let {x,} be a sequence of
points in X. The sequence {z,} is said to converge to a point z € X if
and only if lim,,_,~ D(z,z,) = D(z,x), and in this case, we denote this
as x, — xr asn — +oo. A sequence {z,} is called Cauchy if and only
if limyy, y— 400 D(zn, zm) €Xists and is finite. Furthermore, the b-metric-like




space (X, D) is said to be complete if and only if every Cauchy sequence
{z,} in X converges to some z € X, satisfying:
mn},l—I}}i—oo,D(xn’ Tm) =D(z,x) = nll)r_ir_looD(xn, x).

In 1962, Edelstein Edelstein (1962) introduced a notable modification
of the Banach contraction principle. Subsequently, in 2009, Suzuki Suzuki
(2009) expanded and refined the contributions of Banach and Edelstein,
as highlighted in related works Salimi & karapinar (2013); Suzuki (2008).
In recent years, the study of cyclic contractions and cyclic contractive map-
pings has gained significant traction in various mathematical investiga-
tions (Pacurar & Rus, 2010; Sintunavarat & Kumam, 2012; Petrusel, 2005;
Radenovi¢, 2016a,b). Building on these advancements, Alghamdi et al. Al-
ghamdi et al. (2013) established fixed point theorems for cyclic Edelstein-
Suzuki contractions, thereby generalizing the results of Edelstein Edelstein
(1962), Suzuki Suzuki (2009), and Kirk et al. Fréchet (1906) within the
framework of b-metric-like spaces.

THEOREM 1. Alghamdi et al. (2013) Let (X, D, s) be a complete b-metric-
like space, and let { A; };”:1 denote a family of nonempty closed subsets of
X, where Y = U;.":l Aj. Suppose G : Y — Y is a mapping that satisfies
the condition

Q(A]) - Aj+1, j=12,...,m, with Am+1 = A;.

Furthermore, assume that for all x € A; and y € A;;1, the following in-
equality holds:

%D(az, Gz) < D(z,y) implies

s

(s+1)
s

D(Gx,Gy) < a D(z,y) + B[D(x,Gx) + D(y, Gy)| +

y D(z,Gy) +D(y,gw)} N 5{9(%96) +D(y,y)

3s 4s

where o, 3,7,6 > 0 and a + 3+~ + & < —5. Under these conditions, the
mapping G has a fixed point in (7., A;.

Taking ©CtY — g — 2 — & — R in Theorem 1 leads to the derivation
of the following corollary.

s 3s
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COROLLARY 1. Alghamdii et al. (2013) Let (X, D, s) be a complete b-metric-
like space, and let {A; }}”:1 be a family of nonempty closed subsets of X
with Y = UT:1 A;. LetG : Y — Y be a map satisfying G(A;) C Aji1,
j=1,2,...,m, where A, 1 = A;. Assume that

1
2-D(,z) < Dl,y)

implies D(Gz, Gy) < R[D(x,y) + D(x,Gx) + D(y, Gy)+
D(x,Gy) + D(y,Gz) + D(x,z) + D(y,y)],

forallz € A; and y € A;11, where 0 < R < Then G has a

fixed point in (7L, A;.

1
(s+1)(Ts+1)+s"

In their work Chen et al. (2015), a set @ is defined as the collection of
functions ¢ : [0, 4+00) — [0, +00) that satisfy two conditions: continuity and
non-decreasing nature, along with ¢(¢) = 0 if and only if ¢ = 0. They then
proceed to present the main results of the study.

THEOREM 2. [Chen et al. Chen et al. (2015)] Consider (X, D) as a complete
b-metric-like space with a constant s > 1, and let G : X — X be a map that
satisfies the inequality

D(z,y)

D(Gz,Gy) < —¢(D(x,y))

forall z,y € X, where ¢ € ®. Then, G has a unique fixed point.

In Theorem 2, they showed that by choosing ¢(t) = g —Awith0 < A <
%, the following corollary can be derived.

COROLLARY 2. Chen et al. (2015) Let (X,D) be a complete b-metric-like
space with constant s > 1, and let G : X — X be a mapping such that for
all x,y € X, the inequality

1

D(Gz,Gy) < AD(x,y) where 0< A< S

holds. Then, G has a unique fixed point in X.

They pointed out that by choosing s = 1 in Theorem 2, one can derive
Theorem 2.7 from Amini-Harandi (2012). As an application of their result,




the authors studied the existence of a solution to the integral equation

T
:/0 K(t,r, 2(r)) dr, (1)

where K : [0,7] x [0,7] x R — R. They proved the existence of a
solution by considering X = C0,T], the space of continuous real func-
tions on [0, T'], equipped with a b-metric-like structure defined by D(u,v) =
max,c(o.7] ([u(t)| + [v(t)])”, with p > 1. The authors show that (X, D) is a
complete b-metric-like space with s = 2771, and the existence of a fixed
point for the mapping f(z fo (t,r,z(r)) dr ensures the existence
of a solution to the equatlon

THEOREM 3. Chenetal. (2015) Let K : [0,T]x [0, T] xR — R be continuous.
Assume there exists a continuous ¢ : [0,T] x [0,T] — R such that for all
t,r €0,T):

K (t, 7,2 (r)| + Kt y(r)] < A€t r) (Jo(r)] + |y(r)]) 4
with0 < XA < 1, and

sup/{trdr<1

t€[0,T]

Then the integral equation (1) has a unique solution = € X.

In order to present a new contractive condition, Jain et al. Jain & Kaur
(2021) introduced the following new class of functions =,, forany m € N
as the set of functions ¢ : [0, +00)™ — [0, 4+00) that satisfy the conditions:

* (51) §(t17t27"‘7tm) < max{t1,t27"'7tm} if (t15t27"'7tm) #
(0,0,...,0);

« (&2) If {tgn)}neN, for 1 < i < m, are sequences in [0, +oo) such that
limsup,, tz(") =t <+ooforalli=1,...,m, then

o (n) ,(n) (n)
lim inf ¢(1,", 15 st <t b, ).

Jain et al. Jain & Kaur (2021) proved the following result in a b-metric-like
space.
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THEOREM 4. Let (X,D,s > 1) be a complete b-metric-like space, and let
G : X — X be a mapping such that there exists £ € =4 and

(z,Gy) + D(Gz,y) — D(y,y)

1 D
D(G2,01) < 1¢ (Do), Dle. G2), Dy, Gu) g
for all z,y € X with D(z,Gy) + D(Gz,y) > D(y,y). Then, G has a unique
fixed point.

Nawab et al. Hussain et al. (2014) extended the fixed point theory to
partially ordered b-metric-like spaces. Let (X, <) be a partially ordered set,
and (X, D) a b-metric-like space, which we refer to as a partially ordered
b-metric-like space.

THEOREM 5 (Nawab et al. Hussain et al. (2014)). Consider a nondecreas-
ingmap G : X — X such that for all z,y € X withx <y,

D(G(x),G(y)) < aM(z,y),

where a € [0, 75) and

M(z,y) = max{D(z,y), D(,9(2)). D(y, G(1)) D(.G(y)), Dly. () }.

Under these conditions, the fixed point set F'(G) is nonempty if there exists
xo € (LF)g, where (LF)g = {x € X : x < G(z)}, and one of the following
holds: (a) G is continuous, or (b) (X, =,D) satisfies the sequential limit
comparison property. Additionally, G has a unique fixed point if and only if
every pair of fixed points is comparable.

Nawab et al. Hussain et al. (2014) studied fixed point results for non-
decreasing mappings in the framework of partially ordered b-metric-like
spaces. Prior to presenting their main theorem, they introduced the con-
cept of the sequential limit comparison property:

An ordered b-metric-like space (X, <, D) is said to satisfy the sequential
limit comparison property if, for any nondecreasing (or nonincreasing) se-
quence {z, }nen in X, the convergence z,, — z implies z,, < z (or z < x,)
forall n € N.

Their main result is stated as follows:

THEOREM 6. Hussain et al. (2014) Let (X, <, D) be a partially ordered com-
plete b-metric-like space with a coefficient s > 1. If a nondecreasing map




G : X — X satisfies

sD(G(z),6(y)) < M(z,y) — p(m(z,y)), (2)
for all z,y € X with x <y, where

D(z,G(y)) + D(y,6(x))
4s ’

mia,y) = min { D(e,G(1)), Dy §()) },

and ¢ : [0,+00) — [0,400) iS @ continuous and nondecreasing function
such that p(t) > 0 for all t > 0 and »(0) = 0, then the fixed point set F(G)
is nonempty, provided there exists xo € (LF)g and one of the following
conditions holds:

(i) G is continuous.

./\/l(x,y) =

(17) (X, =,D) satisfies the sequential limit comparison property.
Furthermore, G has a unique fixed point if and only if the fixed points of G
are comparable.

In their work, Zoto et al. Zoto et al. (2018) introduced the concept of
generalized (s, p, a)-contractions and obtained fixed point theorems for this
class of contractions in the framework of b-metric-like spaces. Specifically,
they define a self-mapping G : X — X on a complete b-metric-like space
(X, D) with parameter s > 1 as an (s, «)-Banach contraction if it satisfies
the condition

sD(Gxz,Gy) < aD(z,y)

forsome o € [0,1)and all z,y € X.

Based on Ciric’s quasi-contractions, Zoto et al. Zoto et al. (2018) intro-
duced the concept of generalized (v, s, p, «)-contractions in b-metric-like
spaces. Let ¥ and ® denote the families of altering distance functions sat-
isfying the following conditions, respectively:

¥ : [0,+00) — [0,+00) is an increasing and continuous function, and
U(t) =0ifand only if t = 0.

® : [0, +00) — [0, +00) is a lower semicontinuous function, and ®(¢) = 0 if

and only if ¢t = 0.
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Using these families, they defined (¢, s, p, a)-C‘iric’-type quasi-contractions
as follows:

DEFINITION 7. Zoto et al. (2018) Let (X, D) be a b-metric-like space with the
parameter s > 1. Consider i) € ¥, and let o and p be constants such that
0<a<landp>2 AmappingG: X — X is called a (1, s, p, a)-Ciri¢-
type quasi-contraction if, for all z,y € X, the following inequality holds:

¥ (D(Gx,Gy) < ot (max{D(a,y), Dla. G), Dly. Gy), D(x, Gy), D(y, Ga) } ).

REMARK 1. The authors also illustrated that these generalized contractions
extend and unify several well-known results in the fixed point theory of
metric-like spaces.

1. By taking ¢(t) = %t (or the identity mapping ¢ (t) = t), the notion of a
(¥, s,p, a)-éirié-type quasi-contraction reduces to an (s, p, «)-quasi-
contraction.

2. For ¢(t) = it and p = 2, the definition simplifies to the (s, a)-quasi-

contraction presented in Ciri¢ (1974).
3. Setting s = 1 corresponds to the special case of metric-like spaces.

THEOREM 7. [Kastriot Zoto al. Zoto et al. (2018)] Let (X, D) be a complete
b-metric-like space with the parameter s > 1, and let f: X — X be a given
self-mapping. If f is a (¢, s, p, «)-quasicontraction, then f has a unique
fixed point.

The following corollary, derived by Zoto et al. Zoto et al. (2018), provides
a version of the Hardy-Rogers result in Gordji & Rogers (1973).

COROLLARY 3. Let (X, D) be a complete b-metric-like space with the pa-
rameter s > 1. If G: X — X is a self-mapping and there exist p > 2 and
constantsa; > 0,¢=1,...,5, such that a; + as + as + a4 + a5 < 1 and

SpD(ggj, gy) < alp(xv y)—i-aQD(x, ggj)—|—a3D(y, gy)—i—ozﬂ)(x, gy)+a5D(y, gl’),
for all x,y € X, then G has a unique fixed point in X.

In addition to the results already discussed, Zoto et al. also derived
several corollaries as immediate consequences of Theorem 7. These




corollaries deal with self-maps that satisfy contractive conditions expressed
through rational expressions, utilizing the functions ¢ € ¥ and ¢ € .

COROLLARY 4. Let (X, D) be a complete b-metric-like space with parameter
s>1,andletG : X — X be a self-map. Ifthere exist € ¥,0 < a < %
and p > 2, such that the condition

Y(M(z,y))
L+ (M (z,y))

is satisfied for all z,y € X, where M (z,vy) is defined as in (2), then G has a
unique fixed point in X.

¥ (2spD(Gz, Gy)) < a

Fabiano et al. Fabiano et al. (2020) studied cyclic (s, ¢)-Dass-Gupta-
Jaggi type contractions in b-metric-like spaces, proving that a Picard se-
qguence is Cauchy in this setting, thus extending and refining the existing
results. They further established the equivalence between the cyclic results
of Kirk et al. and the standard fixed point results for such contractions.

Before stating the main result, let us recall the notions of n-admissibility
and n-continuity. A mapping G : X — X is called n-admissible if n(z,y) > 1
implies n(G(x),G(y)) > 1 for all z,y € X. Moreover, G is said to be -
continuous on a b-metric-like space (X, D) if, for any sequence {z,} in
X satisfying nll)l}_loo zn, = z and n(zp, zn41) > 1 for all n, it follows that

ngg-loo g(zn) - g(z)

THEOREM 8. Fabiano et al. (2020) Let (X, D) be a D-complete b-metric-like
space, andletn: X x X — [0,+o00) and G : X — X be the given mappings.
Suppose that for all =,y € X with n(x,Gx)n(y,Gy) > 1 implies

2s'D(Gx,Gy) < ¢(N(z,y))

where ¢ > 1, ¢ : [0, +00) — [0, +00) is a is non-decreasing and continuous
function satisfying lim,,_, 1~ ¢™(t) = 0, and

D(z,y)D(y,Gy) D(y,.Gy)[l + D(z,Gz)]
1+D(z,Gx) ’ 1+ D(x,y)
D(z,Gy) + D(y,Gx) }
’ 4s '

N(z,y) = max {D(x,y)ap(y, gz),

Assume that the mapping G : X — X satisfies the following conditions:
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1. G is n-admissible.
2. There exists zy € X such that n(zo,G(z0)) > 1.

3. Either G is n-continuous, or for any sequence {z,} in X such that for
alln >0, n(zp, 2nt1) > 1and lim z, =z, we have n(z,G(z)) > 1.

n—-+o0o

Then G has a fixed point = € X. Furthermore, if:
4. Forall z € F(G) ={a € X : G(a) = a}, we have n(z,z) > 1,
then G has a unique fixed point in X.

An example is given below to support Theorem 8.

ExamMPLE 3. Fabiano et al. (2020) Consider X = [0, 1] equipped with the b-
metric-like function D(x,y) = (z + y)? for all z,y € X, with the parameters
s=2andg>1.LetG: X - Xandn: X x X — [0,400) be defined as

follows:
x 1, If r =Y = 0,
gx = = :By — .
(@) {0, otherwise.

(@)

Additionally, let ¢ : [0,+00) — [0,+cc) be given by ¢(t) = t2. For the
pair (z,y) = (0,0), we observe that n(z,Gz)n(y,Gy) > 1 holds only when
x =y = 0. Now, for this specific pair, we calculate 25?D(G(0),G(0)) = 0,
while the expression for ¢ yields

D(0,0) - D(0,G0)
1+D(0,G0)

0] <max {D(O, 0),D(0,G0),

D(0,G0)[1 + D(0,G60)] D(0,G0) + D(0,G0) })
1+ D(0,0) ’ 4.2
D(0,0) - D(0,G0)
14+ D(0,G60) ~’
D(0,G0)[1 + D(0,G0)] D(0,G0) + D(0,G0) }
1+ D(0,0) ' 8

_ % max {D(O, 0), D(0,G0),

1 . -(14+0) 040
:2max{0,0,000(+) +}

1+0° 1+0 7~ 8
—1><O—0
=3 = 0.

Thus, this example demonstrates the applicability of Theorem 8; in partic-
ular, it confirms that z = 0 is the unique fixed point of G.




Mirkov et al. Mirkov et al. (1994) proposed a simplified and concise
proof of Banach’s contraction principle using Palais’s method within the
generalized framework of b-metric-like spaces. Their result extends exist-
ing findings in the literature by demonstrating that the Lipschitz constant in
Banach’s contraction principle can belong to the entire interval [0, 1) across
six types of spaces: metric spaces, b-metric spaces, partial metric spaces,
partial b-metric spaces, metric-like spaces, and the broader b-metric-like
spaces.

First, using Palais’s method, they obtained the following result.

LEMMA 1 (Mirkov et al. Mirkov et al. (1994)). Let (X, D) be a b-metric-like
space with s > 1 and {z,,} be a sequence in X such that

D(xm, ) < kD(Tpm—1, Tn-1),
for all m,n € N, where k € [0,1). Then the following inequality holds:
D(@m, Tp) < s (K™ + k™) D(x0, T, )/ (1 — K™5)
where ng € N such that k™s < 1.

THEOREM 9. Mirkov et al. (1994) Consider a complete b-metric-like space
(X, D) with s > 1. Ifa mapping G : X — X satisfies the condition

D(G(x),G(y)) < kD(z,y),

forall z,y € X, where k € [0,1), then G admits a unique fixed point in X.

In recent years, extensive research has been conducted on the general-
ization of Geraghty contractions Karapinar (2014, et al.); Aydi et al. (2017).
In 2017, Fulga et al. Fluga & Proca (2017) introduced the notion of p-
Geraghty contractions and established a corresponding fixed point theo-
rem in complete metric spaces. Subsequently, this concept was explored
in metric-like spaces Aydi et al. (2017), leading to the following result:

THEOREM 10. Aydi et al. (2017) Let (X, o) be a complete metric-like space,
and let G : X — X be a self-mapping. Suppose there exists 5 € B such
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that
o(Gz,Gy) < B(F(z,y))F(z,y), Vz,ye X,

where
F(z,y) =o(z,y) +|o(z,Gz) — o(y, Gy)|-
Then, G has a unique fixed point.

Note that; B consists of all functions 3 : [0, +o00) — [0, 1) such that:

nETooﬁ(t”) =1 implies ngr}rloo t, =0.

Dakun Yu et al. Yu et al. (2018) initiated the concept of (7', ¢)r-
contractions of Geraghty type and studied common fixed point theorems
for these contractions in b-metric-like spaces. We recall that, according to
Abbas et al. Abbas & Jungck (2008), the following definition is given: Let
X be a nonempty set, and let f and g be self-mappings on X. The set of
common points of f and g is defined as C(f,g9) = {x € X : fx = ga}. The
pair (f, g) is said to be weakly compatible if fgx = gfx forallz € C(f,g).
Moreover, if there exists x € X such that fx = gx = w, then « is called a
coincidence point of f and g, and w is referred to as a point of coincidence
of fand g.

DEFINITION 8. Yu et al. (2018) Let (X, D) be a b-metric-like space with the
coefficient s > 1, and let T, g : X — X be two mappings. The pair (T, g) is
said to be a (T, g) p-contraction of Geraghty type if there exists § € B such
that

for all z,y € X, where Fy(z,y) = & [D(gz, gy) + |D(gz, Tz) — D(gy, Ty)|] -

THEOREM 11. Yu et al. (2018) Let (X, D) be a b-metric-like space with the
coefficient s > 1, and let T,g : X x X — X be two mappings such that
T(X) C g(X)and g(X) is complete. Ifthe pair (T, g)isa (T, g)r-contraction
of Geraghty type, then T and g have a unique point of coincidence. Further-
more, if T and g are weakly compatible, then they have a unique common
fixed point.

By specializing Theorem 11 to the case g = I'x (the identity mapping),
they obtained the following result.




COROLLARY 5. Yu etal. (2018) Let (X, D) be a complete b-metric-like space
with the coefficient s > 1, and let T : X — X be a mapping. If there exists
8 € B such that

D(Tz,Ty) < B(F(z,y))F(2,y)
for all z,y € X, where F(z,y) = & [D(z,y) + |D(z,Tz) — D(y, Ty)|], then
T has a unique fixed point.

As an application of the previous corollary, Dakun Yu et al. Yu et al.
(2018) investigated the integral equation (E) : fo (t,r,z(r))dr,
where K : [0,1] x [0,1] x R — R. They conS|dered the functlon space X =
C[0,1] with the b-metric-like: D(u,v) = max,e(o1)(|u(t)] + lv(t)|)p, p>1,
WhICh forms a complete b-metric-like space with s = 2P~1. By defining

fo (t,r,2(r)) dr, they established the existence of a solution as
a dlrect consequence of the corollary.

THEOREM 12. Yu et al. (2018) Let K : [0,1] x [0, 1] x R — R be continuous.
Suppose there exists a continuous function ¢ : [0, 1] x [0, 1] — [0, +00) such
that

(K (t,r,2(r))| < &(,r)|a(r)].

If there exists § € B satisfying

t€[0,1] J0

then (E) has a unique solution x € X.

Best proximity theory provides a framework for approximating solutions
in situations where exact fixed points do not exist. Suppose U and V" are
two closed, nonempty subsets of a space X such that U NV = (), and let
G : U — V be a mapping. Since the equation G(z) = x has no solution,
one instead seeks a point x € U that is closest to G(x) € V. This point is
known as a best proximity point of G.

The study of best proximity points initially focused on classical metric
spaces before being extended to more generalized settings (see, for in-
stance, GardaSevi¢ et al. (2023); Fallahi & Eivani (2022); Abkar & Gabeleh
(2013); Aydi et al. (2020); Choudhury et al. (2015); Mongkolkeha et al.
(2013)). A notable development in this area was introduced by Gord;ji et
al. Gordji & Habibi (2017); Gordji et al. (2017), who explored the role of

1 1 1
sup / §(t,r)dr < (/Wﬂ <22p2(llw —Ylloo + Iz = f2lloo = Iy = fVllool)
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orthogonal sets and introduced essential concepts such as O-sequences,
O-Cauchy sequences, O-continuity, O-contractions, O-preserving proper-
ties, and the P-property. Their work established best proximity point results
under more generalized contractive conditions. Subsequent research has
built upon these ideas, particularly in the context of orthogonality Fallahi
& Eivani (2022); Mongkolkeha et al. (2013); Sawangsup & Sintunavara
(2020); Garakoti et al. (2014); Yang et al. (2020), leading to significant
progress in this field.

Milanka et al. Gardasevic¢ et al. (in press) addressed the open question
raised in GardaSevic et al. (2023) by introducing the assumption that the set
X is L-transitive. Before delving into their result, we will first recall some
definitions pertinent to the context of orthogonal metrics and best proximity
theorems.

DEFINITION 9. Gordji et al. (2017) Let X be a nonempty setand L.C X x X
be a binary relation. If there exists an element ry € X such that for all
y € X, eithery 1 xq orxog L y, then the pair (X, 1) is called an orthogonal
set (or O-set), and x is referred to as the orthogonal element.

If X is equipped with a metric d, then the pair (X, L,d) is referred to as
an orthogonal metric space. Orthogonal partial metric spaces, orthogonal
b-metric spaces, and other generalized orthogonal spaces are similarly de-
fined. For additional examples of these concepts, refer to Fallahi & Eivani
(2022); GardaSevic et al. (2023); Gordji & Habibi (2017); Gordjiet al. (2017);
Javed (et al.); Yamaod & Sintunavarat (2018).

The next example provides insight into the practical use of an orthogonal
set.

ExamPLE 4. Gordji et al. (2017) Let X be the set of all people in the world.
We define = L y if x can give blood to y. According to the following table,
if xo is a person with blood type O—, then there exists 2o L y forall y € X.




This means that (X, L) is an O~ -set, and z is not unique.

Blood type Can donate to Can receive from
A+ A+ AB+ A+ A-— O+ O-
O+ O+ A+ B+ AB+ O+ 0O-

B+ B+ AB+ B+ B-— O+ O-
AB+ AB+ everyone

A— A+ A— AB+ AB- A— O-

O— everyone O—

B— B+ B— AB+ AB-— B—- O-
AB— AB+ AB- AB— B—- O- A-

DEerFINITION 10. Gordji et al. (2017) A sequence {x,}.en is called an or-
thogonal sequence (or O-sequence) if for all n € N, the following condition
holds: ©,, 1 z,41 Or xpy1 L x,.

DEeFINITION 11. Gordji & Habibi (2017) A function G : X — X is said to be
orthogonal-preserving (or L-preserving) if for all xz,y € X such that x L y,
it follows that Gz 1 Gy.

DEFINITION 12. GardaSevic et al. (in press) An orthogonal set X is said to
be L-transitive if the following condition holds: for all x,y,z € X, if (y L
xorx Ly)and (y L zorz L y), then it follows that (x L z orz L x).

DEFINITION 13. Gordji & Habibi (2017) Let (X, L, d) be an orthogonal metric
space, which means (X, 1) is an O-set and (X,d) is a metric space. A
function G : X — X is called orthogonal continuous (or 1-continuous) at
a point x € X if, for every O-sequence {x,, }ncn in X satisfying x,, — x as
n — +oo, it follows that G(x,,) — G(z) as n — +oc.

Note that, every continuous mapping is a _L-continuous mapping; how-
ever, the converse does not necessarily hold. An example illustrating this
can be found in Gordji & Habibi (2017).

DEFINITION 14. Gordji et al. (2017) Let (X, L, D) be an orthogonal metric
space, and let A € [0,1). A function G : X — X is called an orthogonal
contraction (or L-contraction) with the Lipschitz constant \ if, forall xz,y € X
satisfying x | y, the following inequality holds:

D(Gz,Gy) < \D(z,y).
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REMARK 2. Gordji et al. (2017) Every contraction mapping is a L-
contraction mapping, but the converse is not true. For an example, see
Gordji et al. (2017).

Let (X, d) be ametric space, andletU, V' C X be two nonempty subsets.
The distance between U and V' is defined as

DU,V) = inf{d(u,v) |u e U,v e V}.

A pointu € U is called a best proximity point of a non-self mapping G : U —
V if it satisfies
d(u,Gu) = D(U, V).

For arbitrary sets U,V C X such that U,V # (), we define
Up={ueU|d(u,v)=D(U,V)forsomev e V},

Vo ={v eV |d(u,v)=D(U,V)forsomeu e U}.

Let (X, d) be a metric space, and let U,V C X be nonempty subsets such
that Uy # (). The pair (U, V) is said to have the P-property if and only if

{ d(ul,vl) == D(U, V)

d(U27 UZ) = D(U’ V) Imp|IeS d(U]_’ ’UQ) = d(/U].a 1}2)’

for all U, Uy € U() and V1,02 € VE)

Considering that d(z,Gz) > D(U,V) for all x € U, it follows that the
global minimum of the function = — d(z, Gx) is attained at a best proximity
point. Furthermore, it is straightforward to observe that a best proximity
point coincides with a fixed point when the mapping G is a self-mapping.

THEOREM 13. GardaSevic et al. (in press) Let (X, 1,D,s) be an orthog-
onal 0-D-complete b-metric-like space, and let (U,V) be a pair of two
non-empty closed subsets of X with an empty intersection, satisfying the
P-property. Assume that X is 1-transitive. LetG : U — V be a |-
continuous, L-preserving, and L-contractive mapping with the Lipschitz
constant k € (0,1). Suppose that G satisfies the following conditions:

(2) G(Uo) C Vo,

(i) There exist xo,x1 € Uy such that vy L x; and D(x1,Gxy) = D(U,V),
where D(U,V) = inf{D(z,y) |z € U,y € V}.




Then G has a unique best proximity point 2’ € U, i.e., D(z',Gx') = D(U, V).

In papers [36] and [37], the issues of best proximity results in orthogonal
0-complete b-metric-like spaces were considered. For proving the results
in these works, a sequence {z,,}, wheren = 0,1, 2, ..., is constructed such
that the following relation holds:

D(xp, Tnt1) < AND(xp—1,2z,) for n=1,2,...

where \ belongs to the interval [0,1/s) with s > 1. Based on this relation,
it is routinely proved that the constructed sequence {z,} is Cauchy. The
open problem raised in these papers was whether the obtained results are
still valid if A belongs to the interval [0, 1).

By utilizing the following result, we provide an affirmative answer to the
question posed in the paper. GardaSevic et al. (in press, 2023).

LEMMA 2. Let (X,D,s > 1) be a b-metric-like space, and let {z,} be a
sequence in X satisfying the following condition: There exists A\ € [0,1)
such that

D(xp, Tnt1) < A\D(xp—1,2,), foralln e N.

Then, the sequence {z,} is Cauchy.

Proof. If z,, = xz,_1 for some n € N, the proof is complete. Otherwise,
assume that z,, # z,_; for all n € N. We consider two cases:

Case1: A€ [0,1).
Case2: A e [1)1).

The proof for the first case follows similarly to the arguments presented
in GardaSevic et al. (in press, 2023). Now, consider the second case. Since
A" — 0 as n — oo, there exists k € N such that \* < 1. Define the
mapping G on the sequence {z,},n € N, by

G(zp) = wpy1, foralln=0,1,2,...
It follows that G*(x,,) = 2., for all n € N and
'D(gk$n_1, gkmn) < )\kD(xn_l, xn)

Proceeding analogously as in Gardasevic et al. (in press, 2023) for the first
case, we establish that the sequence {xzj.,} is Cauchy. Specifically, if
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n < m, it is shown that

D(Tktn, Thrm) — 0 @S n,m — +oo.

Since {z,} = {zo,21,...,2k—1} U{Zk, Tki1, ..., Thin,-..}, it follows that
the sequence {z,},n=0,1,2,...,is Cauchy. O
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Este articulo ofrece una revisiéon exhaustiva de los resultados
de puntos fijos en espacios métricos-like, con un enfoque parti-
cular en los espacios b-métrico-like. La nocién de espacios b-
meétrico-like generaliza varios conceptos importantes, incluidos
los espacios métricos parciales, los espacios métricos-like y los
espacios b-métricos. El articulo destaca contribuciones signi-
ficativas desde las primeras etapas de la investigacion hasta el
presente, ofreciendo una compilacion extensa de resultados fun-
damentales y recientes. Finalmente, proporcionamos respues-
tas afirmativas a algunos problemas abiertos derivados de los
resultados de proximidad 6ptima en espacios b-métrico-like or-
togonales 0-completos, avanzando aun mas en la comprension
de la teoria de puntos fijos en estos entornos generalizados. Es-
ta revision tiene como objetivo proporcionar a los investigadores
valiosas ideas y referencias, facilitando la exploracién y el de-
sarrollo futuros en el estudio de los espacios métricos-like y sus
generalizaciones.
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B smoti cmambe npedcmasneH nodpobHsil 0630p pesyrbma-
moe8 cyujecmeosaHusi (YUKCUPOBaHHbLIX MOYEK 8 MpoCcmpaH-
cmeax, noGobHbIX Mempu4yecKuM, ¢ 0CObbIM aKkueHmom Ha b-
Mempuydeckue npocmpaHcmea. oHsmue b-mempudYecKux rpo-
cmpaHcme obobujaem HECKONIbKO 8a)KHbIX KOHUenuud, 6KIIo-
Yyas YacmuyHble MempuYecKue rnpocmpaHcmea, Mempu4yecKue
rnpocmpaHcmea u b-mempuyveckue npocmpaHcmea. Cmambs
oceewjaem 3Ha4yumesibHble O0CMuUXeHuUs1 8 amou obnacmu, Ha-
YuHasi ¢ paHHUX uccriedogaHul u 00 Hacmosweao 8pemMeHU,
npednazasi O6WUPHY KOMAUIAYU hyHOameHmasbHbIX U CO-
epeMeHHbIX pe3dynbmamos. Kpome mozo, 8 cmambe darom-
CS NOI0XKUMesibHbIE 0MBembl Ha HEKOMOPbIE OMKPbIMbIE 80-
rpochkl, cesi3aHHbIE C JIyHWuMU pe3ynbmamamu 6iausocmu 8 op-
moeoHarsibHbIx 0-3aMKHYMbIX b-Mempu4ecKux rnpocmpaHcmeax,
ymo criocobcmeyem OarnbHelweMy pa3gumuio meopuu uk-
CUpOBaHHbIX MoYeK 8 amux 060bwWeHHbIX cmpykmypax. Uenb
amoeo ob3opa — rnpedocmasums ucc1edosamesnsiM UeHHbIe
udeu u ccbiniku, criocobemeys danbHelwemMy U3yHeHUr U pas-
8UMUI0 Meopuu rpocmpaHcmes, NoOObHbIX MEMPUYECKUM, U UX
obobuyeHudl.

Knrouesbie cnoea: b-mempudeckue rnpocmpaHcmea, Mempu-
yeckue rnpocmpaHcmea, YacmuyHble MempuyecKue npocmpaH-
cmea, b-mempudeckue npocmpaHcmea, npocmpaHcmea, ro-
00b6HbIE MEMPUYECKUM, Meopusi (hUKCUPOBAHHbBIX IMOYEK.
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Y oeom pady npedcmaesrbeH je ceeobyxeamaH npeaned pesyri-
mama ¢bUKCHUX madyaka y npocmopuma CUYHUM MEMPUYKUM,
ca nocebHuUM akueHmom Ha b-mempuuke npocmope. [lojam b-
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Mempuy4Kux rnpocmopa obyxeama HEKOIUKO 8aXHUX KOHuerna-
ma, yKrbydyjyhu napuujasHe Mempuyke rnpocmope, Mempudke
npocmope u b-mempuyke rnpocmope. Pad ucmude 3HadyajHe
donpuHoce 00 paHux ucmpaxueara 0o OaHac, Hydehu obum-
Hy KoMnunayujy coyHlameHmarsnHux u cagpemMeHux pesyrnmama.
KoHayHo, dajemo rnosumusHe 002080pe Ha HeKe omeopeHe rpo-
brieme Koju rpou3sunase u3 Hajborbux pesynmama 6rusuHe y op-
mozaoHaniHuM 0-KoMemHuUM b-MempuykuM rpocmopuma, Hu-
me Qasbe yHanpehyjemo pasymegar-e meopuje YUKCHUX ma4va-
Ka y 08UM 2eHepanu3oeaHuM okpyxemuma. Oeaj npeaned uma
3a yurb Oa ucmpakueadyuma rnpyxu opazoueHe ysude u peghe-
peHue, onakwasajyhu darbe ucmpaxueare U pa3gsoj y npoyya-
8akby rpocmopa CAUYHUX MemMPUYKUM U HUX08UM 2eHeparu3a-
yujama.

KrbyyHe peyu: b-mempuyku npocmopu, Mempuyku rnpocmo-
pu, NapyujanHu Mempuy4Ku rnpocmopu, b-mempuyku npocmopu,
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Abstract:

Introduction/purpose: Unmanned Ground Vehicles (UGVs) offer sig-
nificant advantages for various operations; yet their autonomous control
and guidance present substantial difficulties, especially for diverse lo-
comotion types (e.g., tracked, wheeled) in challenging terrains due to
complex dynamics, nonholonomic constraints, and environmental inter-
actions. This paper provides a comprehensive review of control and
guidance strategies for UGVs, with a specific focus on leader-follower
and lane tracking with obstacle avoidance applications. It aims to synthe-
size the state of the art, identify key challenges generic to UGV autonomy
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in these tasks, and discuss promising guidance and control methodolo-
gies.

Methods: An extensive literature review was conducted, analyzing ex-
isting research on UGV, autonomy levels, system architectures, con-
trol methodologies (including classical, adaptive, robust, and intelligent
approaches), guidance approaches, and specific application domains.
Methodologies for guidance and control relevant to UGVs in leader-
follower and lane tracking tasks were critically examined.

Results: The review identifies dominant trends, including the increas-
ing use of deep learning for guidance perception and growing interest
in robust control techniques capable of handling UGV operational chal-
lenges. Significant challenges persist in perception for unstructured envi-
ronments, accurate dynamic modeling for diverse UGV platforms, seam-
less integration of perception with robust control and guidance systems,
and extensive real-world validation.

Conclusions: Achieving robust autonomy for UGVs in complex real-
world scenarios require integrated solutions addressing guidance and
control. Advanced robust control methods emerge as strong candidates
for UGV control, but their full potential necessitates further research into
their integration with advanced guidance systems.

Key words: unmanned ground vehicles (UGVs), control systems, guid-
ance systems, leader-follower, lane tracking, obstacle avoidance, au-
tonomous navigation.

Introduction

The field of robotics and autonomous systems has witnessed exponen-
tial growth, leading to the development and deployment of sophisticated
Unmanned Ground Vehicles (UGVs) across a multitude of domains (Sethi,
2024; Fareh et al., 2021). UGVs, capable of operating autonomously or
semi-autonomously without direct human piloting, offer transformative po-
tential in areas deemed too dangerous or complex for human operators.
Applications span military operations (reconnaissance, logistics, explosive
ordnance disposal), agriculture (precision farming, harvesting), search and
rescue, logistics (warehouse automation, last-mile delivery), and infrastruc-
ture inspection (Ni et al., 2021; Shafaei & Mousazadeh, 2023; Gadekar
et al., 2023; Durst et al., 2018).

Among diverse UGV platforms, various locomotion types exist, each
with unique advantages and control complexities. For instance, tracked
vehicles offer superior traction in unstructured terrains but introduce chal-
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lenges like skid-steering dynamics and track slippage (Sebastian & Ben-
Tzvi, 2019b; Zou et al., 2018). Wheeled vehicles are efficient on struc-
tured surfaces but are limited in off-road mobility. Achieving reliable au-
tonomous operation for any UGV type introduces significant complexities
in their control and guidance, including inherent nonlinearities, platform-
specific dynamics (e.g., skid-steering in tracked vehicles, Ackermann steer-
ing in some wheeled vehicles), sensitivity to terrain variations, and suscep-
tibility to external disturbances (Al-Jarrah et al., 2019; BaniHani et al., 2021;
Zou et al., 2018; Artufiedo et al., 2024).

This review paper focuses on the critical aspects of control and guid-
ance for UGVs, specifically addressing two demanding autonomous tasks:
leader-follower control and lane tracking with obstacle avoidance. Leader-
follower systems, where a UGV autonomously follows a human or vehicular
leader, are essential for applications like convoying, collaborative robotics,
and human assistance (Ramirez-Neria et al., 2023a; Wang, 2024). Lane
tracking with obstacle avoidance is fundamental for UGV navigation in
semi-structured environments, such as agricultural fields, mining sites, or
pathways, requiring the UGV to adhere to lane boundaries while safely
avoiding obstacles (Cao et al., 2020; Zhang et al., 2023). Both tasks de-
mand high levels of robustness, adaptability, and real-time responsiveness
from UGVs operating in dynamic and often unpredictable environments.

Traditional control methods, such as Proportional-Integral-Derivative
(PID) controllers, often struggle to provide the required performance and
robustness for diverse dynamics encountered in UGVs, especially when
dealing with strong nonlinearities, time-varying parameters, and unmod-
eled dynamics (Kayacan et al., 2015; Rizk et al., 2023). While advanced
techniques like Model Predictive Control (MPC) or adaptive control offer
potential benefits, they often rely on accurate system models or complex
tuning procedures, which can be impractical for UGVs operating in diverse
conditions (Zuo et al., 2021; Fareh et al., 2021).

More recent approaches, such as observer-based robust control meth-
ods, aim to address these limitations by actively estimating and compen-
sating for disturbances and model uncertainties, often reducing the depen-
dence on precise mathematical models and offering inherent robustness.
These characteristics make them well-suited for complex and often poorly
modeled dynamics found across various UGV platforms (Fareh et al., 2021;

Sebastian & Ben-Tzvi, 2019a).
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This paper is structured as follows: the section “Overview of unmanned
ground vehicles (UGVs)” provides an overview of UGVs, covering their his-
tory, levels of autonomy, and types of locomotion. The section “System
architecture for autonomous navigation in UGVs” details the system ar-
chitecture for UGV autonomous navigation, focusing on the guidance sys-
tem and the control system. The sections “Lane tracking task in UGVs”
and “Leader-follower task in UGVs” delve into the overview for lane track-
ing/obstacle avoidance and leader-follower control for UGVs, respectively.
The section “Synthesis of findings and dominant trends” discusses the find-
ings and the section “Conclusion and future research directions” concludes
the review and suggests future research directions applicable to UGVs.

Overview of unmanned ground vehicles (UGVs)

Unmanned Vehicles (UVs) are frequently engineered as autonomous
systems, capable of environmental perception, trajectory planning, and au-
tonomous control without human intervention (Sethi, 2024). This broad cat-
egory encompasses aerial, underwater, and ground-based systems. Un-
manned Ground Vehicles (UGVs), the focus here, have seen significant
development driven by technological advancements and diverse applica-
tion demands (Fareh et al., 2021).

To provide a comprehensive foundational framework necessary for ef-
fective control and guidance, this section will detail the various levels of
autonomy in UGVs, explore their diverse types based on locomotion, and
outline the inherent challenges associated with their autonomous opera-
tion.

Levels of autonomy in UGVs

UGV capabilities are often defined by levels of autonomy, indicating
the degree of independent operation. The Society of Automotive Engi-
neers (SAE) provides a standard six-level classification for driving automa-
tion (Sethi, 2024; van der Sande & Nijmeijer, 2017), illustrated in Figure
1. This ranges from Level 0 (no automation), where humans perform all
driving tasks. The next, Level 1 (assisted driving automation), offers either
steering or speed control with full human supervision, while Level 2 (partial
automation) provides both steering and speed control, requiring constant
driver readiness for intervention. In Level 3 (conditional automation) the
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system performs all driving tasks under specific conditions, prompting the
driver for control when needed, and Level 4 (high automation) allows the
system to handle all driving tasks and fallback within a defined operational
domain, even without driver’s response. Finally, Level 5 (full automation)
signifies the system’s ability to perform all driving tasks under all conditions,
requiring no human intervention.

T
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'~ No Assistance Needed

. " !
No Driver Intervention --

. 5 N ) . .
Level 0: No Automation &< |-« ,- @\ Level 1: Assisted Driving
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Function Integration -1: r- Environmental Conditions

Driver Monitoring -~ ~- Control Transfer

Figure 1 — Autonomy levels in UGV systems

Types of UGVs based on locomotion

UGVs have evolved into a diverse range of platforms, each with unique
locomotion mechanisms and capabilities. These differences stem from the
need to adapt to various operational environments and tasks. The primary
locomotion strategies employed in UGVs can be categorized into four main
types: wheeled, tracked, legged, and hybrid systems.

* Wheeled UGVs: utilize the rotational motion of wheels for move-
ment, common for their simplicity and efficiency on structured sur-
faces. Various steering architectures (e.g., differential, Ackermann,
omnidirectional) provide varying degrees of maneuverability and sta-
bility (Ahluwalia et al., 2022; Rubio et al., 2019; Tagliavini et al., 2022).




» Tracked UGVs: employ continuous tracks for a large ground contact
area, enhancing traction and stability on complex, uneven terrains.
Skid-steering is typically used by varying track speeds. This struc-
tural design facilitates maneuverability and robust locomotion in com-
plex and rough environments, such as military operations and agri-
culture (Sebastian & Ben-Tzvi, 2019b; Zou et al., 2018; Shafaei &
Mousazadeh, 2023).

* Legged UGVs: mimic living things (e.g., animal, human) locomotion
using actuated limbs for movement in discrete steps, enabling traver-
sal of highly unstructured terrains and obstacles (Ahluwalia et al.,
2022; Zhao et al., 2023).

» Hybrid UGVs: combine multiple locomotion types to leverage their re-
spective advantages and enhance adaptability across diverse condi-
tions, leading to a more complex and flexible system (Ahluwalia et al.,
2022; Teji et al., 2023).

Table 1 summarizes the advantages and disadvantages of each type.

System architecture for autonomous navigation in UGVs

Autonomous UGV operation typically relies on a hierarchical system ar-
chitecture to manage the complexity from sensing to actuation. This review
adopts a common conceptualization involving distinct but interconnected
systems: a guidance system (encompassing perception and decision-
making) and a control system (responsible for motion execution) (Ni et al.,
2018; Samak et al., 2021; Yao et al., 2020; Zhang et al., 2023). Figure 2
illustrates this general architecture. The following subsections will provide
the details of these two core systems, exploring their functionalities and key
components in UGV autonomous navigation.

Guidance system

The guidance system acts as the "brain” of the UGV, responsible for in-
terpreting the environment, making intelligent decisions, and planning the
vehicle’s motion (Wang, 2024; Horri et al., 2024; Zheng & Gao, 2010). It
forms the cornerstone of the architecture, supplying essential environmen-
tal awareness that supports higher-level decision-making and control pro-
cesses (Gao et al., 2001; Durst et al., 2018; Samak et al., 2021).
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UGV Type | Advantages Disadvantages References

Wheeled High energy effi- | Limited off-road capa- | Man et al. (2018);
ciency, low cost, | bility, prone to slip- | Thrun et al. (2006);
simple control, high | ping/skidding on loose | Ahluwalia et al.
speed on flat terrain, | surfaces, poor mobility | (2022); Rubio et al.
suited for structured | on rough terrains. (2019); Tagliavini
environments. et al. (2022); Teji et al.

(2023)

Tracked Superior trac- | High energy con- | Sebastian & Ben-Tzvi
tion/stability on chal- | sumption, = complex | (2019b); Zou et al.
lenging terrains (sand, | mechanics, less | (2018); Shafaei &
mud, slopes, rocks), | maneuverable than | Mousazadeh (2023);
high load capacity, | wheeled, complex | Ahluwalia et al.
large ground contact. turning dynamics, | (2022); Li et al.

prone to slippage. (2021); Alexa et al.
(2023); Wang et al.
(2024b); Al-Jarrah
et al. (2019); BaniHani
et al. (2021); Liu et al.
(2024)

Legged High maneuverability | High system com- | Ahluwalia et al.
in complex/cluttered | plexity, high en- | (2022); Tian et al.
terrains, stair climb- | ergy/computational (2021); Zhao et al.
ing, high adaptabil- | load, less efficient | (2023)
ity/obstacle negotia- | over long distances,
tion. difficult control design.

Hybrid High versatility across | Complex control im- | Ahluwalia et al.
terrains due to multiple | plementation, high | (2022); Teji et al.
locomotion  mecha- | cost/design complex- | (2023)
nisms, adaptable for | ity, increased hard-
complex tasks, en- | ware/computational
hanced performance. | needs.

Table 1 — Comparison of UGV locomotion types

Types of autonomous navigation and decision making

The guidance system plans the UGV motion based on the perceived
environment and mission goals. Autonomous navigation tasks for UGVs
can be categorized into three fundamental types:

+ Point-to-Point navigation: the UGV moves from a start to a goal lo-
cation without a predefined path, primarily focusing on reaching the
destination while avoiding obstacles, regardless of the specific path
geometry or velocity profiles (Ruslan et al., 2023; Stankovi¢ et al.,

2024).
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Figure 2 — Typical system architecture for autonomous UGV navigation
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 Path following: the UGV converges to and follows a predefined ge-
ometric path (e.g., lane centerline) without strict temporal constraints.
The objective is spatial convergence (minimizing cross-track error),
allowing velocity flexibility along the path. The UGV’s forward speed
follows a predefined speed profile, while the control system primarily
regulates the vehicle’s orientation to ensure convergence to the de-
sired path (Hung et al., 2023; Ruslan et al., 2023; Sarcinelli-Filho &
Carelli, 2023). This typically involves regulating orientation for path
convergence, often resulting in smoother control than trajectory track-
ing (Aguiar & Hespanha, 2007; Stankovic¢ et al., 2024).

Trajectory tracking: the UGV must follow a time-parameterized tra-
jectory specifying both position and velocity at each instant. This
requires simultaneous spatial and temporal convergence, making it
more complex than path following (Sarcinelli-Filho & Carelli, 2023). It
is crucial for applications like leader-follower systems where precise
motion (speed and orientation) replication is needed (Ruslan et al.,
2023; Hung et al., 2023; Stankovi¢ et al., 2024).

In essence, Point-to-Point navigation only specifies a destination. Path
following focuses on spatial adherence to a geometric path, whereas the
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velocity of the vehicle is defined by the designer. Trajectory tracking re-
quires traversing the specified path while the velocity of the vehicle, in terms
of both magnitude and direction, is defined by the trajectory being tracked.

Sensing and scene understanding for guidance

This sub-system acts as the system’s senses, responsible for gather-
ing and fusing information about the vehicle’s internal state and its exter-
nal environment to create a meaningful representation for decision making
(Balasubramaniam & Pasricha, 2022). Key components include:

» Exteroceptive sensors: provide information about the external sur-
roundings (Liu et al., 2021¢). Common types include:

— Cameras (monocular, stereo, omnidirectional): capture vi-
sual data (color, texture) for tasks like lane/object detection,
leader tracking, and obstacle avoidance (Burke & Brink, 2010;
Schulte et al., 2022; Liu et al., 2021c). Images are often pro-
cessed by machine learning (ML) and deep learning (DL) mod-
els for real time and adaptability to various lighting conditions.
Vision is critical for this review’s focus on leader following and
lane tracking with obstacle avoidance.

— LiDAR (Light Detection and Ranging): emits laser pulses to
measure distances, generating 3D point clouds for environmen-
tal mapping, obstacle avoidance, and path planning (Gadekar
et al., 2023; Balestrieri et al., 2021).

— Radar: uses radio waves to detect objects, measuring their dis-
tance, speed, and direction. Effective in diverse weather and at
long ranges, complementing optical sensors (Balestrieri et al.,
2021).

* Proprioceptive sensors: measure the UGV internal state (Liu et al.,
2021c). Common types include:
— GNSS (Global Navigation Satellite System): e.g., GPS - de-
termines absolute vehicle position for global navigation and tra-
jectory tracking.

— IMU (Inertial Measurement Unit): provides acceleration and
angular velocity data for precise state estimation and motion con-
trol, especially in GPS-denied environments.




» Sensor fusion algorithms: integrate data from diverse sensors to
yield a more comprehensive and robust environmental understanding
than possible with individual sensors (Hu et al., 2020). For instance,
fusing LIDAR and camera data can enhance 3D mapping and object
detection accuracy, improving overall perception reliability by combin-
ing complementary information and filtering noise.

» Detection and recognition algorithms: process sensor data to iden-
tify relevant entities.

— Object detection/tracking: involves identifying and tracking en-
tities like pedestrians, vehicles, obstacles, or specific lead-
ers. Deep learning, particularly convolutional neural networks
(CNNs) like YOLO and its variants (e.g., YOLOvV8), are promi-
nent for their real-time speed and accuracy (Redmon et al., 2016;
Terven et al., 2023; Vijayakumar & Vairavasundaram, 2024).
The name YOLO stands for “You Only Look Once”, referring to
the fact that it was able to accomplish the detection task with a
single pass of the network (Redmon et al., 2016). YOLO mod-
els, known for efficiency with monocular cameras, have evolved
to offer high performance in autonomous navigation and robotics
(Terven et al., 2023; Hussain, 2024).

— Lane detection: focuses on identifying lane markings or road
boundaries. While traditional methods used edge detection
and Hough transforms (Aly, 2008), modern approaches heavily
rely on DL, often using semantic segmentation (e.g., encoder-
decoder architectures) (Ni et al., 2020; Sun et al., 2019). Multi-
task learning models like YOLOP advance this by simultane-
ously performing lane detection, drivable area segmentation,
and object detection for improved efficiency and contextual
awareness (Wu et al., 2022; Sridevi & Harish, 2024; Zhan et al.,
2024). YOLOP architectures leverage shared backbones for
panoptic perception, enhancing robustness and overall model
efficiency (Li & Xu, 2024). YOLOPv2 (Sridevi & Harish, 2024)
preserves the core design concepts of YOLOP and HybridNets
while employing a more robust network structure and an efficient
training strategy, achieving state-of-the-art (SOTA) performance
in both accuracy and speed (Zhan et al., 2024).
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— Human pose estimation (HPE): localizes human joints or land-
marks in images/videos, crucial for UGV applications like
gesture-based control from a leader operator. Deep learn-
ing has largely superseded classical HPE methods due to bet-
ter accuracy and generalization (Kulkarni et al., 2023; Zheng
etal., 2023). Frameworks like MediaPipe Pose (MPP), an open-
source cross-platform framework developed by Google, provide
real-time 2D/3D landmark extraction (e.g., 33 body landmarks
with BlazePose), offering valuable geometric and motion data for
human-robot interaction and leader following (Google, 2023).

Vision sensors are increasingly vital in UVs, complementing or replacing
GPS-based navigation due to their small size, low weight, low cost, and
ability to extract rich data for target/obstacle identification when paired with
the appropriate image processing software (Li, 2013). As passive sensors,
they operate non-invasively, reducing inter-sensor interference, and are
often the most reliable option in GPS-denied or cluttered environments.
Vision-based guidance leverages camera data for critical tasks like lane
tracking, leader recognition, and obstacle detection, enabling UGVs to nav-
igate complex environments and enhancing their autonomy and human-
vehicle interaction (Liu et al., 2021c; Zhang et al., 2023; Chen, 2016).

» Leader following and pose recognition: vision is crucial for detect-
ing, tracking, and interpreting a human leader’s intent. DL algorithms
analyze real time imagery to determine leader position, orientation,
and infer movement or commands via pose estimation (Burke & Brink,
2010; Schulte et al., 2022). This allows the UGV to anticipate actions
and improve decision making, with CNNs often used to identify leader
features and actions.

* Lane detection and obstacle avoidance: vision-based guidance
identifies lane markings and obstacles from camera data. DL algo-
rithms detect lane boundaries for accurate UGV trajectory generation,
requiring robustness to dynamic conditions (e.g., lighting, road qual-
ity) (Artufiedo et al., 2024; Andrade et al., 2019). Similarly, DL models
detect and track obstacles, enabling collision-free path planning and
proactive avoidance by predicting dynamic object movements.

This layer’s processing of sensory data guides the control system by

providing necessary information, which ultimately enables safe, accurate,
and efficient operations in complex and uncertain environments. The guid-




ance system provides the intelligence for autonomous UGV operation,
making high-level decisions and generating navigation commands. The
information provided by the guidance system defines the desired behav-
ior for the control system to execute. This crucial control system will be
discussed in the following section.

Control system

The control system executes trajectories or commands from the
guidance system, calculating actuator commands (e.g., track motor
torques/speeds) for accurate and stable motion despite disturbances and
uncertainties (Samak et al., 2021; Wang et al., 2024a; Al-Jarrah et al., 2019;
Zou et al., 2018; Gao et al., 2025; Rizk et al., 2023; Xia et al., 2016; Wang
et al., 2021; Azam et al., 2020). It typically involves:

* Longitudinal control: manages the UGV’s speed and acceleration
(via throttle/brakes) to maintain desired velocity, ensure safety, and
optimize efficiency. It must handle varying dynamics (e.g., engine
torque, road grade, resistance) and adapt to changing conditions for
smooth, stable motion.

* Lateral control: manages UGV steering to follow the intended tra-
jectory and maintain orientation (e.g., relative to a lane or a leader)
by minimizing cross-track and heading errors. It must reject side dis-
turbances and account for platform-specific steering dynamics (e.g.,
track slip in tracked vehicles, tire-road interaction in wheeled vehicles),
terrain variations, and nonholonomic constraints to generate smooth,
stable steering commands.

The design of longitudinal and lateral controllers can be approached in
two ways (Sabiha et al., 2022; Wang et al., 2024a; Al-Jarrah et al., 2019;
Samak et al., 2021):

* Decoupled control: longitudinal and lateral control are designed and
implemented independently, neglecting the coupling effects between
them. This simplifies control design but may compromise perfor-
mance in highly dynamic maneuvers where coupling effects are sig-
nificant.

» Coupled control: design explicitly considers longitudinal-lateral dy-
namic coupling for more coordinated and robust control, especially in
challenging conditions allowing the controllers to compensate for the
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effects of each other. This enhances stability and performance but
increases design complexity.
The choice between decoupled and coupled control depends on system
characteristics, performance needs, and design complexity, requiring a bal-
ance between implementation simplicity and potential performance gains.

Control strategies for UGVs

Selecting an appropriate control strategy is crucial for achieving desired
UGV performance (accuracy, stability, robustness) in the face of evolv-
ing environmental and dynamic challenges. Strategies are broadly cat-
egorized as classical control, adaptive control, robust control, advanced
control techniques (including MPC and observer-based control like ADRC),
and intelligent control (e.g., neural networks NN, fuzzy logic control FLC,
reinforcement learning RL). Each category encompasses various methods
with distinct principles, advantages, and limitations. For a detailed com-
parison, Table 2 summarizes these primary control strategies.

The control strategies can also be classified by their reliance on a sys-
tem model:

* Model-based control: these methods rely on the use of a mathemat-
ical representation to design the control law, optimizing for specific
objectives while considering the system’s dynamics and operational
constraints. Classical control techniques such as PID and geomet-
ric controllers, along with advanced methods such as MPC, fall under
this category (Kebbati et al., 2023; Samak et al., 2021; Santoso et al.,
2020). While these methods have a solid theoretical base and well-
known design principles, their main drawback is the dependence on
a precise mathematical model, which might be difficult to achieve for
complex, nonlinear, and uncertain systems.

* Model-free control: these control strategies, such as those imple-
mented through artificial intelligence techniques (e.g., neural net-
works, fuzzy logic, and reinforcement learning), do not rely on a spe-
cific mathematical representation of the system (Kebbati et al., 2023;
Rizk et al., 2023). Instead, they operate by directly interacting with
the environment and updating their control laws based on operational
feedback. The advantages of model-free approaches lie in their abil-
ity to operate in highly complex and uncertain environments and to
learn from data (Samak et al., 2021). However, their limitations in-




Control Main idea Advantages Limitations

strategy

Classical Using simplified sys- | Simple and easytoim- | Limited in  nonlin-

control tem models to gener- | plement in linear sys- | ear systems  with
ate control actions. tems. uncertainties and dis-

turbances.

Adaptive Dynamically adjusts | Improves performance | Complex implementa-

control control parameters | in time-varying envi- | tion and may be highly
based on the system’s | ronments. dependent on the sys-
changes and operat- tem model.
ing conditions.

Robust Designs controllers to | Guarantees perfor- | Requires detailed

control maintain stability de- | mance over a range of | mathematical models
spite the presence of | uncertainties. with uncertainty de-
uncertainties. scriptions; sensitive to

modeling errors.

MPC Predicts the system | Handles constraints | Computationally inten-
behavior over a future | and is suitable for | sive and dependenton
horizon and finds | nonlinear systems. model accuracy.
the optimal control
actions.

Observer- | Uses observerstoesti- | Provides Tuning of observer

based mate the system state | state/disturbance and controller pa-

control and/or disturbances. estimation; robust- | rameters can be

(e.g. ness to unmodeled | challenging; per-

ADRC) dynamics and ex- | formance relies on

ternal disturbances | observer accuracy.
with reduced model
dependency.

Intelligent | Uses Al techniques to | Flexible; can learn | Requires high compu-

control generate robust and | complex nonlinear | tational power, large
adaptive control sys- | relationships and | datasets for training,
tems. adapt to changing | and complex parame-

environments. ter tuning.

Table 2 — Summary of the control strategies in UGVs

clude a significant computational load during real-time execution and
the requirement for large datasets for training.

* Hybrid control: combines model-based and model-free aspects. A
prominent example within this category is Active Disturbance Rejec-
tion Control (ADRC). ADRC'’s core philosophy involves treating all un-
certainties (internal dynamics, parameter variations, external distur-
bances) as a single "total disturbance” and actively estimating and
compensating for it in real time using an Extended State Observer
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(ESO) (Han, 2009; Gao, 2006). This approach significantly reduces
the dependence on an accurate mathematical model and offers in-
herent robustness against uncertainties and disturbances, making it
well-suited for the complex and often poorly modeled dynamics of
UGVs across various platforms. Its key advantages include robust-
ness to uncertainties/disturbances, reduced model dependency, rel-
ative simplicity in implementation/tuning, effectiveness for nonlinear
systems without explicit linearization, real-time disturbance rejection,
adaptability to changing conditions (terrain, payload, environmental
variations), and proven success in diverse applications (Fareh et al.,
2021; Han, 2009; Sebastian & Ben-Tzvi, 2019a; Gao, 2006; Zheng &
Gao, 2016; Guo & Zhao, 2015; Benyahia et al., 2025; Stankovic et al.,
2019; Madonski et al., 2019).

ADRC'’s capabilities are particularly relevant for the UGV applications
discussed in this review, such as leader-following, where its real-time
disturbance rejection is crucial for compensating for unpredictable
leader motion and vehicle slip (Amokrane et al., 2024; Fareh et al.,
2021), and lane tracking with obstacle avoidance, where its ability to
handle unmodeled dynamics aids tracking on uneven terrains and can
mitigate sensing errors (Teji et al., 2023; Zhang et al., 2023; Ramirez-
Neria et al., 2023a). ADRC has been successfully applied across var-
ious vehicle control domains, including longitudinal velocity tracking
(Gao et al., 2025; Jin et al., 2023), integrated motion control consider-
ing longitudinal-lateral coupling (Wang et al., 2024a), and lateral path
following (Xia et al., 2016; Kang et al., 2022; Sang & Chen, 2020;
Wang et al., 2022). Specific studies on tracked vehicles, for instance,
have leveraged ADRC to address challenges like slip compensation
(Sebastian & Ben-Tzvi, 2019a), robust trajectory tracking (Stankovi¢
et al., 2024), and handling disturbances in demanding environments
such as mining (Liu et al., 2024).

While existing literature offers valuable insights into UGV control, the
specific challenges of leader-follower and lane tracking control, particularly
under uncertain conditions and with complex terrain interaction, demand
careful selection and adaptation of control strategies. The following sec-
tions will present how different papers address these tasks, their perception
sensors and algorithms, and their chosen control approaches.
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Lane tracking task in UGVs

Lane tracking is a critical capability for UGVs, enabling them to navi-
gate along predefined or perceived lanes in structured or semi-structured
environments. This task primarily involves detecting lane boundaries and
controlling the vehicle to follow them accurately. For certain UGV types,
like tracked vehicles, effective lane tracking is particularly challenging due
to their skid-steering dynamics, with lanes potentially poorly defined, ex-
hibiting sharp curvatures, or being partially obscured.

A crucial aspect often considered essential for practical lane tracking is
obstacle avoidance. While maintaining adherence to the lane, the UGV
must also possess the ability to detect and safely maneuver around any
obstacles encountered in its path. Therefore, robust guidance systems
must encompass both lane interpretation and obstacle detection, and con-
trol systems must execute maneuvers that ensure both accurate path ad-
herence and collision avoidance, maintaining stability against disturbances
such as slippage or uneven terrain.

Categorized as path following (see the section “Types of autonomous
navigation and decision making”), the primary objective is to maintain spa-
tial alignment with the lane’s geometric centerline, managing speed for
safety rather than adhering to strict temporal constraints. Real-time sens-
ing, utilizing sensors such as cameras, LIDAR, and Radar to identify lane
boundaries and obstacles, is foundational. This section reviews literature
pertinent to UGVs performing lane tracking, including the associated chal-
lenge of obstacle avoidance, which is crucial for navigating semi-structured
environments.

Given that general control systems for UGVs were comprehensively ad-
dressed previously in the section “System architecture for autonomous nav-
igation in UGVs”, the subsequent discussion in this section will primarily
focus on the design aspects of the guidance system specific to lane track-
ing, including sensing and detection modules. Following this, an overview
of the existing solutions will be presented, covering approaches which in-
tegrate both guidance and control for this specific autonomous task.

Guidance system design in the lane tracking task

Effective guidance system design for lane tracking in UGVs relies on ro-
bust environmental interpretation. This typically involves two critical mod-
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ules: a lane detection module to identify the lane boundaries, and an obsta-
cle detection module to perceive obstacles in the environment and ensure
safe navigation, both of which are detailed in the following subsections.

Lane detection module design

Lane detection methods have evolved from traditional geometric ap-
proaches to advanced ML and DL techniques, adapting to the complex-
ities of real-world driving environments with varying lighting, road types,
and occlusions (Xing et al., 2018).

Cameras are the most widely utilized sensors for lane detection (Chetan
etal., 2020; Zakaria et al., 2023; Yang, 2024). A literature review from 2018
to 2021 reveals that over 53 articles focused on camera-based lane detec-
tion, while only about three published articles explored the use of other
sensors, often in combination with cameras (Zakaria et al., 2023). This
preference stems from vision-based imaging aligning with human driver
perception (as lane markings are visual cues) and the cost-effectiveness
and robustness of camera technology, supported by significant advance-
ments in machine vision (Bar Hillel et al., 2014).

Despite its advantages, vision-based lane detection faces challenges
including lighting variations (shadows, glare, low light), adverse weather
(rain, snow, fog), occlusions from vehicles/objects, and misdetections from
road artifacts (skid marks, cracks), necessitating advanced algorithms for
robust performance (Yang, 2024; Sultana et al., 2023).

Lane detection techniques can be broadly categorized:

1. Model-based methods: these methods typically involve a multi-
stage pipeline: image preprocessing (noise reduction, ROI isola-
tion), feature extraction (edge detection, thresholding, color filter-
ing), lane model fitting (Hough Transform, least-squares, polyno-
mial/hyperbolic curves), and tracking (Kalman filters) (Zhang et al.,
2021b; Munir et al., 2022; Ghanem et al., 2023; Lee & Moon, 2018;
Aly, 2008). While simple and efficient, they require manual parame-
ter adjustment and struggle to adapt to diverse conditions.

2. Intelligent-based methods: in contrast, intelligent-based methods
leverage ML and DL to learn features and patterns directly from data,
enabling them to handle variability in road scenes.

* Machine learning methods integrate traditional feature extrac-
tion (e.g., adaptive thresholding, morphological operations) with
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classifiers (e.g., Bayesian, SVM, ANN) trained on labeled data
(Dhanakshirur et al., 2019; Feng et al., 2019; Fakhfakh et al.,
2020). Their performance remains dependent on the quality of
manually extracted features.

Deep learning methods are state of the art due to their ability
to automatically learn hierarchical features from raw images.
CNNs are common, often used in encoder-decoder networks
for semantic segmentation. Some methods use recurrent layers
(e.g., convLSTM) for temporal dependency or attention mech-
anisms for challenging conditions. DL’s adaptability makes it
widely used (Sun et al., 2019; Philion, 2019; Dewangan et al.,
2021; Dawam & Feng, 2020; Wu et al., 2021; Zhang et al.,
2021a; Liu et al., 2021a; Baek et al., 2022; Oduz et al., 2022).
DL-based lane detection is broadly categorized into two groups
(Ni et al., 2020): (1) One-Stage methods directly predict lane
parameters (e.g., curvature, position) from the network, offer-
ing greater speed and efficiency while (2) Two-Stage methods
first perform semantic segmentation before curve-fitting to ob-
tain parametric representations, typically achieving higher accu-
racy at greater computational cost. The choice depends on ap-
plication needs (real-time performance vs. precision), with both
demonstrating success in addressing the challenges of lane de-
tection in complex and dynamic environments (Ni et al., 2020).

Obstacle detection module design

Obstacle detection is critical for UGVs, especially in unpredictable off-
road environments. Dima et al. (Dima et al., 2004) defined obstacles as
“a region that cannot or should not be traversed by the vehicle”, including
pedestrians, vehicles, or terrain features. Effective systems integrate real
time perception, decision making, and control to avoid collisions and main-
tain mission objectives (Zhang et al., 2019). System efficacy depends on
sensor choice, algorithmic robustness, and environmental adaptability.

Generally, sensors for obstacle detection can be categorized as (Hu
et al., 2020; Islam et al., 2022; Yu & Marinov, 2020):

1. Range-based sensors: include LiDAR (for high-resolution 3D point

clouds) and Radar (robust in diverse weather for range, speed, and
angle, but with lower resolution).
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2. Image-based sensors: comprise monocular cameras (cost-
effective, provide rich semantic data but lack inherent depth), stereo
cameras (for depth via triangulation), and infrared cameras (effective
for night vision).

3. Hybrid sensors: combine multiple data sources (e.g., RGB-D cam-
eras capturing color and depth) for comprehensive environmental un-
derstanding, typically with limited range.

While LIiDAR and radar offer valuable detection capabilities, visual cam-
eras, both monocular and stereo, serve as essential components of obsta-
cle detection systems. These systems employ both traditional image pro-
cessing techniques and modern deep learning methods to interpret visual
data, aiding in object classification (Hu et al., 2020; Islam et al., 2022).

Monocular cameras are particularly advantageous for UGV obstacle
avoidance due to cost-effectiveness, versatility in extracting rich semantic
information, favorable performance-to-resource balance (ideal for limited
payload/power), adaptability to diverse lighting, and scalability (supporting
multiple perception tasks). The synergy of monocular cameras with DL
(e.g., CNNs for real-time semantic segmentation, depth estimation, obsta-
cle classification) has significantly advanced their capabilities, making them
an efficient sensing modality for resource-constrained UGVs.

Several important approaches exist for vision-based obstacle detection,
including:

+ Traditional computer vision methods: focus on extracting and
tracking feature descriptors (e.g., SIFT, SURF, HOG) from images to
infer obstacle presence or motion. These are often paired with classi-
fiers like SVM or KNN (Parmar et al., 2019). Motion-based techniques
analyze optical flow (Vera-Yanez et al., 2024), while appearance-
based methods segment traversable regions based on learned pat-
terns (Badrloo et al., 2022). These approaches are generally slow for
real-time applications.

* Modern deep learning methods: leverage DL architectures, partic-
ularly CNNs, to automatically learn hierarchical features, significantly
improving speed and robustness. Object detection CNNs can locate
and classify pre-trained objects, outputting bounding boxes, pixel-
level segmentations, or key points (Parmar et al., 2019; Badrloo et al.,
2022). One-stage networks like YOLO and SSD are favored for their
real-time performance and accuracy over older two-stage methods




like R-CNN variants (Terven et al., 2023; Hussain, 2024; Vijayakumar
& Vairavasundaram, 2024).

Overview of the existing UGV lane tracking solutions

The control system is responsible for translating the planned path, gen-
erated by the guidance system, into specific commands for the vehicle’s
actuators, effectively executing the desired trajectory. Reviewing the ex-
isting literature on lane tracking for UGVs reveals that there are numerous
different areas being actively explored by researchers in this field.

Some studies place a strong emphasis on the control aspect, devel-
oping sophisticated algorithms to ensure precise lane adherence and sta-
bility, often assuming well-defined perceptual input. For example, (Marino
et al., 2009) proposed a nested PID steering control for vision-based lane
tracking, where an inner Pl loop controlled yaw rate error for disturbance re-
jection, and an outer PID loop managed lateral offset, validated via CarSim
simulations. (Chen et al., 2014) developed an Adaptive Model Predictive
Control (AMPC) system for lane tracking, using a linear time-variant (LTV)
prediction model with real-time online tire stiffness estimation, demonstrat-
ing superior performance in simulations compared to conventional MPC.
(Chu et al., 2018b) combined ADRC with Quantitative Feedback Theory
(QFT) for lane tracking, with QFT tuning the ADRC controller for robustness
against uncertainties; simulations and scale vehicle experiments confirmed
effective lane tracking. Subsequently, (Chu et al., 2018a) further explored
ADRC for autonomous vehicle lane tracking, showing its real-time com-
pensation capabilities for internal uncertainties and external disturbances,
with stability confirmed by Lyapunov analysis and improved performance
over PID in simulations and experiments.

In contrast, other research studies focus more on the guidance and
perception challenges, aiming to robustly detect lanes and obstacles,
particularly in complex or unstructured environments, sometimes with sim-
pler control strategies. (Singhal et al., 2019) introduced a real-time lane
detection, fitting, and navigation approach for unstructured environments,
integrating 2D LiDAR and camera data to detect lanes and obstacles and
generate waypoints. The methodology was validated experimentally for
robustness against illumination changes and occlusions. (Amaradi et al.,
2016) detailed a real-time lane following and obstacle detection system
for autonomous vehicles using a fish-eye camera and LiDAR, employing
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Hough Transform for lane detection and LiDAR for obstacle identification,
demonstrating real-time performance experimentally.

Finally, other solutions adopt an integrated approach, that tightly couple
advanced guidance with robust control. (Liu et al., 2021b) developed an
autonomous lane tracking system that integrates deep learning (LaneFC-
Net for real-time detection) with tracking and control. Experimental results
showed robustness across various road conditions and lane structures.
(Al-Zaher et al., 2012) presented an integrated UGV mechatronics system
for lane tracking and obstacle avoidance using a single camera (enhanced
Hough Transform for lanes, cone detection for obstacles) and PID control;
its feasibility was shown through simulations and small scale vehicle field
tests.

A comprehensive comparison of these studies, categorized by their pri-
mary focus, sensor utilization, and validation methods, is provided in Ta-
ble 3.

Table 3 — Summary of the state of the art methods for lane detection and
obstacle avoidance

Work Vehicle Lane Obstacle Focus Sensors used Validation

type tracking avoid-

ance
Control-focused approaches
Marino et al. Standard Yes No Control Vision system, Simulation
(2009) car model (Nested PID) Gyroscope
Chen et al Standard Yes No Control Not specified Simulation
(2014) car model (AMPC)
Chu et al Scaled ve- Yes No Control Camera Simulation &
(2018b) hicle (ADRC-QFT) Experiment
Chu et al Scaled ve- Yes No Control Camera Simulation &
(2018a) hicle (ADRC) Experiment
Vision-focused approaches

Singhal et al. Three- Yes Yes Vision 2D LiDAR, Experiment
(2019) wheeled Camera

differential

drive
Amaradi et al. Mobile ve- Yes Yes Vision Fish-eye cam- Experiment
(2016) hicle era, LIDAR

Integrated approaches (vision and control)

Liu et al Wheeled Yes No Vision & Con- Camera Experiment
(2021b) vehicle trol (MPC)
Al-Zaher et al. Small-scale Yes Yes Vision & Con- Single camera Simulation &
(2012) uGgv trol (PID) Experiment




Leader-follower task in UGVs

Leader-follower control enables UGVs to track and maintain formation
with a designated leader (human or vehicle). This capability is vital for
collaborative tasks, convoying, and human-robot interaction (Durst et al.,
2018; Islam et al., 2019). This section will first detail the key aspects of guid-
ance system design pertinent to the leader-follower task. Subsequently,
building upon the general control strategies discussed in the section “Sys-
tem architecture for autonomous navigation in UGVs”, an overview of the
existing leader-follower solutions will be presented, highlighting perception-
focused, control-focused, and integrated system approaches specific to
this task.

Categorization of the leader-follower systems

Leader-follower systems can be categorized based on:

» Sensors used: common choices include Vision (monocular/stereo
cameras for detection, tracking, pose estimation (Chen, 2018; Burke
& Brink, 2010)), LIiDAR/LRF (for accurate distance/relative posi-
tion (Chung et al., 2012)), Radar (robust to weather, good for
range/velocity (Kumar et al., 2020)), RGB-D Sensors (color and depth,
effective indoors (Chen, 2018)), GPS/GNSS (for absolute positioning),
and Tags (UWB, RFID). Sensor fusion (e.g., Camera + LiDAR) is often
employed to overcome individual sensor limitations (Fan et al., 2024).

* Interaction mode:
— Explicit: leader provides direct commands (e.g., wireless, mark-
ers). Simpler perception but requires leader cooperation.

— Implicit; follower autonomously detects and tracks the leader us-
ing onboard sensors, offering more flexibility but demanding so-
phisticated perception and guidance (Islam et al., 2019).

* Follower autonomy level: adapted from the SAE framework (Islam
et al., 2019), follower autonomy ranges from Low (Teleoperated, SAE
0-1) to Partial (automates basic tasks, human supervises, SAE 2),
Conditional (operates autonomously in defined conditions, human su-
pervises/intervenes, SAE 3-4), and High (fully independent, SAE 5).
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Overview of the existing UGV leader-follower solutions

Research in leader-follower systems for UGVs similarly spans various
areas of emphasis. Many contributions concentrate on the perception
challenges inherent in robustly detecting, identifying, and tracking a desig-
nated leader, which can be a human or another vehicle. For instance, (Cao
etal., 2021) enhanced UGV visual tracking for person following by introduc-
ing a Scene Analysis Module (SAM) to distinguish targets from distractors,
validated on custom and public datasets, showing improved robustness
in challenging scenarios. (Burke & Brink, 2010) improved human follow-
ing by extracting upper body orientation using monocular vision and SURF
feature matching to infer travel direction, which was then used by a simple
controller. (Chung et al., 2012) presented a method for detecting human
legs using LRFs, employing a leg geometry-based data approach for robust
and accurate object identification in various environments.

Other research studies emphasize the design and robustness of control
strategies for leader-follower tasks to accurately maintain a desired for-
mation or distance relative to the leader, often under dynamic conditions.
(Ramirez-Neria et al., 2023a) proposed an ADRC-based leader-follower
strategy for omnidirectional mobile robots, integrating distance-based for-
mation control with real-time disturbance estimation via a General Pro-
portional Integral Observer (GPIO). (Chen, 2016) presented a 3DOF path
trajectory tracking controller with closed-loop guidance for UGV vehicle-
to-vehicle following, using Trajectory Linearization Control (TLC) and val-
idated its effectiveness via MATLAB/SIMULINK. (Fan et al., 2024) ad-
dressed Unmanned Tracked Vehicle (UTV) leader following by proposing
a decoupled speed and curvature control using Model Reference Adaptive
Control (MRAC), reporting significant improvements over PID in following
distance and braking.

Furthermore, extensive studies examine integrated approaches that
combine advanced perception techniques with sophisticated control laws to
create complete and robust leader-follower systems. (Sira-Ramirez et al.,
2014) proposed a robust dynamic feedback control for non-holonomic car
formations, using kinematic models with a generalized proportional integral
(GPI) observer for disturbance and tracking error estimation, demonstrated
experimentally on Pioneer 3-DX robots. (Ramirez-Neria et al., 2023b) in-
troduced an ADRC strategy for omnidirectional mobile robots in leader-
follower formations, minimizing reliance on time derivatives by using mea-




surable robot positions and a special error-based ESO for disturbance re-
jection. (Chen, 2018) introduced "FOLO,” a vision-based human-following
robot using a 2D-appearance tracking method with adaptive background
segmentation and a two-layer PID control for robust, real-time human fol-
lowing with an RGB-D camera. (Amokrane et al., 2024) presented an
ADRC-based strategy for leader-follower control for UTV, highlighting its
capability in compensating for unpredictable leader motion, vehicle slip
and noise measurements, validated through a comprehensive experimen-
tal setup utilizing camera and laser sensors for error signals and human
pose recognition.

Table 4 summarizes these representative works, detailing their vehicle

type, perception system, control approach, and validation.

Reference Vehicle type Perception Control ap- | Experiments
system proach
Cao et al | Notapplied Monocular Not applied Simulation
(2021) vision with
Scene Analysis
Module
Burke & Brink | Not defined Monocular vi- | Basic controller | Experiment
(2010) sion with SURF
Ramirez-Neria Omnidirectional | Multi-camera, ADRC + GPIO Simulation +
et al. (2023a) mobile robots marker-based Experiment
motion capture
system
Chen (2016) uGgv Target seeker | TLC + PPG Simulation
(camera +
laser range
finder)
Fan et al. | UTV Cameras, Li- | MRAC Simulation +
(2024) dar, and inertial Experiment
navigation
Sira-Ramirez Non-holonomic | Range-finding ADRC+ GPI Experiment
et al. (2014) mobile robot sonar
Ramirez-Neria | Omnidirectional | Infrared cam- | ADRC + spe- | Experiment
et al. (2023b) mobile robots eras cial ESO
Chung et al. | Omnidirectional | Single laser | Not mentioned | Simulation +
(2012) mobile robots range finder Experiment
Chen (2018) Mobile robots RGB-D camera | Two-layer PID Experiment
Amokrane utv Monocular ADRC (lateral | Simulation +
et al. (2024) camera, Lidar and longitudi- | Experiment
nal)

Table 4 — Summary of the current approaches in the leader-follower task
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Synthesis of findings and dominant trends

The reviewed literature demonstrates significant progress in UGV con-
trol and guidance, while simultaneously highlighting critical gaps and chal-
lenges for autonomous UGV operation in complex tasks like leader follow-
ing and lane tracking with obstacle avoidance. Several key trends emerge:

* Increasing autonomy sophistication: a clear progression from sim-

ple teleoperation towards systems capable of handling complex sce-
narios with minimal human intervention.

* Deep learning dominance in perception: DL methods (e.g., CNNs,
YOLO, YOLOP, MPP) have largely superseded traditional techniques
for tasks like object/lane detection and pose estimation, offering su-
perior robustness to environmental variations by learning features di-
rectly from data (Ni et al., 2020; Terven et al., 2023).

» Growing interest in robust control: recognizing classical PID limi-
tations, advanced control strategies are increasingly explored. While
MPC is popular for constraints and optimization (Zuo et al., 2021), its
computational cost and model dependency are drawbacks. Robust
control techniques, particularly observer-based methods like ADRC
that offer disturbance estimation and rejection with reduced model
dependency, are gaining traction for UGV applications (Fareh et al.,
2021; Sebastian & Ben-Tzvi, 2019a; Stankovi¢ et al., 2024; Han,
2009).

+ Shift towards integrated systems: there is a growing understanding
that robust autonomy necessitates integration between guidance and
control (Liu et al., 2021b). However, achieving seamless, real-time
integration under uncertainty remains a challenge.

» Importance of platform-specific considerations: the unique char-
acteristics of UGV platforms (wheeled, tracked, legged) significantly
impact design, with platform-specific challenges (e.g., skid-steering
and track-slip in tracked vehicles, tire-road interaction in wheeled vehi-
cles) being increasingly investigated, highlighting the need for tailored
solutions.

Conclusion and future research directions

This review has synthesized the state of the art in control and guid-
ance for UGVs, focusing on leader-follower and lane tracking with obsta-
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cle avoidance applications. Despite significant advancements, particularly
in DL-based sensing, robust autonomous operation of UGVs in complex,
unstructured environments remains challenging. Advanced robust control
methodologies, including observer-based techniques like ADRC, emerge
as promising strategies for UGVs. These are well-suited to handle in-
herent nonlinearities, uncertainties, and disturbances, often with reduced
model dependency and real-time compensation capabilities (Han, 2009;
Gao, 2006). Further research and validation of such robust methods in
integrated UGV systems are key for future progress in critical civilian and
military operations.
The following directions are recommended for future research:
1. UGV environment specific perception: develop DL perception
models trained on diverse UGV operational data, emphasizing ro-
bustness to clutter and adverse off-road conditions.

2. Advanced robust and adaptive control for UGVs: investigate and
enhance robust control strategies (e.g., adaptive versions of ADRC,
sliding mode control, MPC with uncertainty handling) for UGVs, in-
cluding online parameter tuning for varying terrain, slip, and mission
requirements, with experimental validation on real systems.

3. Optimized sensor fusion: investigate optimal sensor fusion strate-
gies (e.g., vision, LiDAR, Radar, IMU) to provide robust state, terrain,
and disturbance information, crucial for effective performance of ad-
vanced control systems.

4. Real-World UGV validation: conduct thorough experimental vali-
dation of the proposed UGV systems on full-scale platforms in chal-
lenging real-world environments, establishing metrics for objective
performance comparison.

Addressing these directions is crucial for advancing UGV autonomy and
enabling their reliable deployment in demanding applications.
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Introduccién/objetivo: Los Vehiculos Terrestres No Tripulados
(UGVs) ofrecen ventajas significativas para diversas operacio-
nes pero su control y guiado autbnomos presentan importantes
dificultades, especialmente para diferentes tipos de locomocién
(por ejemplo, de orugas o ruedas) en terrenos desafiantes, de-
bido a la dinamicas complejas, restricciones no holonémicas e
interacciones con el ambiente. Este articulo proporciona una
revisién exhaustiva de las estrategias de control y guiado para
UGVs, con un enfoque especifico en aplicaciones de seguimien-
to de carril y lider-seguidor con evasion de obstaculos. El objeti-
vo es sintetizar el estado actual, identificar los principales desa-
fios genéricos para la autonomia de los UGVs en estas tareas,
y discutir metodologias prometedoras de orientacién y control.

Métodos: Se realiz6 una revisién extensa de la literatura, anali-
zando investigaciones existentes sobre UGVs, niveles de auto-
nomia, arquitecturas de sistemas, metodologias de control (in-
cluyendo enfoques clasicos, adaptativos, robustos e inteligen-
tes), enfoques de guiado y dominios de aplicacion especificos.
Se examinaron criticamente las metodologias de guiado y con-
trol relevantes para UGV en tareas de lider-seguidor y segui-
miento de carril.

Resultados: La revision identifica tendencias dominantes, in-
cluyendo el uso creciente del aprendizaje profundo para la per-




cepcién de guiado y un interés creciente en técnicas de con-
trol robusto capaces de enfrentar los desafios operativos de los
UGVs. Persisten desafios importantes en la percepcion en en-
tornos no estructurados, el modelado dinamico preciso para di-
versas plataformas UGV, la integracién perfecta de la percep-
cioén con sistemas robustos de guia y control, y la validacién ex-
tensa en condiciones reales.

Conclusién: Lograr una autonomia robusta para los UGVs en
escenarios reales complejos requiere soluciones integradas que
aborden tanto el guiado como el control. Los métodos avanza-
dos de control robusto surgen como candidatos fuertes para el
control de UGV, pero su maximo potencial requiere mas inves-
tigacién en su integracion con sistemas de guiado avanzado.

Palabras clave: Vehiculos Terrestres No Tripulados (UGVSs),
Sistemas de control, Sistemas de guiado, Seguimiento de lider,
Seguimiento de carril, Evasion de obstaculos, Navegacion auté-
noma.
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Ha3eMHbIX 6eCNUOTHBIX TPAHCMNOPTHLIX CPEACTB Npu
BbINOMHEHMM 3aja4 aBTOHOMHOTO ABUXEHWUS MO noroce u
crnefoBaHus 3a Naepom
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B[O CTATbW: ob3opHas cTaTtes

BeedeHue/uyenb: Hecmompsi Ha mo 4Ymo HasemHble becriu-
niomHble mpaHcropmHbie cpedcmea (HBTC) nonb3yromces 3Ha-
yumersnbHbIMU MPeuMyujecmeamu 8 pa3fuyHbIX onepayusix, ux
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asmoHOMHOE yrpaerieHue U Hasuzauusi COMpsiKeHbl C CepbEs-
HbIMU mpyOHOCMsIMU, COBEHHO Koz20a pedb udem O passiuyHbIX
munax nepedsuXxeHUs1 (Harpumep, 2yCeHUYHbIX USlU KONNECHbIX)
o mpydHonpoxodumoli MECMHOCMU U3-3a CII0XHOU OUHaMUKU,
HEe20/TOHOMHbIX 02paHuUYeHuUl U e3aumModelicmeusi C OKpyXaro-
weu cpedol. [aHHas cmambs npedcmaensgem coboli ececmo-
POHHUU 0630p cmpameeaul ynpaeneHusi u Hasueauuu HBETC,
Oenas ocobbill akueHm Ha e3aumodelcmeue nudepa u nocrie-
dosamerisi U omcriexxueaHue rorockbl O8UXKEHUS C MOMOUWbHO
npunoxeHul Ona obbesda npenamcmeud. Llens cmambu —
npedcmasume CO8PEMEHHOE COCMOsIHUEe aHHOU obniacmu, 8bi-
s8umb Krirodessbie rpobnemei, obwue dns asmoHomuu HETC, u
paccMmompems repcriekmusHbie Memodosio2uu yrpaeneHus u
Hasuzayuu.

Memodbi: B xode uccriedosaHusi npoeedeH obWUpPHbIL 06-
30p numepamypbi, Ha OCHOB8aHUU KOmopozo Obiiu rpoaHa-
nu3uposarbl cyujecmsyrouue uccredosaHusi no HETC, ypos-
HSIM @a8MmOHOMUU, CUCMEMHbIM apxumekmypaM, mMemooonoau-
AM yripaeneHus (8knoyas Knaccudeckul, adanmueHbll, Ha-
OexHbIlU U UHmernnekmyarbHbit nodxodki), nodxodam K Hasu-
2ayuu u KOHKpemHbIM obrnacmsam rnpumeHeHus. bbinu muja-
mesibHO U3y4YeHbl Memodbl, NMPUMeHUMbIE K 3adadyam «udep-
rnocriedogameriby U «OMCIIEXUBAHUE r1010ChI O8LXKEHUSI».

Pe3ynbmamsbi: 0630p 8bisisusi QoMUHUpPYyrowue meHOeHyuU,
BKJIIOHas1 pacmyujee ucronb3o8aHue Memodos 2s1yb60ko2o oby-
YyeHus O0r1s1 8ocrpusimusi U 803pocuiulli UHmepec K pobacmHbivm
memoodam yripaeneHusi, crioCobHbIM Cripasnisgmscsi ¢ orepayu-
OHHbIMU 8bi308amu HETC. bbinu ebisierieHbl cepbE3Hble Mpo-
brembi 8 0bs1acmu eocripusmus 8 HECMPYKMYPUPOBaHHbIX Cpe-
dax, moYyHo20 AuHaMU4ecKko20 MoOenuposaHus Onsi PasuYHbIX
nnamgopm HBTC, uHmeezpayuu eocripusmusi ¢ pobacmHbIMuU
cucmemMamu yrpaeneHusi U Hagueauyuu, a makxe Heobxodu-
mMocmb obuwieli sanudayuu 8 pearsibHbIX yCr108USIX.

3aknrodeHue: [ns OocmuxkeHusi pobacmHoli asmoHoMUuU
HBETC & crioxHbIX pearibHbIX cyeHapusix mpebyromcesi uHmezpu-
POBaHHbIE PeleHUs], 0X8amblearoWUe KaK Hagueauuro, maK u
ynpaeneHue. [lpodsuHymbie pobacmHble MemoObl yripaesre-
Husi npedcmasnsiomcesi MHo2o0bewarwumMu 8 yrpasrneHuu
HBTC, odHako Onsi MOMIHO20 packpbimusi Ux nomeHyuarna Heob-
xodumo npodormkamse uccriedogaHue ux UuHmezpayuu ¢ cospe-
MeHHbIMU cucmemMamMmu Hasuz2auyuu.




Knroueenle cnoea: HazeMHble 6eCnunomHbie mpaHCnopmHbie
cpedcmesa (HBTC), cucmembi yripasneHus, cucmemMb! Haguaa-
yuu, criedosaHue 3a fudepom, O8uUXeHUe o rnosoce, 0bbe3d
npensmemeuti, a8moHOMHasi Hagu2ayusi.

cBeoOyxBaTHU Mperneq cTpaTtervja ynpaerbakba 1 Bohena
BGecnocagHux BO3una y 3agauyuma ayTOHOMHOr npahewa Bo3He
Tpake 1 npahena Bohe

Awmokpare B. Canem-6unan®, Cmankosuh P. MOMVIp6, MaHojnosuh

M. CtojagmH®,BeHjaxuja A. Taki-eoanH Axvieg #

@ YHueep3auteT ogbpaHe y beorpaay - BojHa akagemuja, Kategpa
BOjHOENEKTPOHCKOT NHXenwepcTBa, beorpaa, Cpbuja, ayTop 3a
npenucky

6 YHuBepauTtet ogbpaxe y beorpagy - BojHa akagemuja, Kategpa
BOjHOENEKTPOHCKOT NHXewepcTBa, beorpan, Cpbuja,

® YHuBepauTeT ogbpaHe y beorpagy - BojHa akagemuja, Kateapa
BOjHOENEKTPOHCKOT NHXewepcTBa, beorpag, Cpbuja,

A YuueepauTeT ogbpaHe y Beorpaay - BojHa akagemuja, Kategpa
BOjHOENEKTPOHCKOT NHXewepcTBa, beorpaa, Cpbuja,

OBINACT: poboTuka, ayTOHOMHM CUCTEMMU, perynauuja n
ynpasrbame, MalUMHCTBO, pavyyHapcke Hayke
KATEFOPWJA (TWUM) YNAHKA: nperneaHu pag

Yeood/yum: becnunomHa 3emarbcka eosuna (b3B) npyxajy
3HayvajHe npedHocmu 3a pasnu4ume onepauyuje, anu fnpu HUXo-
80M aymOHOMHOM yrpasrbary U 8ofjery 0ona3u 00 3HamHux
rnomewkoha, koje ce nocebHoO oOHOce Ha pasnuyume muroee
JIoKomouuje (Hrp. 2yCeHUYHe, modkawke) Ha u3a3ogHuM mepe-
HuMa, ycned crioxeHe QuHaMUKe, HEXOITOHOMHUX OgpaHuyera u
UHmMepaKyuja ca okpyxxeremM. Y pady je npedcmasrbeH cgeoby-
XxeamaH npeaned cmpameauja ynpaesrbarba U 8ohera 3a b3B,
ca rnnocebHuUM ¢hoKycom Ha ripumeHe npahera eohe u npahema
mpake ca usbezasareM ripernpeka. Ljurb je da ce cuhmemuwe
MpPeHymHo cmarbe mexHuKe, U0eHmMuUUKYjy Kiby4HU u3a3oeu
eeHepuyku 3a aymoHomujy 63B y osum 3adayuma, u pasmompe
obehasajyhe memodoriozuje ynpaesrbarba.

Memode: [lpu oncexHom nipeanedy numepamype, aHanu3u-
paHa cy nocmojeha ucmpaxueara o ucmopuju b3B, Husouma
aymoHoMuje, CUCMEMCKUM apxumekmypama, mMemodorioauja-
Ma ynpassbarsa (ykrbydyjyhu knacuyHe, adanmueHe, pobycmHe
U UHmenuaeHmHe npucmyne), kao u cneyuguyHum domeHuUMa

Amokrane, salem-bilal. et al., Review of Control and Guidance for UGVs in Lane Tracking and Leader-Follower Applications, pp.1098-1140
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npumeHe. Kpumudku cy ucriumaHe memodoroauje 3a eohere u
yrnpassbare periegaHmHe 3a bI'B y 3adayuma npahera eohe u
npahewa mpake.

Pe3ynmamu: VdeHmucgbukogaHu cy OOMUHaHMHU mpeHAo8uU,
ykibydyjyhu cee yewhy ynompeby dybokoe y4era 3a nepuenyu-
Jy u pacmyhe uHmepecosare 3a pobycHe mexHUKe yripasibarba
criocobHe da odz080pe Ha ornepamusHe u3asoee b3B-a. 3Ha-
YajHu u3sasosu u Oasbe riocmoje y nepuenyuju 3a Hecmpykmy-
pupaHa OKpyxerba, ma4yHoM OUHaMUYKOM MoOernuparby 3a pa-
3nuqyume nnamgopme b63B-a, 6ecripeKkopHoOj UHMezpauuju nep-
uernuyuje ca pobycmHuM yripasrbatbeM U OrCEXHOj sanudayuju
y peanHum ycrioguma. Cmpameeuje yrnpaesrbaka 3acHo8aHe Ha
ocMampadyuma, Kao Wmo je akmueHO nomuckueare rnopeme-
haja (ADRC), noka3yjy 3Ha4ajaH nomeHyujan y yrnpasrbaky He-
INuHeapHocmuma, HecuaypHocmuma u nopemehajuma b63B-a ca
cMmarbeHoM 3asucHowhy 00 moderna.

3akrby4dak: Nocmusare pobycmHe aymoHomuje 3a 63B y crio-
JKEeHUM peariHUM CUeHapujumMa 3axmeea UHmeespucaHa peuie-
Ha Koja obyxeamajy eofjere u ynpasrbarwe. HanpedHe poby-
cmHe memode yripaserbarka, yKibydyjyhu ADRC, nojasrbyjy ce
Kao CHaxHu kaHOudOamu 3a yrnpasbamwe b3B-uma, anu buxos
ryHU rnomexyujan 3axmeea Oasba ucmpaxusar-a HUXoee UH-
meepayuje ca HarpedHUM CEH30PCKUM CUCMeMUMa U meMesbHy
ekcriepumMeHmarnHy eanudauyujy y yurbaHum ornepamusHUM 0o-
meHuma B3B-a.

KmbyyHe pe4qu: 6ecniunomHa 3emasbcka eo3una (b3B), cucme-
MU ynpaesrbarba, cucmemu eohema, npahewe eohe, npahemwe
mpake, usbeezasarbe nperpeka, aymoHoMHa Haguzauuja.
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Abstract:

Introduction/purpose: The valorization of waste in civil engineering is an
essential practice due to its environmental and economic benefits. In many
countries, various waste materials are incorporated into construction,
particularly in cement and concrete, in the form of powders, fibers, or
aggregates. This study focuses on reusing glass waste, a material that
poses a significant environmental challenge. The primary objective is to
evaluate the feasibility of partially replacing sand with glass waste in
concrete production and analyzing its impact on the material's properties.

Method: Different types of glass waste are added to concrete as a partial
replacement for sand, using varying percentages. The resulting concrete
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samples undergo testing and are compared to conventional (control)
concrete to assess their physical and mechanical properties.

Results: The analysis indicates that incorporating recycled glass into
concrete is feasible, although the material’s properties vary depending on
the type and amount of glass used. In some cases, certain characteristics
of the concrete improve, while in others, challenges related to strength and
durability may arise.

Conclusion: Using glass waste in concrete is a sustainable alternative that
helps reduce waste and conserve natural resources. Despite some
limitations, this technique represents a promising solution for the
construction sector, promoting sustainable development and a circular
economy.

Key words: valorization, glass powder, concrete, substitution,
mechanical properties.

Introduction

Concrete is the most widely used construction material worldwide due
to its availability, relatively low cost, and ease of use. It is employed in a
wide range of applications, from residential buildings to infrastructure
projects such as bridges and roads. Its standard composition generally
includes cement, sand, gravel, and water, although numerous variations
exist depending on specific requirements for mechanical strength,
durability, and workability.

In the context of sustainable development and responsible resource
management, the construction industry faces several environmental
challenges. Cement production is particularly energy-intensive and
significantly contributes to CO2 emissions. Furthermore, the massive
extraction of sand and gravel causes severe ecological disturbances,
including habitat destruction, air and water pollution, and increased
greenhouse gas emissions.

Recycling waste materials presents a promising solution to mitigate
the environmental impact of the construction sector. Among recyclable
materials, waste glass is an underutilized resource despite its abundance
and potential in various applications, including concrete production.
Recycled glass can be ground into fine powder and used as a partial sand
replacement in concrete mixtures, thereby reducing landfill waste and
conserving natural resources.

This study aims to evaluate the impact of incorporated glass powder
on the mechanical properties of concrete. To achieve this, we used the
Dreux-Gorisse mix design method to formulate a control concrete and six
modified concrete mixes containing different proportions of glass powder




(5%, 10%, 15%, 20%, 25%, and 30%) as a partial replacement for sand.
The main focus is to assess how this substitution affects the mechanical
behavior of concrete, particularly in terms of its strength and durability over
time.

The incorporation of recycled glass in concrete has been extensively
studied due to its unique properties, including its silica-rich composition
and potential pozzolanic reactivity when finely ground. A review of
previous research helps to contextualize this study within the scientific
framework and identify current advancements and limitations in this field.
Glass can be classified into various categories based on its application
and chemical composition, including container glass, lamp glass, and
cathode ray tube (CRT) glass (Topcu et al, 2004). Specialized glass types,
such as borosilicate glass, are known for their chemical resistance and
high softening points, making them suitable for cookware and laboratory
equipment (Samtur, 1974). However, impurities and contaminants in
mixed-color glass waste can affect the properties of recycled glass and,
consequently, the performance of glass-containing concrete (Isa, 2008).
The cement industry is one of the most energy-intensive industries, with
energy costs representing up to 40% of variable production expenses and
even 50-60% in some countries (Jani, 2014). The valorization of glass
waste in construction materials, including concrete, presents a promising
approach to reducing these costs while enhancing sustainability. A
comprehensive review of glass recycling methods in building materials,
including concrete, has been provided in (Lu et al, 2019). Several studies
have investigated the performance of concrete containing recycled glass
in various forms. An in-depth analysis of the use of recycled glass powder
in concrete has been presented in (Mallum et al, 2022), highlighting its
influence on mechanical strength and durability. Other studies have
examined the advantages and limitations of glass powder as a
supplementary cementitious material (Federico et al, 2009) or as a fine
aggregate substitute (Ismail et al, 2009; Harrison et al, 2020). Research
indicates that glass powder, due to its fine particle size and silica content,
can exhibit a pozzolanic reaction, improving the long-term strength of
concrete. The shortage of natural sand and the environmental
consequences of its extraction have led to the search for sustainable
alternatives. The use of crushed glass powder as a partial sand substitute
in concrete is a viable solution that reduces natural aggregate
consumption while repurposing industrial waste. Studies have
demonstrated that glass powder effectively fills voids between larger
aggregates, enhancing the compactness and mechanical performance of

concrete.
1143
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While numerous studies have explored the incorporation of glass
powder in concrete, several questions remain open, particularly regarding
optimal dosage and its effects on mechanical performance. The unique
contribution of this study includes:

- Rigorous application of the Dreux-Gorisse method to develop an
optimized concrete mix with varying proportions of glass powder,
ensuring precise formulation;

- Systematic experimental comparison between a control concrete
and six modified mixes containing 5% to 30% glass powder as a
sand replacement;

- Comprehensive mechanical evaluation, focusing on the evolution
of tensile and compressive strength over time; and

- Identification of the optimal glass powder dosage that improves
concrete performance while maintaining an economically and
environmentally viable formulation.

This research enhances the understanding of how recycled glass
affects concrete properties, providing valuable insights for sustainable
construction practices.

This study aligns with sustainable development objectives by
reducing the environmental impact of concrete production while improving
its performance. Using glass powder as a sand substitute not only recycles
an abundant waste material but also optimizes concrete formulation in
terms of compactness and strength. The experimental findings will
contribute to advancing knowledge on recycled glass in construction
materials and guide future research on optimizing concrete mixtures for
sustainability.

Materials and methods

Concrete is a building material made from a mixture of cement, gravel,
sand, water, and various additives that alter its properties. The
components must be appropriate to produce concrete that satisfies the
necessary specifications.

The aggregates subject to this study are located in the Sidi Bel Abbes
region in Algeria, and their source is as follows:

Cement

CEM II/A-L 42.5N cement is a Portland limestone cement, composed
mainly of clinker (80 to 94%) and pure limestone (6 to 20%), with the
addition of gypsum (0 to 5%) as a setting regulator.

The cement used in producing different types of concrete complies




with standards NF P15-301(Yaragal et al, 2017) and NF EN196-1. It is
Portland cement of class CEM Il 42.5N, produced at the ZAHANA cement
plant. Its strength at 28 days is (242.5 MPa).

Sand

The sand utilized in our study is quarry sand sourced from Hasnaoui
Sidi Ali Ben Youb. Its cleanliness was evaluated through the sand
equivalent test and the sand grain size analysis is presented in Figure 1.
According to the results of the sand equivalent test, our sand is clean sand.
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Figure 1 — Grain size analysis curve of the used sand

The aggregates utilized in this study are sourced from the Hasnaoui
Sidi Ali Ben Youb quarry situated in the Sidi Bel Abbes province of Algeria.
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Figure 2 — Grain size analysis curve of the aggregates
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These aggregates are available in two size ranges: 3/8 and 8/15
(Figure 2). The concrete is prepared using a mixer with a capacity of 500
liters.

Water

Water plays a crucial role in concrete, as it directly contributes to the
chemical reaction with cement (Federico et al, 2009). The quantity of water
used should be enough to ensure both the hydration process and the
workability of concrete. Potable water is typically used for this purpose.

Glass powder

The glass powder used in our concrete is a finely ground material
obtained from recycled glass. The LOS ANGELES machine used for our
tests grinds this glass into powder with a diameter of (D < 0/3) (Figure 3).

b

‘ Figu e 3"— Glass powder (0/3) sample

Methodology

To guarantee clarity and precision in our study, we decided to use a
reference concrete (RC) as a standard for comparison in our tests. We use
the Dreux-Gorisse method to optimize the filling of voids for denser and
more resistant concrete and to control workability and durability. Our
concrete was designed using the Dreux-Gorisse method, based on a 1 m?
formulation, providing a continuous granular skeleton with a target strength
of 40 MPa and a slump of 12 cm. We adopted different compositions of
concrete without and with the addition of glass powder at different
percentages in all that follows (Table 1).

In this paper, we present the characteristics of the materials and the
formulation of the concretes to be studied. We conducted several




experimental tests on these concretes (Table 2). The crushing of the cubic
specimens (15*15*15 cm?) is presented in Figure 4.

Figure 4 — Concrete made in 15x15x15 cm?® cubic test specimens

Table 1 — Concrete conventions with and without glass powder

Concrete type Composition

BT Control concrete with 0% glass powder
BVO01 Concrete with 5% glass powder

BV02 Concrete with 10% glass powder
BV03 Concrete with 15% glass powder

BV04 Concrete with 20% glass powder
BV05 Concrete with 25% glass powder
BV06 Concrete with 30% glass powder

Table 2 — Formulation and composition of concrete based on glass powder

Gravel Gravel Glass
Types (C;g’}‘rﬁg‘)‘ (S;gr}?ns) (Kg/m®) | (Kg/m®) \(Ilfr;%; powder

3/8 8/15 (Kg/m?)
BT 350 445.00 356 534 175 0
BVO01 350 422.75 356 534 175 22.25
BV02 350 400.00 356 534 175 45.00
BV03 350 378.25 356 534 175 66.75
BV04 350 356.00 356 534 175 89.00
BVO05 350 333.75 356 534 175 111.25
BV06 350 311.50 356 534 175 133.50
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Results and discussions

This section presents the outcomes of the experimental tests
conducted on these concrete samples, specifically focusing on
compressive and tensile strength assessments.

As stated in (Ismail et al, 2009), the average compressive strengths
of various concrete mixtures were measured at intervals of 7, 14, and 28
days using a compression machine.

Figure 5 — Crushing of a cubic specimen of witness concrete

Based on the compression tests conducted in the RAH laboratory, the
results are as follows:

I (7 Days)
[ (14 Days)
I (28 Days)

Compressive Strength (APa)

TrpezefConcrete

Figure 6 — Results of the compressive strength test




Figure 6 presents the results of the compression tests conducted on
the standard concrete (BT) and the concrete containing varying volumetric
fractions of glass powder at 5%, 10%, 15%, 20%, 25%, and 30%. The
compressive strength was assessed at 7, 14, and 28 day intervals, based
on the percentage of glass powder relative to the conventional concrete
mix. The compressive strength of the cubic specimens measuring 15 cm
x 15 cm x 15 cm, incorporating 5% glass powder, showed a 42.52%
increase compared to the standard concrete after 28 days. In contrast, the
specimens containing 10% glass powder exhibited a 44.95% increase in
compressive strength. However, for the specimens with 15%, 20%, 25%,
and 30% glass powder, there was a decline in their compressive strength,
with reductions of approximately 35.88%, 17.62%, and 2.07%, ultimately
reaching 0%. The findings indicate that incorporating just 10% glass
powder (BV02) enhances the concrete strength to 72.88 MPa. This
suggests a strong bond between sand and a binder, reflecting the effective
integration of glass powder within the matrix. However, increasing the
glass powder content to 15%, 20%, 25%, and 30% results in a decline in
concrete strength. This decrease is attributed to inadequate
implementation and management, resulting in the creation of voids that
contribute to the lower strength relative to the standard concrete.
Substituting 10% of sand with glass powder is considered a viable option.

5 I (7 Days)
[ (14 Days)
B (28 Days)
5
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o
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Types of Concrete

Figure 7 — Tensile strength of the concrete used
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Spilt tensile strength was tested in the compressive testing machine.
Cylinder specimens of 300mm*150mm were used. The split tensile
strength of the cylinder is calculated using:

L = 30cm, length of the cylinder, and

D = 15cm, diameter of the cylinder.

As illustrated in Figure 7, the inclusion of glass powder can
significantly improve the tensile strength of concrete. The data indicates
that concrete mixed with glass powder exhibits a tensile strength increase
ranging from 5% to 30% compared to that of conventional concrete across
all ages. Specifically, at 28 days, the tensile strength of concrete
containing glass powder shows increments of 35.47% and 37.49% for 5%
and 10% glass powder content, respectively. In contrast, for the 15%, 20%,
25%, and 30% glass powder mix, the tensile strength increases by
29.93%, 14.70%, 39.83%, and remains unchanged at 0%.

Conclusions

This research presents findings on the mechanical properties of glass
powder in relation to the compressive and tensile strength of concrete,
including a comparison with conventional concrete. The key conclusions
are as follows:

e The compressive strength of concrete increases with the inclusion
of 5% and 10% glass powder (samples BV01 and BV02) compared
to standard concrete.

e Concrete mixtures containing 15%, 20%, 25%, and 30% glass
powder demonstrate lower compressive strength than the 10%
glass powder concrete (BV02).

e The incorporation of glass powder positively influences the strength
of concrete, indicating that glass powder concrete fulfills construction
requirements and serves as a viable option for the industry.

e While resistant glass powder is valued for enhancing the strength
and ductility of concrete, excessive amounts may lead to
segregation issues and an overall decrease in concrete strength.

e High concentrations of glass powder can also pose workability
challenges due to their increased surface area. However, the
performance of glass powder in locally produced concrete shows
marked improvements in overall strength and toughness compared
to traditional concrete.

e Glass powder is used in various fields, such as coatings
manufacturing, construction materials, abrasives, ceramics, etc.




e Glass powder is an environmentally friendly material. Its
manufacturing and infinite recyclability make it a sustainable choice
for the environment.

e The glass powder is an innovative material. New technologies
enable the development of glass powders with increasingly higher
performance properties.

This research expands knowledge on alternative materials in
concrete, promoting innovation for more eco-friendly, durable, and high-
performance concrete.
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Resumen:

Introduccién/objetivo: La valorizacion de residuos en la ingenieria civil es
una practica esencial debido a sus beneficios ambientales y econdémicos.
En muchos paises, diversos materiales de desecho se incorporan a la
construccion, especialmente en cemento y hormigén, en forma de polvos,
fibras o agregados. Este estudio se centra en la reutilizacion de residuos
de vidrio, un material que representa un importante reto ambiental. EI
objetivo principal es evaluar la viabilidad de sustituir parcialmente la arena
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por residuos de vidrio en la produccién de hormigon y analizar su impacto
en las propiedades del material.

Métodos: Se afiaden al hormigon diferentes tipos de residuos de vidrio
como sustituto parcial de la arena, en porcentajes variables. Las muestras
de hormigon resultantes se someten a pruebas y se comparan con el
hormigén convencional (de control) para evaluar sus propiedades fisicas y
mecanicas.

Resultados: El analisis indica que la incorporacion de vidrio reciclado al
hormigén es viable, aunque las propiedades del material varian segtn el
tipo y la cantidad de vidrio utilizado. En algunos casos, ciertas
caracteristicas del hormigbn mejoran, mientras que en otros pueden surgir
desafios relacionados con la resistencia y la durabilidad.

Conclusién: El uso de residuos de vidrio en el hormigén es una alternativa
sostenible que ayuda a reducir los residuos y a conservar los recursos
naturales. A pesar de algunas limitaciones, esta técnica representa una
solucion prometedora para el sector de la construccion, promoviendo el
desarrollo sostenible y la economia circular.

Palabras claves:. valorizacién, polvo de vidrio, hormigon, sustitucion,
propiedades mecanicas.

MepepaboTka CTEKNOOTXOA0B B CTEKMSAHHLIA MOPOLLOK U ero
ncnonb3oBaHWe B NponsBoacTBe 6eToHa

CrnumeliH Mepaauun@, koppecnoHaeHT, Hypcad Vikned®, Ada Xagx Mycrada®

a3 YHuBepcuteT Cuan-benb-Abbec, kadheapa rpaxaaHcKoro CTpouTenscTea u
obLiecTBeHHbIX paboT, nabopatopusi KOHCTPYKLMIA 1 COBPEMEHHbIX
mMaTepu1anoB B rpaXaaHCKOM CTpouTenbCTBe 1 obLiecTBeHHbIX paboTax,
Cunan-benb-Ab6ec, Amkupckan HapogHast lemokpaTtuyeckas Pecny6nvka

6 Yunsepcutet Cuan-benb-A66ec, kadeapa rpakaaHcKoro CTpouTensLCcTea u
obLecTBeHHbIX paboT, nabopaTopus rpaxaaHCKoro CTpoUTenbLCTBa U
OXpaHbl okpyXxatowen cpeabl, Cuan-benb-Abbec, Amknpckaa HapoaHas
HemokpaTuyeckas Pecnybnuka

® YHuBepcuTeT B PenusaHe, kadeapa rpaxaaHCcKoro CTponTenbcTea u
o6LecTBeHHbIX paboT, nabopaTopusi MIHHOBALMOHHLIX MaTepUanos 1
BO306HOBSIEMbIX MCTOYHUKOB 3Heprun, PenunsaH, Amxumpckas HapogHas
HemokpaTtnyeckas Pecnybnuvka

PYBPUKA T'PHTW: 81.09.00 MaTteprnanoBeaeHue
BWO CTATbW: kpaTtkoe 3asBneHne
Pestome:

BeedeHue/uernb: Banopusauus omxodos 8 2paxkdaHCcKoMm
cmpoumesnibcmeae 518/151emcsi 8aXKHOU rpakmukol U3-3a 9KOSI02UYECKUX
U 9KOHOMUYECKUX rpeumyujecms. Bo MHOsux cmpaHax pasfiuyHblie
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0mxo0b! UCMOb3YHMCSl 8 CMPOUMesbcmee, 0CObeHHO 8 uemeHme u
bemoHe, 8 gude MOPOWKO8, B0JIOKOH UMuU 3arosiHumenedl. [aHHoe
uccriedogaHue rnocesieHo 8MopuUYHOMY UCIMOIb308aHUI CMEKISIHHbIX
omxodo8 — Mamepuarna, npedcmassisitouje20 Cepbe3Hy0 yepo3y Ors
oKpyxaroueli cpedbl. OCHOBHas Uyeslb CmambU 3aK/1t04aemcsi 8 OUeHKe
803MOXHOCMU Yacmu4HOU 3aMeHbl rnecka CMeK/IsTHHbIMU omxodamu
npu npou3sodcmee bemoHa U aHaslu3e e20 6/UsHUS Ha ceolicmea
Mamepuarna.

Memodebi: B xode uccnedosaHusi pa3nuyHble 8UObl CMEKI00mMxodos
bb1r1u dobasreHbl 8 6emOH 8 Kadyecmee Yyacmu4Hol 3aMeHbI Mecka 8
Pa3sHbIX MPOUEHMHbIX COOMHOWEeHUsIX. 3ameM Mofy4YeHHbIe 06pa3subl
bemoHa 6binu ucrnbimaHbl U CpasHeHbl C 0ObIYHLIM (KOHMPOIbHbIM)
6emoHoM Orisi OUEHKU UX ¢hU3UYECKUX U MexaHU4ecKux ceolicme.

Pesynbmamsi: AHanu3 rnokasas, 4ymo dobaesneHue rnepepabomaHHO20
cmekrna e cocmas 6emoHa 803MoxHO. OOHaKo ceolicmea rnosy4eHHO20
Mamepuarna pasnudaromcsi 8 3agUcCUMOcCmuU om murna u Konuyecmea
ucrnosnb3yemMo20 cmekna. B Hekomopbix cllydasix xapakmepucmuku
bemonHa ynydwaromcs, 8 mo epeMsi Kak 8 Opyaux crydasx moa2ym
803HUKHYMb MPO6IEMbI C IPOYHOCMbIO U 00/1208€4HOCMbIO.

BbigoObi:  [lobasneHue cmekrnoomxodoe 8 bemoHe sersemcs
3Kos102UYHOU anbmepHamueol, Komopasi MoMo2aem CcoKpamumb
Konuyecmeo omxo008 U CoxXpaHume MpupooHbie pecypcbl. Hecmompsi
Ha HeKkomopble ozpaHu4eHus, amom memod npedcmasrnsem cobol
MHo2o0belwarouiee  peweHue 8  cmpoumersibHOU — ompacru,
criocobcmeyrowiee  ycmouyueoMy — pa3gumuio U 39KOHOMUKE
3aMKHYymoao yukra.

Knoyesnble crosa: earsiopusayus, CMEKIAHHbIU MOPOWIOK, 6emo-,
3ameuleHue, MexaHu4deckue ceoticmea.
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OBNACT: maTepujanu, rpaheBuHapcTBO
KATEFOPWJA (TWIM) YNAHKA: kpaTko caonwtene

Caxemak:

Yeod/yurb: Banopusauyuja omnada y epahesuHapcmsy rnpedcmasrba
CYWMUHCKU 8a)KHy Mpakcy 3602 Kopucmu Kako 3a eKOHOMUJY, makKo U 3a
JKUBOMHY cpeduHy., Paznuyumu omnadHu mamepujanu yrompebrbasajy
ce y MHoa2uM 3emsrbama kao O0odamak 2palje8UHCKUM Mamepujanuma,
Hapoyumo yemeHmy u 6emoHy, y 0bnuKy rpaxa, enakaHa unu azpezama.
Cmoea ce y osom paly pasmampa MOHOBHO Kopuwhere cmakrieHoz
omnada, Mamepujana Koju npedcmaesba 3Ha4yajaH eKOMOWKU U3a308.
OcHosHu yurb jecme Oa ce npoueHU u3800s/bUBOCM GeNlUMUYHE 3aMeHe
recka cmaksiieHUM omnadoM y rpou3sodu bemoHa, kao u Oa ce
aHasu3upa ymuuaj Koju makea 3aMeHa uMma Ha ceojcmea Mamepujana.

Memode: bemoHy cy dodasaHe pasnuyume spcme cmakreHoe ommnada
Kao OenumuyHe 3aMeHe 3a rnecak, y pasnudumumM rpouyeHmuma. Y3opyu
mako dobujeHo2 bemoHa mecmupaHu cy U yropeheHu ca crmaHO0apOHUM
(KoHmMponHUM) 6emoHOM padu OUEHE H-UX0BUX GDUBUYKUX U MEXaHUYKUX
ceojcmasa.

Pesynmamu: AHanusa rnokasyje Oa je u3800/bUBO yepadumu
peyuknupaHo cmakio y 6emoH, uako ceojcmea mako 0obujeHo2
Mamepujania eapupajy 3asucHO 00 epcme U KOonu4duHe KopuwheHoe
cmakna. Y HekuMm criy4dajesuma o0pefeHe kapakmepucmuke bemoHa ce
noborbwasajy, 0ok ce y Opyaum Moey jasumu npobnemu y ee3u ¢
ygpcmohom u mpajHowhy.

Sakrbyuak: Kopuwhere cmakneHoe omnada y bemoHy npedcmaerba
odpXKugy anmepHamuegy KojoM ce cMarbyje omrad u 4ysajy npupooHU
pecypcu. YpKoc HEKUM OepaHu4YerbuMa, 08a mexHuka moxe Oa byde
JjedHo 00 pewera y epaheB8UHCKOM CeKmopy KojuM ce rnpomosulie
00pXKuUBU pa3soj u UupKynapHa eKoHoMuja.

KrbyyHe peyu: sanopu3sayuja, cmakneHu rpax, 6emoH, cyncmumyuyuja,
MexaHu4Ka ceojcmea
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CABPEMEHO HAOPY>XXAHE N BOJHA ONPEMA
COBPEMEHHOE BOOPY>XEHVE 1 BOEHHOE OBOPYJOBAHVE
MODERN WEAPONS AND MILITARY EQUIPMENT

MpoTuBpakeTHU cuctem , TaMHu opao”™:

Y Bpeme kaga npeTwa of 6anMcTuikuX paketa v Apyrmx ganekoMeTHUX opyxja
noctaje cBe coducTmumpaHuja, pasBoj NPOTUBPaKETHMUX ogdpamMbeHnx cuctema
je og nmpecygHor 3Havaja. Mehy Bogehum cuctemmma Koju cy ce nojaBunu y
obnactn ogbpaHe of pakeTa Hanasu ce NPOTUBPAKETHU CUCTEM ,TaMHM Opao”,
HajcaBpemMeHuja TexHonoruja pAusajHupaHa pa npecpehe u  HeyTpanuwe
JornasHe npeTke MNpe Hero LWTO CTUIHY [0 CBOjUX LuIbeBa. Y uUNaHKy ce
pa3martpajy KoHuenT, Au3ajH, MoryhHoCTW, onepaTuMBHM 3Hava] u Oyayhu
n3rneam oBor NPOTUBPAKETHOr CUCTEMA.

S e ST Aot e
JlaHcep pakeTa cuctema ,TamHu pao”

1. ¥YBoA

,TaMHU opao” je cucteM 3a oabpaHy of pakeTa HOBe reHepauuje Koju je
pa3BujeH ga Oum ce CynpoTCTaBMO pPas3NUYUTUM pakeTHUM MpeThama, of
KpaTKOPOYHMX OO0 WHTEPKOHTUHEHTanHux 6anuctnykux paketa (intercontinental
ballistic missiles — ICBMs).HberoBa ocHoBHa cBpxa je ga npecpehe u yHULITH
HenpujaTerbcke pakeTe y pasnuuuTtumM dasama neta: npu nogusamy, y cpeaoj
N TepMuHanHoj dasn. Pagn ce o xunepcoHM4YHOM opyxjy gyror gometa (Long-
Range Hypersonic Weapon — LRHW).OpyxHu cucTem ce cacToju of pakeTHor
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BycTepa Koju HOCKM XUNEPCOHMYHO KNu3Ho Bo3uno (Hypersonic Glide Body — C-
HGB). Kapa pakeTHn 6ycTtep pocturHe opgrosapajyhy BUCUMHY W Bp3uHy,
ocnobaha xunepcoHnyHo knusHo Bo3uno C-HGB, koje Knuam XMnepcoHUYHUM
Op3vHamMa JOK ce cnyLliTa Ka CBOM Lusby.

Pa3BujeH kao [eo wuMper Hanopa HEKONMKO 3emarba fa noborbliajy cBoje
KanauuTeTe 3a ogbpaHy of pakeTa, ,TamMHM opao” je npojekToBaH Aa ce
cynpoTcTaesrba pactyhmum npeTwamMa Koje npeacrtaBrbajy pakete un
copmcTuLmMpaHn HenpujaTersu Koju ctanHo yHanpehyjy cBoje opyxaHe cucteme.
Uns je pa ce ppxkaBama o6e3bean cnocobHocT pa 6paHe KibyyHy
NHMPACTPYKTYPY, BOjHE 0BjekTe 1 UMBUNHY nonynauujy og pakeTHUX Hanaaa.

2. EBonyumja npotmBpakeTHUx oabpambeHux cuctema

YcnoH pakeTHe TexHomnoruje Tokom 20. Beka A0BeO je A0 ApamMaTudHe NpoMeHe
y BOjHMM cTpaTernjama, jep je cnocoGHOCT naHcuMpaka pakeTa gyror gomeTta
KOje MOry HOCUTM HYKIeapHe, XeMujcKke WM KOHBEHUMuoHanHe 0OojeBe rnaee
npeAacTaBrbana 3HavajHe m3as3oBe 3a rnobanHy 6e3begHoct. Kao ogroBop Ha
TO, 3anagHa anujaHca noyena je ga pasBuja cUCTEMe 3a npecpeTake Wu
HeyTpanucawe pakeTHUX MNpeTHM, YKIbydyjyhu nosHatnm cuctem nampuom 3a
oabpaHy oA pakeTa, 28030eHy Kyrosly, Kao U HanpegHvje CUCTEME Kao LUTO Cy
THAAD (Terminal High Altitude Area Defense) n npotusbanuctuyka ogbpaHa
Aegis, OOK je pycka BojHa wHOyCTpuja pasBujane npoOTUBaBUOHCKE W
npotuBpakeTHe cucteme S-300, S-400 n S-500.

»1aMHU opao”, mefyTum, npeacTaBrba 3HavajaH Hanpefak y norneay 6psuHe,
npeumnsHocTM 1 noysgaHoctTu. OH MHTErpulle HajHOBUje HanpeaHe TexHonoruje
pagapckmx cuctema, BellTadke uHTenureHuuwje (BW) m pgusajHa paketa 3a
npecpetarwe. Ca cnocobHowhny aa npatu, MAEHTUMUKYje U YHULITU pasnuumuTe
BpPCTE AOMa3HuX NpeThu, OH HWje caMo ogbpambeHn cuctem, Beh 1 cTpaTeLlku
anar 3a obesbehuBane rmobanHe cTabuHoCTH.

3. TexHonoruja cuctema ,TamHu opao”

,1aMHN Opao” KOPWUCTU KOMOWHaLMjy HajcaBpeMeHujux TexHororuja kako 6wu
nocTurao CBOjy MW3y3eTHY eduKacHOCT Yy Mpecpetawy 6anucTnykmx K
KpcTapehux paketa. CucteM je ausajHupaH ga pagu ayToHOMHO Y3 MUHMUMAIHY
TbYACKY MHTEpPBEHUMWjy, ocnawajyhu ce yrnaBHOM Ha CBOje HanpeaHe CeH30pcke
MpEexXe W anropuTMe BelTadyke UWHTenureHumje 3a uaeHTudukaumjyy u
npecpeTane Lurbesa.

3.1 Pagap v npahene cnctema

Y ocHoBu cuctema ,, TamHU opao” Hanasm ce coducTmuMpaHa pagapcka mMmpexa
Koja omoryhaBa cBeobyxBaTHO 360-cTeneHcko npahewe BasgyLIHOr npocTtopa
oko opbpambeHor nepumeTpa. OBM pagapckym CUCTEMM KOPUCTE BULLIE
dhpekBeHUMja kako 6 npaTunu Kako obuyHe, Tako U TajHEe pakeTHe npeTke ca
BMCOKOM npeumaHowhy. CnocobHOCT cuctema ga AeTeKkTyje naHcupare paketa

Vuckovi¢, D., SAVREMENO NAORUZANjE | VOJNA OPREMA / MODERN WEAPONS AND MILITARY EQUIPMENT,
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N NpaT LWIbEBE Ha BENMUKMM pasgarbvMHama je jeqHa of Kiby4Hux ocobuHa koja
ra u3aBaja o4 CTapujux reHepauuja cucteMa 3a ogdpaHy o pakeTa.

»,TaMHM opao” Takohe wuHTerpuwe TexHomnornjy dysuje Bulie CeH3opa, Koja
KOMOMHyje nogaTKe ca pas3nuuuMTux pagapa, WHMpaupBeHUX W  OMNTUYKUX
CeH3opa kako 6w cTBopura MpeumsHy CrivMKy BasAaylwHOr MpocTopa y pearHom
BpemeHy. OBa ¢oy3uvja nogaraka omoryhaesa cuctemy ga egoukacHo npartiu BuLle
UurbeBa WCTOBPEMEHO, YaK U Yy BMCOKO 3aryleHUM OKpYXeHuma unm vy
MPUCYCTBY KOHTpaMepa Kao LUTO Cy OMeTare Unm Mamuu.

3.2 PakeTe 3a npecpeTame

HakoH WTo ce npeTwa naeHTudukyje, cuctem , TamHn opao” naHcupa pakeTe 3a
npecpetawe Koje Cy Am3ajHupaHe Aa yHuwTe gonasehy pakeTy TOKOM neTa.
OHe cy onpemMrbeHe Bprio HanpegHMM cUCTeMMMa 3a HaBohere U pakeTHUM
rmaBama koje o6e3befyjy BMCOK npoueHaT norotka. Y 3aBWCHOCTU OA BpCTe
pakete, ,TamMHM Opao” MOXe pacnopeavTu pasnuuuTe BpCTE pakeTa 3a
npecpeTake, Kao LWTO CYy KMHETUYKN NPOJjeKTUNN Koju ce ousnmyku cygapajy ca
OOMNa3HOM pakeTOM unu ekcnnosmBHe GojeBe rmaBe MpojekToBaHe da YHULITE
UMb NnoMony ekcnnosuje.

FIRST-STAGE
SOLID ROCKET MOTOR

SECOND-STAGE
SOLID ROCKET MOTOR

Design and development
responsibility

Production
Responsibility

BpcTte pakeTa npecpeTtava cuctema ,, TaMHu opao” y 3aBUCHOCTY 0f NaHCUMPHUX nnaTdopmum

PakeTe 3a npecpeTawe gu3ajHMpaHe cy C uurbeM ga npecpehy pakete y
pasnuuutuMm ¢haszama HUXOBE TpajekTopuje, o4 noyeTHe pase naHcupawa go
TepMmuHanHe dase HenocpedHo npe yaapa. CnocobHocT cuctema ga raha
pakeTe TOKOM dha3e naHcupakwa je nocebHo kopucHa jep omoryhasa
npecpetakwe pakeTe AOK je jow 6rvM3y MecTa naHcupawa, Ynme ce nosehasa
LWaHca fa ce NpeTka HeyTpanuwle npe Hero LWTOo JOCTUrHe CBOj Uwurib. [JomeT
XUNEPCOHUYHNX pakeTa cucTema ,, TamHu opao” 3Hocu oko 2780 Km.




Ballistic missile

Hyperso'mc
= boost-glide
weapon

le= Aeroballistic
missile

e ———
Hypersonic
cruise missile

PasnunuuTe TpajekTopuje 6anncTUYKUX N XMNEPCOHUYHMX pakeTa

3.3 BewTadka nHtenureHuuja (BM) n goHowewe oanyka

MHTerpauuja BewTayke MHTENUreHumje y cuctem ,TamHu opao” npeacTaBrba
3HavajaH Hanpegak y obrnactu ogbpaHe of paketa. OHa (OYHKUMOHULLE Kao
,MO3aK” cMcTeMa, KOju je y CTawy Aa aHanusvpa OrpoMHe KOnu4dvMHe nojaaTtaka
ca CeH3opa y pearlHOM BpeMeHy Kako 6u maeHTudmkoBao, knacudukoBao M
npatno Buwe uwrbeBa. Takohe, BU npouewyje BeposaTHOhy ga he paketa
noroguTh Lurb 1 6p30 oanyyyje Koja pakeTta Tpeba fa ce naHcupa v Kaga.

Cnctemn 3acHoBaHu Ha BW mory pgoHocutn oanyke y penuvhy cekyHge,
ocurypaBajyhmn ga ce ogrosapajyha pakeTa naHcupa npema npaBoM UuIby Ha
HajedmkacHujn HaumH. LUTaBuwe, cuctem CTanHo yym u3 NnpeTxogHuxX Aejctasa,
noborbLiaBajyhn cBoje cnocoOGHOCTM AOHOLWEHa 0fyka TOKOM BpeMeHa.

4. OnepaTtuBHe cnocobHocTn cuctema , TamHm opao”

,TaMHM 0pao” je npojekToBaH C uUWbeM da Oyge Beoma donekcubunaH u
cnocobaH fga ce ajanTvpa Ha pasnuuuTe cleHapuje mucuje, 6uno ga je y
nuTakwy ogdpaHa BojHe Hase, Benvke ypbaHe obnactu unm mopHapuue. Hberoee
onepaTMBHe CnocobHOCTM 00yxBaTajy:

4.1 BuwecTpyKko npeno3HaBah-e NpeThu

»1aMHN Opao” MOXe MCTOBPEMEHO Oa ce Gopu ca BULIE MPETHM, LUTO ra YMHN
noeanHum 3a oabpaHy of Benukor 6poja pakeTHUX Hanaga. bes o63npa Ha TO
Ja Inu npeTka noapasymMeBa pakeTHM 0Gapax kpaTkor pomeTra wunu
coCcTULMpPaHM  Hamag  WHTEPKOHTMHEHTanHMM  pakeTama, MoXe [Ja
npuoputeTHO npecpehe npeTwe Ha OCHOBY MpOLEHEHE OMacHOCTN MU
TpajekTopuje.
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4.2 CBeCTpaHOCT 1 MOBUNHOCT

MoagynapHu pawmsajH cuctema ,TamHuM opao” o6esbehyje My wmoryhHocT
pacnopehuBaka y pasnuumTa oKpyXema, YKibydyjyhu 3emarbcke, noMopcke na
Yak 1M BasgyxonnosBHe nnatdopme. NpeasuheHa je MHCTanaumja cuctema Ha
KOMHEeHe, MOpCKe U NnogMopcke naHcepe ( Ha patHe 6pogoBe knace Zumwalt, ,
noamopHuuy knace Virginia Block V). Cuctem moxe 6utn 6p3o pacnopeheH u
npecerbeH kako 6u OpaHMO KibydHe Iokauuje, a Herope MoOWNHe jeguHuue
MOTy Ce TpaHCMopToBaTV Pa3NUYMTUM BOjHUM BO3UIMMA UMW aBUOHUMA.

4.3 OTNOPHOCT Ha KOHTpaMepe 1 ENEKTPOHCKO paToBaHe

JefdaH of KibyyHMX M3a3oBa ca Kojuma ce cyodaBajy cuctemu 3a oabpaHy of
pakeTa jecTe cnocobHOCT Aa ce cynpoTcTaBe copucTULUpaHnM KoOHTpamepama
Koje KkopucTe Henpujatersu. ,TamHM opao” je npojekToBaH Aa npesasuvhe
oMeTawe, Mamue 1 apyre KoHTpamepe Koje v uHaye ydymHune TpaguumnoHanHe
cucTeme oabpaHe of pakeTa HeedumkacHMM. Y3 nomoh aganTMBHUX anroputamMa
n dysnje ceH3opa, OBaj CUCTEM je y CTawy Aa pasfuKyje CTBapHe NpeThe o[
Mamaua unm gpyrmx omeTtawa, ocurypaBajyhu HeHy egukacHocT u y
N3a30BHUM OKpYXeHnMa.

5. Ctpateluku 3Ha4aj cuctema , TamHm Opao”

PacnopehuBare npoTuBpakeTHor cucrtema ,TamMHM oOpao” Hyau Bule
cTpaTelLKMx NpeaHOCTU, Kako Yy norneny HauuoHanHe 6e36egHOCTU, Tako Uy
mehyHapooHum ogHocuMma, WTo obyxeaTa:

5.1 OgBpahare

MpucyctBo cuctema TamHn Opao genyje kao MOhHO cpeacTBo oaBpahana 3a
HenpuvjaTerbe Koju pasmartpajy pakete kao MoryhHocT Hanaga. CasHawe fa
ApXaBa MMa KanauuTeT 3a HeyTpanucake pakeTHUX MNPeTHsM ca BUCOKUM
CTEMNEeHOM MOoy34aHOCTM MOXe OoABpaTWTM MOoTeHuujanHe arpecope of
nokpeTawa pakeTHWX Hanaga, Yume ce OOMPUHOCKU PernoHanHoj u rnobarHoj
cTabunHocTy.

5.2 3awTtnTta Krby4He MHPACTPYKType

CnocobHocT cuctema ,TamHM opao” Aa WTUTKM BUTarHy MHAPACTPYKTYPY, Kao
WTO cy BOjHe HGase, enekTpaHe W BraguHe 3rpage, o4 NpecydHor je 3Hadvaja 3a
oapxaBare HauuoHanHe 6e3begHocTn. O6esbehyjyhn sawTnty of pakeTHUX
Hanaga, OHa rapaHTyje ga Kiby4HM OOjekTU OCTaHy OnepaTMBHU U TOKOM
nepuoaa nojayaHux TeH3uja nnm cykoba.

5.3 Mob6anHn onbpambeHn caBesun

»TaMHM opao” HMje camo 3HadajaH 3a NojeguHayvyHe 3emsbe, Beh JONpUHOCKU U
rmobanHum opbpambeHuM napTHepcTBuMa. MHTeponepabunHocT cuctema ca
OpyrMM cuctemuma 3a ogbpaHy of pakeTta (kao wTo cy Aegis cuctem 3a
npoTusGanucTnyky oabpaHy wmnu cuctem THAAD) omoryhaea koopavHupaHe
oabpambeHe Hanope y cry4ajy BeNuKOr pakeTHOr Hanaaa.




6. byayhv nsrnegu n Hagorpaghe

Kako pakeTHa TexHonoruvja HacTaBrba fa ce pasBuja, Tako he ce passujatv u
cnocobHocTn cucteMa kao WTo je ,TamHu opao”. byayhe Haporpagwe mory
yKibyunT noborbliaka pagapckux cuctema 3a npahewe, pasBoj paketa 3a
npecpeTake XMMNEPCOHMYHUX pakeTa M nodorblwane cnocobHoctn BU koja he
omMoryhutu jow 6pxxe 1 nNpeumsHuje OoHoWeHe oanyka. Takohe, UCTpaxnBawe
YCMEPEHUX €EHEepreTcKMx opyxja, Kao WTO Cy nacepu, MOrno 6w umatu
oarosapajyhy ynory y crnegehoj reHepauuju paketa 3a npecpeTawe cucrtema
,TaMH1 opao”, obe3befnyjyhu ekoHOMMYaH M BUCOKO edmKacaH MeTon 3a
HeyTpanucawe JoNasHUX NPETHMN.

LTtaBuwe, kako cajbep npeThe NocTajy CBe yyecTanuje, NnotpebHo je ojayaTtu
cajbep onbpaHy oBor cuctema kako GW ocTao onepatMBaH Yy YycrnoBuma
€NEeKTPOHCKOr paTtoBaksa.

7. 3akrbyyak

Mako je M3BpLUEHO HEKONMMKO MPOOHMX NaHcupawa, OA KOojux je nocrefhe
peanusoBaHo geuembpa 2024. roguHe, leHTaroH cejow yBek He u3jallkbaBa no
nuTawy a nu je cuctem cnpemMaH 3a ysohewe y onepaTnBHy ynotpeoy.

Ynpkoc TOMe, NpoTMBpaKeTHM cucteM ,TamMHM Opao” HanasuM ce Ha u4eny
caBpeMeHux TexHornoruja oabpaHe oA pakeTa U nNpeactaBrba KibyyHW anaTt y
3alITUTK 3eMarba of pactyhmx npeTwu pakeTHUX Hanaga. CBojMM HanpeaHuMm
pagapckmm CUCTEMMMA, WHTENUIEeHTHUM OffyyMBaweM U cBecTpaHowhy y
pasnukoBaky pasnUUMTMX BPCTa pakeTa, npetnocTtaBrba ce Aa he umatu
Kiby4yHy yrory y rnobanHoj oabpaHn y HapegHum pgeueHujama. Kako
HenpujaTerbM HacTaBSbajy [fa YycaBpluaBajy CBOje pakeTHe TexHonoruvje,
Hapo4MTO MO MUTaky XUMNEPCOHUYHUX pakeTa W MNpojeKkTuna, CUcTem , TamHu
opao” he ce curypHo pasBujaTh, agantupajyhm ce Ha HoOBe wu3as3oBe U
00e36ehyjyhun cHaxxaH 0aroBop Ha jegHy 04 Hajo3bUIbHUjUX NPEeTHN CaBpeEMEHE
6e3begHocTL.

Tokom Byayhux uHoBaLmja n Hagorpaawmu, ,TamHn opao” he BepoBaTHO ocTaTu
Temerb HaumoHanHux n meflyHapogHux ogbpambeHux ctpaTervja, 06esbehyjyhu
Kako oaBpahare, Tako 1 3alTUTY Y CBE CNOXEHW]EM N HECTabunHujem ceeTy.

LpazaH M. ByukoBuh (Dragan M. Vuckovié),
e-mail: draganvuckovic64@gmail.com,
ORCID iD: ““'https://orcid.org/0000-0003-1620-5601
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Mopehewe amepunykor nosua F-22 n pyckor Su-57

Amepuukn rnosay, F-22 Raptor n pycku Su-57 (T-50) camo cy pABa of
HajcaBpeMeHMjuX CTEeNT JoBLA KOju NpeAacTaBrbajy TexHomnorujy oyayhHocTu y
aBujaumjn. F-22 je BpxXyHCKU CTENT nosal, nete reHepawuje, ook je Su-57 pycku
0OroBOp Ha 3axTeBe CaBpeMeHux M Oyayhmx paTHux okpyxewa. Nako oba
aBMOHa npunagajy UCTOj KaTeropuvju, OHW Ce 3HavyajHO pa3nukyjy No CBOjOj
KOHCTpYyKUMj1, MoryhHocTUMa 1 cTpaternjama ynotpebe.

1. OnwTte nHdopmauumje n passoj
2.

F-22 Raptor

Mponseohay: Lockheed Martin

MpBu net: 1997. roguHa

OnepaTtuBHo: oko 180 npumepaka

IpxaBa: CjeamieHe Amepudke [Ip>xaBe

Knaca: nosay 5. reHepauuje, CTenT,

pa3BujeH Kao NTOBaYKkM aBMOH AOMeHa BasayllHe CynepuopHOCTU U cnaja y aeo
wupe cTpatervja CALD 3a ogpxaBawe MNpeBnacTv y Ba3gylHOM MpPOCTOpY.
Tokom cBor pasBoja F-22 je npowao Kpo3 oncexHe TecToBe Kako 6w nmoctao
HajedpMkacHMju CTEeNnT noBaykMm aBMOH Ha cBeTy. HberoBa KOHCTpykuuja wu
HanpegHa enekTpoHMKa YMHe ra BeoMa CrnocobHMM Yy BasgylHuM Gopbama,
noceGHO NPOTUB HanpeaHUX NPOTUBHUYKMX aBUOHA.




Su-57 Felon:

Mpoussohau: Cyxoj

MpBu net: 2010. rogmHa

OnepatuBHo: og 32 go 50 komaga,u gare je y npomsBoaHu

Opxaga: Pycuja

Knaca: noeay 5. reHepauuje, cTenTt, MynTM@YHKLUNOHANHNM noBawuodombapaep
MpBu pyckn noeauy 6ombapoep Su-57 pasBujeH je kao OAroBop Ha 3anagHe
aBUOHe Kao WTo je F-22 n kacHuje F-35. Nako Huje Tako paHo yBeaeH y crnyxoy
kao F-22, Su-57 uma cnuyaH uwrb — AOMWHAUMjY Yy Ba3gyLIHOM MPOCTOPY U
CMOCOBHOCT Oa Ce HOCK ca pasnuunTMM MpeTHama, 0f pakeTHUX cuctema go
apyrmx aBuoHa. Takohe, pasBujeH je He caMO 3a nocTu3awe BasayLllHe
cynepuopHocTu, Beh 1 3a Hanaj Ha KOoMHeHe LnrbeBe.

2. [n3ajH n cTtenT TexHornoruja
F-22 Raptor:

Crent cnocobHoctu: F-22 nocepyje passujeHy CTENT TEXHOMOrujy, wWTo My
omoryhaBa ga Oyge Tewko fOeTekToBaH pagapuma. CmaTtpa ce ga My je
pagapcknm opgpa3 cBera 0,0000m. HoeroB pamsajH kapakTtepuwy rnatki u
arpecvBHU YrNoBW, Kao W HanpegHu maTepujanu koju ancopbyjy pagapcke
Tanace. CTenT cBOjcTBa Cy My M3y3eTHO edpnkacHa y obractu aBuMoHa Koju ce
KOpucTe 3a Ba3gyLUHy CynepuopHOCT, MocebHOo NpoTMB OpYrux nosaua.
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Su-57:

Ctent cnocobHocTu: Su-57 Takohe KOpUCTU HanpegHe CTENT TexHonoruje, anv
je WberoB AMsajH HewTo Apyraynju. Mlako uma ctenTt CBOjCTBa, Kao LITO CYy paBHe
W rnatke MOBpLIMHE, U Heke cneuuduyHe Yrnose Koju CMamyjy pagapcky
BMAJBMBOCT, Su-57 HuWje Tonuko ,HeBMOIbMB” Kao F-22; cmaTtpa ce aga je Heros
pagapcku ogpas og 0,1 o 1 m. Pycu cy ycmepunu Hanope Ka nocTusawy CTent
CnocobHOCTM, ann ca TeXWUWTEM Ha MHOIOCTPYKO] HaMeHW, LITO 3Ha4yu da je
CTEeNT TEeXHOomorvja Buwe KoMrnpoMucHa- Mefytum, HaBogHo je Su-57 MHoro
OKpeTHWjW y Ba3ayLLIHUM MaHEBPMMA.

3. NepdopmaHce n maHeBpabunHocT
F-22 Raptor:

Makcumanna 6p3vHa: 2,25 maxa (2.414 km/4)

[NomuHaHTHe cnocobHocTn: F-22 je no3HaT Mo  CBOjOj  U3Y3ETHO)
MaHeBpabunHoctn. Ca cBoje ABe TypbuHe M HanpegHOM KOHTPOSIOM fieTa, OBaj
aBMOH MOXe [a MaHeBpuLLe Benvkum 6p3nHama, Wwrto My omoryhaea Aa n3soau
BEeOMa CrioxxeHe MaHeBpe. To je mocebHO kopucHo y 6opbama y BasgyLUHOM
NpOCTOpY rae je MaHeBpucake Kiby4yHo. JloBall je onpemMrbeH ca no ABa MoTopa
F119-PW-100 koju my omoryhyjy cynepkctaperwe 6p3nHom oa 1,8 maxa. CBaku
MOTOp passuja notucak oa 15,875kr ,oaHocHo 32.000 kr yKynHO.

Su-57:

MakcumanHa 6p3vHa: 2 maxa (2.120 km/4)

[omuHaHTHe cnocobHocTu: Su-57 je Takohie BeoMa MaHeBpabunaH u Moxe ga
N3BOAMN CrOXeHe MaHeBpe. ViMa HanpedHu cucTem ynpasrbaka fieTa, anum ce
cmatpa [a Huje Tako cynepuopaH Yy AOMeHy MaHeBpabunHoctu kao F-22.
Yckopo he 6utn onpemrbeH HoBuM MoTopuma izdeliye 30, ogHocHo AL-51F-1,
ca notuckom og no 14.500 kr,ogHocHo ckopo 29. 000 kr noTucka ykynHo.

4. EnekTpoHuKa 1 opyxje

F-22 Raptor:

EnektpoHckn cuctemu: F-22 je onpemrbeH HanpegHum pagapom AN/APG-77
Koju Kopuctu hasHy aHTeHy 3a geTekuujy u npahewe uurbesa Ha BENUKOM
pacTtojatby. [lopea Tora, Ma BUCOKOKBanNuTeTHe MHGpaupBeHE N eNIEKTPOHCKE

CeH30pe Koju omoryhaBajy geTtekuujy uMrbeBa y NaCUBHOM PEXUMY.

Opyxje: F-22 je HaopyxaH pasnuuMTMM TUMOBUMA pakeTa KpaTkor u gyror
aomeTta, ykreydyjyhu AIM-120 AMRAAM (pakety 3a npecpetawe) n AIM-9M/X




Sidewinder. Takohe, Mma yHyTpallkKW KOHTEJHEpP OpyXja Koju je BaxaH 3a
o4vyBaH-€ CTENT CBOjCTaBa.

Su-57:

EnexTpoHcku cnuctemu: Su-57 je onpemrbeH HanpegHum pagapom H036 ,benka”
Koju nma Buwe hasa, a Koju je y cTawy Oa OTKpuje M npaTtu Benuku 6poj
uurbeBa WCTOBPEMEHO, MAKO Ce CMaTpa Ja je HewWwTO Mawe HanpegaH of
AH/APG-77 koju kopuctn F-22. ABMOH je onpeMIbeH CUCTEMOM 3a €fEKTPOHCKe
npotuemepe L402. Ha kpaTkum pasgarbmHama KOpPUCTU  eNeKTPOONTUYKU
cuctem 101KS Atoll koju obyxsaTta WH(paUpBeHU cucTem 3a npeTpary u
npahewe koju MNOMaxe nNUNOTY MpWM Hanagy paketama ca WHdpalpBeHUM
BONeHeM.

Opyxje: Su-57 nocenyje WMPOK CnekTap Haopyxawa, YKiby4vyjyhu pakete
BENUKOr JOMeTa 3a Hanapj Ha BasfgyluHe unrbeBe, kao wTo cy R-77M n R-74M
ca gomeTtoM o 160 km n pakeTe 3a BasfgyllHe W 3emMarbcke Hanage. Takohe,
MOXEe [Oa KOPUCTU M HyKIleapHO OpyXje, LITO My [faje gogaTHe cTpaTellke
MoryhHoCTMW.

5. LleHa n npoussoana
F-22 Raptor:

Llena: lMpouewyje ce aa je ueHa jegHor F-22 oko 150 munuoHa gonapa , anu je
yBenvko nosehaHa 300r orpaHu4eHe MpOM3BOAHKE W CMOXEHE TEexXHonoruje.
JloBau, je pasBujeH y ycnoBmuma noctojara xnagHor pata namehy CALL n CCCP-
a 1 cpeauHoM aeBefeceTux roauHa NpoLusior Beka nocrojane cy npojekunje aa
61 npousBoaa Morna ga 06e3benmn n 750 aBnoHa vmja LeHa He Guna Beha of
50 po 70 munuoHa gonapa. Mehytum, HakoH pacnaga CCCP-a gowro je go
obycTaBe npou3BoAHE, TAaKo Aa je caga y onepaTtuBHO] ynotpebm camo 183
aBVOHa 4uja ce ueHa npoueryje Ha oko 150 munuoHa gonapa.

Su-57:

LleHa: Su-57 je npouerweH Ha oko 50 go 70 munuoHa gonapa, LITO je 3HaTHO
jedbTuHMje y nopehewy ca F-22, npe ceera 360r pycke CNOCOOHOCTY Aa KOPUCTU
jedTuHMje npomsBogHe MeTode M Martepujane, anu M 300r npeueHeHoCTU
npoun3Boga aMepuyKe BOjHE NHOYCTpUje.

6. 13Bo3
JloBau F-22 je jegaH o peTknx aMmepuvkmMx aBuoHa Koju HUje HUrae U3BeseH, Yak

HMW y W3paen, 36or Ttora wto cy ynoTpebrbeHa, Taga, HajHOBMja TeXHU4Ka
pocturHyha koja npefcTaBrbajy BOjHY TajHy. TpeHYTHO He MOCTOoju cepwujcka
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npomn3sogwka OBUX JlOBaua, a pan Cce Ha npoayxewy pecypca aBUOHa,
yrpahMBal-by HOBUX CEH3OPCKNX CCTEMA, Kao " MOD,M(*)I/IKaLI,Mje NMNOTCKe Kauure
npemMa gaHawkbnuMm cTaHgapanma.

JloBay, Su-57 cepwujckn je npon3BofeH JocTa KacHO ¢ 063MpoM Ha TO Aa je NpBu
nyt neteo jow 2010. roguHe. HakoH HeEKONMWKO roAuHa ynotpebe aBMOHA Yy
6opbeHum ycnoBuma MOCTOjU HEKONMKO 3emarba Koje Cy 3aumHTepecoBaHe 3a
KyNnoBWHY, Kao LUTO je AIKMpP KOju je, N0 HeKUM MHopMaumjama, nopyymo o 24
netenvue. Y WMHamju ce, no HenpoBepeHMM UWHdOpMauunjama, pasMmulisba o
NpOM3BOaHN OBUX aBUOHA MO NMLEHUMU.

7. 3akrbydak

Mako F-22 n Su-57 npunagajy WCTOj KaTeropuju rnoBayvkMx asmoHa neTe
reHepauuje, NOCToje 3Ha4yajHe pasnuke y HbUxXoBuUM MoryhHocTMma n HameHu. F-
22 je BepoBaTHO HajHanpegHuja cTenT nnatgopma Ha cBeTy Kaga je ped o
Ba3gyLLHOj CYNnepuopHOCTY, ca N3y3eTHUM nepgopmaHcama,
MaHeBpabunHowhy 1 enekTpoHCckMM cuctemmma. C gpyre ctpaHe, Su-57 je
BMLUEHAMEHCKM aBWOH KOju KOMOWHyje CTenT ChnocobHOCTM ca MynTu-
PYHKUMOHaANHMM CrnocobHoCTMMa, anu He [OCTWXKE WCTM HMBO CTent
TexHonoruje kao F-22.

Y koHTekcTy reononutuke, u CA u Pycuja HacTaBreajy Aa passujajy cBoje
aBMOHe 1 MOOEPHM3Yjy BOjHE KanauuTeTe, anu cBaka of OBUX nnaTgopmu nma
CBOj MPUCTYN Yy 3aBUCHOCTM O, CTPATELLKUX U onepaTmMBHMX noTpeba.

HpazaH M. Byukosuh (Dragan M. Vu&kovié),
e-mail: draganvuckovic64@gmail.com,
ORCID iD: ““'https://orcid.org/0000-0003-1620-5601

Hapactawe  KMHecke  HykneapHe  nogMOpHuYke  donoTe
nogmopHuuama tuna 093B

Cegmor cebpyapa 2025. nojasuna ce ¢otorpacdmja cHumibeHa 4. debpyapa
2025, Ha kojoj je npukasaHo OpoJorpagunNULLTE HyKNeapHUX MOAMOpHMLA
Huludao. Ha woj ce Buau HanagHa nogmopHuua Ttuna 093B Ha HykneapHu
noroH (SSN/SSGN) ca oTBOpeHMM KOMOpama BePTUKAHOr JTAHCUMPHOT cucTema
(BJ1C), koju je oTkpuo noeehaH 6poj naHCMpHUX curoca Ha 12, WTo 3Hauu aa je
Moh nogmopHuue 3HaTHO noesehaHa. Hajmawe 4eTupu nogmopHuue Tuna 093
cy npumeheHe y OpogorpagunuwiTy, Maga je HejacHO ga nu cy cBe
HoBowm3rpafeHe nnu cy y TOKy oap)kaeara, OOHOCHO MoAepHMU3auUmje.

1 Naval News Navy 2025, 10 Feb, 2025
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HanagHa nogmopHuua Ha HykneapHu noroH Tuna 093B ca oTBopeHum oTBOpMMa cuctema 3a
BepTuKanHo naHcupare (BIC) otkpvBa Behu 6poj nMaHCUpHUX LEBW, LITO ykadyje Ha 3HaTHO
nosehane BaTpeHe Mohu 3a OBY Knacy HanagHWX NoaMopHULA

UuHu ce ga je KuHa nokpeHyna nporpam 6p3or wupewa noagmMopHuyke dnore,
nocebHo cepuje Tun 093B. lMpema u3BelwTajMMa HEKONMMKO aHanutnyapa,
namehy cegam n ocam nogMopHuua tuna 093B marpafeHo je camo y nocneawe
TpM roguHe, WTO je cTona MNpoM3BOAHE KOja npemailyje 6poj jypuLLHMX
nogMopHuua koje je KvHa uspaguna y nocnegwe Tpu deueHuje. Kaga ce
YKIby4e KOHBEHLMOHANHe NoaMopHULE, kao WwTo je Hoeu Tun 039C, ykynaH 6poj
naHcupaHvx NoAMopHUUA y nocneakwe Tpy rogmHe npemaiyje 15. KnHa cranHo
nosehasa cBOjy (bnOTYy NOAMOpPHMLLA Ha HYKMNeapHU MOroH, a YCKOPO Ce OYekyje
yBohewe cnegehe reHepaunje HanagHux nogmopHuua Trna 095.

[o taga he Tun 093B BepoBaTHO 3aMeHUTM 3acTapena nioBuna, a pagu ce Ha
nocTM3ary 3Ha4ajHOr KBanMTaTMBHOI CKOKa Yy MNOABOAHUM CMOCOBHOCTMMA.
YcBajarwe noroHa y o6nuky mnasHe nymne y tuny 093B cyrepuwie HacTojakbe Aa
Ce CMame aKyCTUYHE KapakTepucTuke v noborbliajy nogsogHe nepdopmaHce.
NMymnHO-MNasHe nponyn3ope  YriaBHOM  MMajy nNogMOpHULE  Koje ¢y
npojektoBaHe 3a Behe Op3vHe M ymakeHy 3BYy4HYy crivky. [loyeTHe npoueHe
cyrepucane cy MOYETHY cepujy of LWecT jeauHuua. TpeHyTHU u3BewTajn
nokasyjy aa je npoussoawa tvna 093B y Toky 1 Aa ce paau Ha 3aMeHu cTapujux
nogMopHuua u noBehare YKynHe BenuuMHe proTe HykneapHuUX HanagHux
NoAMOpHMLA.

KnHeckn pa3Boj noAgMOpHMLA Ha HyKrneapHU MOrOH MOYeo je cefampeceTux
roauHa HanagHom nogmopHuuom knace tvn 091 (knaca XaH), koja je KacHuje
3aMeH-eHa HanagHoM MNOAMOPHULOM Ha HykneapHu noroH Tun 093 (knaca
LaHr) kako 6u ce noborbwane nogsodHe cnocobHocTn PaTHe MopHapuue
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HapogHe ocnoboaunadke Bojcke ([MJ1AH). MoamopHuua je npojektoBaHa Y3
nomoh Pycuje. HbeH passBoj MMao je 3a UMb Ja OTKIOHW OrpaHuyersa
nogmopHuue tuna 091, wTto ce nocebHO OQHOCMMNO Ha CMmakerwe Oyke U
6op6eHy edunkacHocT. Mpeu Tun 093 ywao je y ynotpeby nodetkom 2000-ux, ca
nobosblaHoM XuApOAMHAMUKOM, TULIMM pagoM u BehoM wu3gpxrbusoLuhy.
KacHwuje BapujaHTe, kao wTo cy Tun 093A n 093B, ykibydnBane cy cucteme 3a
BepTMKanHo naHcupawe (BJIC) 3a Hekonuko TunoBa kpctapehux npojektuna,
LITO je NMpBM NYT Ada je TakBa CMoCOOHOCT npuKasaHa Ha KMHECKO] HanagHoj
nogmopHuuun. Bepyje ce aa Tun 093B, koju nma m3gyxeH Tpyn M HanpegHe
CeH3ope, Cnyxu kKao npenas ka cnegehoj reHepauuju noamopHuue tuna 095,
Takohe o3Ha4veHoj kao 09-B.

Tun 093B wuma aepoguHamuyaH Tpyn AM3ajHMpaH [a CMakbU  aKyCcTUYHe
notnuce. Kopuctn cnuctem nyMnHO-MrasHOr MoroHa YMeCTO KOHBEHLIMOHAMHOr
npornenepa, WTO je NPOMeHa y cknagy ca HedaBHUM TpeHZOBMMA Y AM3ajHY
HanagHux nogmopHuua. OBaj MOroHckn cuctem noborbwaBa efUKaCHOCT W
cmaryje Oyky npu Behum Op3vHama. KrbydHa kapaktepuctuka Tuna 093B je
WHTerpaumja cuctema 3a BepTukanHo naHcupawe (BJIC), wto je npBu nosHaTtu
npuMep KWHecke HanagHe NoAMOpHULE ONpemMibeHe BepTUKarHUM NaHCepom,
omoryhasajyhu My ga naHcupa H1M3 TUNoBa NpojekTuna. YodyeHa koHdurypauuja
Koja, cyaehun no cdotorpaduijn, ykrbydyje namehy 12 n 24 BJ1C henuje cyrepue
Aa nogMopHMUa MoXe OuTu HaopyxaHa npoTmBGpoackum  KpcTapehum
paketama (anti-ship cruise missiles — ASCM), kpctapehum pakeTama 3a
KonHeHn Hanapg (land-attack cruise missiles LACM) MU noTeHuujanHo
OanMCcTMYKMM pakeTama Koje ce naHcupajy ca noamopHuua (submarine-
launched ballistic missiles SLBM).

Carenutckn cHuMumM ca noyeTka 2023. roguvHe nokasanu cy fa je KuHa
nopuHyna ceojy ocMy noamopHuuy knace 093 y 6pogorpagunuuty Huludao, og
Kojux cy paBe noteBpheHe kao BapwujaHTe Tuna 093B. Ctona npowusBofh-€
cyrepuwle crteneH keHe cTtaHgapamsaumje. Tokom 70. roguwiumue KUMHECKUX
NOOMOPHUYKMX CHara, Yy jyHy 2024. rognHe, KUHECKWN OpXXaBHU Meauju NCTaknm
cy cBe Behy ynory HanagHux nogmMoOpHMLA Ha HyKNeapHU MOTOH Yy MOMOPCKUM
onepauujama. N3eewTaju cyrepuwly aa 6u nogmopHuua Tun 093B morna 6utn
cnocobHa fa HOCKM BapujaHTy XxunepcoHudHe pakete YJ-21 koja ce naHcupa
ucnog mopa. TakBum paketama HaopyXaH je U HOBM KUHecku pasapad tuna 055.
Ako 6yne pacnopeheHa ca nogMopHUUa, oBa pakeTa 6u npowmpuna KUHecke
yaapHe cnocobHocTu.

NosehaHa cTona npousBoawe Tuna 093B Takohe noctaBrba nuTawa o
Ooyayhem cactaBy kMHecke nogsogHe crnote, nocedHo y norneay ogHoca SSN 1
NnoamMopHMLA Ha KOHBeHUnoHanHm noroH (SSK) kao wro je Tun 039C. YcBajane
MyMMHO-MMNA3HOr MOroHa ykasyje Ha TO ga Ou HOBe HykneapHe HanagHe
nogmopHuue SSN morne ©OuTuM arpecuBHMje pacrnopefieHe of NpPeTXOOHUX.
Mopen Tora, ocum Tmna 093B, KnHa HacTaBrba ga pasBuja CBOjy CTpaTeLllky
HyKneapHy nogMopHuYKy noty ca nogmopHuuama tuna 094 koje ce kopucte
3a cTpaTelwke natporne ogspahara, Mako HEKM aHanuTMyapu cyrepuwly aa




KMHECKa HykneapHa Tpujaga jow Huje Yy MnOoTnyHOCTW onepaTtusHa. [locToje
usBewTaju ga 6w KuHa morna ga moaudukyje Heke cTpaTellke nogmMopHuue
SSBN Tuna 094 y nogmopHuue ca BoheHum paketama SSGN, kao wTo je
amepudka MopHapuua ypaguna ca  CBOjMM  CTapujuM  cTpaTeLukum
nogmopHuuama knace Ohio, noteHumjanHo noeehaBajyhn HUXOBE pakeTHe
crnocobHoctn. To he noeehatM cnocoBHOCT KMHECke paTHE MopHapuue 3a
onepauuje y aybokum Bogama, NpoLMpUTM HeH OnepaTtuBHM OOMET U ojavyaTu
beHe cnocobHocTM npoTMB npucTyna/yckpahmBawa nogpydja (A2/AD).
KoHBeHUMOHanHe noamopHuue he BepoBaTHO ocTtatm Aeo drnote 3a
permoHanHy opabpaHy W npuMopcke onepauuje, ok he pactyha dnota
HanagHWX NOAMOpPHMLA MMaTW 3ajaTtak ga CnpoBoAu naTtpone Ayror AomeTa,
npaTu rpyne Hocaya WM OOMPUHOCKM cTpaTewkoMm oaBpahawy y [lMauunduky u
OKOSHMM BoZama.

McToBpemeHo, KnHa akTMBHO yHanpehyje pakeTHe CnocoBGHOCTM CBOjUX TMaBHUX
opopoBa. Pasapay Tun 055, Ha npumep, onpemrbeH je ca 112 henuja
BepTMKanHor naHcupHor cuctema (BJIC), cnocobHux 3a pasmewlTamwe
pasnuuMTUX NpojekTuna, ykby4vyjyhm npotuBbpoacky kpctapehy pakety YJ-18 n
Kpctapehy pakeTy 3a konHenu Hanag CJ-10. Paketa YJ-18 mma noassyuyHu
PeXVM KpcTapewa U Hag3BYyYHU TEPMUHAlHM Hanag, ca NpoueHeHMM JOMETOM
oa 220 go 540 knnometapa, ook je CJ-10 kpctapeha pakeTa 3a KonHeHW Hanag
ca pometom Behum op 1.500 km. Nopepn Tora, KuHa je npepctasuna YJ-21,
XUNEPCOHMYHY MpOTUBOPOACKY 6anncTUYKy pakeTy ca NpoLEeHeHUM OOMETOM
oa npubnmxkHo 1.500 km n 6pauHama mnamelhy 6 n 10 maxa. HepasHo je yBeaeHa
y onepatuBHy ynotpeby u dperata tuna 054B koja Takohe uma monepHe
pakeTHe cucteme, gonpuHocehn pactyhoj nomopckoj BatpeHoj mohu KuHe, o
yemy usBewTaBa MefyHapoaHn MHCTUTYT 3a cTpaTteluke ctyguje (IISS). o Tom
MHCTUTYTY, 0o 2024. roguHe. KMHecka MopHapuua gocturna je suwe og 50%
BaTpeHe mohu amepuyke MopHapuLe no 6pojy BepTUKamnHMX pakeTHUX naHcepa.

HpazaH M. Byykosuh (Dragan M. Vu&kovié),
e-mail: draganvuckovic64@gmail.com,
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,Electromagnetic Warfare: Are Railguns the Next Big Leap? “

For years, the railgun has been a symbol of futuristic warfare—a sleek, silent
weapon capable of launching metal slugs at hypersonic speeds, striking targets
with pinpoint precision and overwhelming force. Once confined to the pages of
science fiction and defense white papers, this electromagnetic marvel is now
edging closer to deployment. And if it reaches the battlefield, it won't just be a
new weapon—it will be a revolution.

Imagine a weapon that doesn’t need explosives to destroy its target. No
gunpowder. No propellant. Just a pulse of electricity, two metal rails, and a
projectile accelerated to speeds so fast, it tears through the air like a
thunderbolt. A railgun’s strike isn’t just fast—it’s nearly impossible to intercept,
and its impact is purely kinetic, reducing collateral damage and changing how
we think about destructive power.

Behind closed doors and in highly controlled test environments, that future is
being forged today. Defense labs in the U.S., China, and elsewhere are racing to
solve the last few technical barriers—managing extreme heat, refining barrel
durability, and generating the vast power needed to fire at full capacity. Each
breakthrough brings the railgun one step closer to changing the balance of
power.

Imagine a weapon capable of striking its target before the sound of its launch
even arrives—delivering such immense kinetic energy that it destroys through
velocity alone, without the need for explosives. This is not speculative fiction.
This is the railgun: a cutting-edge electromagnetic weapon system that has the
potential to render traditional munitions—bullets, missiles, and conventional
artillery—strategically outdated.

A brief history of the railgun

While railguns sound like very modern pieces of kit, they actually have a long
and exciting history.

French inventor André Louis Octave Fauchon-Villeplée first introduced the
concept of an electromagnetic railgun to the world with a functional, small-scale
prototype of an electric cannon in 1918, and several weapons engineers
worldwide took notice.

They began work on their futuristic railguns.
It wasn’t until World War 2 that we saw plans for a fully functional, combat-ready

railgun laid out. German engineer Joachim Hansler proposed creating what was
essentially a railgun — an electromagnetically powered anti-air gun placement.




This was to be an iteration of Villeplée’s design decades earlier, a ‘cannon’ that
utilized a charged current to propel its projectiles forward.

But that’s all Hansler’s idea ended up being: a design.

Since 1993 the British and American governments have collaborated on a
railgun project at the Dundrennan Weapons Testing Centre that culminated in
the 2010 test where BAE Systems fired a 3.2 kg (7 pound) projectile at 18.4-
megajoules [3,390 m/s (7,600 mph; 12,200 km/h; 11,100 ft/s)] In 1994, India's
DRDO's Armament Research and Development Establishment developed a
railgun with a 240 kJ, low inductance capacitor bank operating at 5 kV power
able to launch projectiles of 3-3.5 g weight to a velocity of more than 2,000 m/s
(4,500 mph; 7,200 km/h; 6,600 ft/s).[29] In 1995, the Center for
Electromagnetics at the University of Texas at Austin designed and developed a
rapid-fire railgun launcher called the Cannon-Caliber Electromagnetic Gun. The
launcher prototype was later tested at the U.S. Army Research Laboratory,
where it demonstrated a breech efficiency over 50 percent.

In 2010, the United States Navy tested a BAE Systems-designed compact-sized
railgun for ship emplacement that accelerated a 3.2 kg (7 pound) projectile to
hypersonic velocities of approximately 3,390 m/s (7,600 mph; 12,200 km/h;
11,100 ft/s), or about Mach 10, with 18.4 MJ of kinetic energy. It was the first
time in history that such levels of performance were reached.

The Speed of War Just Got Rewritten

The rules of the battlefield are changing—and fast. Traditional weapons are
starting to show their age in the face of a new technological leap. The railgun
isn’t just faster; it's fundamentally redefining what’s possible in modern warfare.

Bullets? Too Slow.

A standard 5.56mm rifle round clocks in at around Mach 2.7 (~2,100 mph).
That's fast—until you compare it to a railgun. These electromagnetic projectiles
can reach speeds exceeding Mach 6 (4,500+ mph), making them faster than any
non-hypersonic weapon in active service.

Missiles? Too Predictable.

Cruise missiles typically cruise at Mach 0.8, while even today’s hypersonic
weapons struggle to push beyond Mach 10. A railgun round reaches Mach 6+
within seconds, delivering impact before most missile defense systems can even
lock on.

Artillery? Too Limited.
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Conventional howitzers cap out at about 25 miles of range. Railguns? They can
reach targets over 100 miles away with precision accuracy—no arc, no delay,
just raw speed and power.

The Basic Principle Behind Railguns

At their core, railguns operate on a simple but powerful concept: using
electromagnetic force to launch a projectile at extreme velocity. Instead of
relying on chemical reactions or combustion, railguns harness electricity to
generate force—clean, controlled, and incredibly fast.

The system involves two parallel conductive rails and a sliding armature
between them. When a high-voltage current is applied, a magnetic field is
created, and the resulting force pushes the armature—and the projectile—
forward at tremendous speeds. It's not an explosion, it's a controlled burst of
energy translating directly into motion.

What makes railguns stand out is not just their speed, but the efficiency of their
destructive power. Because they don’t rely on explosive warheads, the impact is
purely kinetic. All the energy is focused on velocity and precision. The result?
Devastating force delivered in a straight line with minimal collateral damage and
no risk of onboard detonation.

Additionally, the lack of propellants or chemical fuel simplifies logistics and
reduces storage risks. The power source is internal, and reloading is
streamlined. This makes railguns highly scalable—ideal for integration into
modern platforms that demand both power and flexibility.

In short, railguns represent a clean, efficient, and high-impact alternative to
conventional weapons, opening the door to a new era of precision warfare
powered by physics—not fire.

Cheaper, Faster, Deadlier

Railguns aren't just about speed—they're about redefining combat economics
and efficiency. In an era where cost, rate of fire, and survivability matter as much
as raw firepower, railguns offer a compelling advantage across the board.

Cost per Shot

Modern precision-guided munitions come with a high price tag. A single

Tomahawk cruise missile costs approximately $2 million per launch. In contrast,
a railgun projectile—essentially a solid metal slug accelerated by electricity—can




be manufactured for just $25,000 to $50,000. That's a fraction of the cost for a
weapon that can deliver equivalent, if not greater, destructive capability.

Rate of Fire

Traditional artillery systems like howitzers manage 2 to 4 rounds per minute,
limited by mechanical reload times and heat buildup. Railguns, on the other
hand, have the potential to fire 10 or more rounds per minute, depending on
advancements in power delivery and thermal regulation. This higher rate of fire
translates directly to increased battlefield effectiveness, especially in high-
intensity engagements.

Interception? Nearly Impossible

Current missile defense systems are challenged by hypersonic threats—targets
traveling at Mach 5 or faster. Railgun projectiles not only exceed these speeds,
but their smaller size, lack of a thermal signature, and non-ballistic trajectory
make them exponentially harder to detect, track, or intercept. Once fired, there is
virtually no time to respond.

In terms of raw battlefield value, railguns promise more than just innovation—
they offer a strategic edge that could dramatically shift the economics and tactics
of modern warfare.

The Catch: Why Aren’t Railguns Everywhere Yet?

Despite their promise, railguns remain largely experimental—and for good
reason. Behind the impressive stats lies a set of formidable engineering and
logistical challenges that have so far kept them from widespread deployment.

Power Demands

Firing a single round requires an extraordinary surge of energy—25 megawatts
or more per shot. That's enough to power a small town. Currently, only the most
advanced naval vessels, such as the USS Zumwalt, possess the onboard power
generation systems capable of supporting a railgun. Integrating this level of
energy requirement into land-based or mobile platforms remains a major hurdle.

Barrel Wear and Rail Erosion

The intense electromagnetic forces and extreme speeds involved in each launch
inflict significant damage on the gun itself. Rails can melt, warp, or erode after
just a few shots, severely limiting operational longevity. Without breakthroughs in
materials science and barrel design, sustained fire remains impractical.
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Thermal Management

Railguns generate massive heat—not just in the projectile path, but throughout
the entire system. Rapid, repeated firing can turn the weapon into a molten,
inoperable system without advanced, compact cooling technologies. Solving this
problem is essential for transitioning from test-firing to combat readiness.

Countries Developing Railguns

Several countries are pouring resources into railgun research, driven by the
potential to revolutionize warfare with a new class of weapons. Here's a
breakdown of the nations making strides in this field:

1. United States

The United States has been a pioneer in railgun development, with research
dating back to the early 2000s. Through various defense agencies, including the
Office of Naval Research (ONR), the U.S. military has conducted extensive
testing of railgun prototypes. The most notable efforts have focused on
integrating railguns into naval platforms, particularly destroyers and future
warships like the USS Zumwalt, which have the necessary power generation
systems to support these high-energy weapons.




Navy considers railgun for a Zumwalf-class destroyer

While the U.S. military has scaled back its plans for immediate deployment in
favor of hypersonic missile development, the railgun remains part of long-term
strategies for naval warfare. Research is ongoing, particularly into enhancing
power storage, cooling systems, and barrel durability. The U.S. has maintained
its position as one of the front-runners in railgun technology, although full-scale
operational deployment is still a few years away.

2. China

China is aggressively pursuing railgun technology as part of its broader strategy
to modernize its military and assert itself as a global leader in emerging
technologies. Reports suggest that China has successfully tested a working
naval railgun, with trials conducted in 2018. The Chinese military has been
focusing on integrating this technology into its naval forces, with the possibility of
deploying railguns on advanced ships like the Type 055 destroyers.
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Chinese landing ship armed W/th what could be a prototype railgun

The images now circulating online show the People’s Liberation Army Navy's
(PLAN) Haiyang Shan, a Type 072lll-class landing ship with the pennant
number 936, sitting in Wuchang Shipyard in Hubei province with a new, massive
gun turret fitted on its bow. The mount appears to be fully enclosed and features
a large diameter gun barrel. The other vessels in the class have a significantly
smaller twin 37mm cannon in that position.

The gun aboard Haiyang Shan could also just be a large conventional cannon or
a hybrid system of some type that combines a railgun’s inert, hypervelocity
projectile design with a traditional chemical propelling charge.

China's efforts in railgun development are not just about power; they're about
gaining a strategic edge in both regional and global military power. The rapid
pace of their research and testing places them in a strong position to potentially
deploy railguns on a wide scale, particularly as the technology matures and
power generation systems improve. China’s focus on military modernization and
technological innovation means that railguns are expected to play a significant
role in their future naval and defense capabilities.

3. Russia

Russia has expressed interest in railgun technology, though its progress has
been slower compared to the U.S. and China. While Russia is known for its
emphasis on advanced weaponry, including hypersonic missiles and direct-
energy weapons, railgun development faces challenges, particularly in terms of
funding and technological infrastructure. Despite these hurdles, Russia is still




exploring the possibility of railgun integration into its naval fleets and land-based
artillery systems

Reports from Russian defense sources indicate that railgun prototypes have
been under development for years, but due to limited resources and
technological barriers, Russia has not yet produced a fully operational model.
Still, the potential remains for rapid advancements if Russia can overcome these
challenges, making it a country to watch in the race for electromagnetic
weapons.

4. Japan

Japan, traditionally focused on missile defense and advanced naval systems,
has also entered the railgun race in recent years. Japan's Japan Self-Defense
Forces (JSDF) have explored electromagnetic weapons as part of their
technological modernization efforts. While Japan's focus has mainly been on
non-lethal electromagnetic railguns for defensive applications—such as
countering drones or missiles—there is speculation that they may eventually
develop more offensive variants.

e

= —~E :
Turret-mounted electromagnetic railgun now installed on the test ship JS Asuka

In 2023, ATLA (Acquisition, Technology & Logistics Agency) said that it had
successfully conducted test firings of a prototype railgun at sea from an
unspecified platform, which the organization claimed at the time was a first-of-
its-kind achievement for any country. Imagery ATLA released from that testing
showed the weapon installed on a test mount rather than the full naval turret

now installed on JS Asuka.
1177
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ATLA has reportedly been able to demonstrate the ability to fire rounds at a
velocity of around 4,988 miles per hour (2,230 meters per second; Mach 6.5)
while using five megajoules (MJ), or 5 million joules (J), of charge energy in
previous tests. Being able to achieve a muzzle velocity of at least 4,473 miles-
per-hour (2,000 meters-per-second) and a barrel life of 120 rounds are among
previous testing goals.

In addition, railguns have typically been very physically bulky due to the need for
large energy storage batteries and cooling systems. The railgun now on JS
Asuka is notably fixed to the ship’s rear flight deck where there is ample open
space. Integrating the weapon onto an operational warship in a more traditional
arrangement would require finding space for the other components inside the
hull.

Japan’s significant investments in electromagnetic technologies, coupled with its
position as a leading technological power in Asia, could allow it to develop
railgun capabilities that complement its existing defense systems, especially for
protecting its maritime borders in an increasingly volatile region.

5. Europe (Various Nations)

While no European country has yet demonstrated the same level of commitment
to railgun development as the U.S. or China, certain nations within the European
Union have been exploring electromagnetic weapons as part of defense
innovation programs. Countries such as France, Germany, and the United
Kingdom are investing in directed-energy weapons and electromagnetic railguns
for potential applications in both naval and land-based defense systems.

Given Europe’s collective focus on strategic defense initiatives and advanced
research in military technologies, it's likely that railguns will eventually be
integrated into European defense platforms, particularly as power systems
evolve and demand for energy-efficient weapons grows.

Conclusion: As nations work to overcome technical hurdles, railguns have the
potential to reshape modern warfare. While the U.S. and China are leading,
other countries are not far behind in the race for this game-changing
technology.
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n WAME, kao 1 Ha Hajborbum npuxBaheHMM npakcamMa y HayydHOM W34aBallTBy.
BojHoTexHuukn rmacHuk je unaH COPE (Committee on Publication Ethics) og 2. maja 2018.
roguHe n unaH OASPA (Open Access Scholarly Publishers Association) og og 27.
HoBembpa 2015. roguHe. YpegHuwTBO npumensyje KOHTpomnHy nucty 3a usgasade
oTBOpeHor npuctyna o cnposohewy [Npenopyke YHECKO-a o otBopeHoj Hayuu. OBaj
OOKYMEHT je 1eo YHECKOBOT KOMMNIeTa anara 3a OTBOPEHY HayKy, OCMULLIBLEHOT ia NOAPXU
mmnnemeHTauujy Npenopyke YHecka o oTBOpeHOj Hayuu. [pousBedeH je y napTHepCTBY
ca OASPA.

OcHoBHa AenaTHOCT Hay4HOr Yaconuca BojHomexHUYKU anacHUK je objaBrbusame
yYnaHaka HakKoOH CTpy4YHe peueHanje. Y npouecy ypehuBawa, Koju uma 3a uurb
objaBrbyBatbe HayyYHMX YnaHaka, Heonxo4Ho je NocTuhu carnacHoCT O €TUYKUM Havenuma
y nocTynumma cBuX y4ecHuka (pepakumje, Tj. ypeaHuka, unaHosa Ypefusaukor ogbopa n
peueH3eHata u4aconuca, kao W camux aytopa). lMomeHytTa Havena u nocTynuu
AedvHucann cy oBom M3sjaBom BojHOTEXHMYKOT FMacHMWKa O €TUYKOM MOCTynamy.

Mepe, pagwe, oaroBopHocTH u o6aBese Pepgakuuvje BojHOTeXHUYKOr rmacHUKa

YpeaHVWTBO BOjHOTEXHWMYKOr FMacHuMKa He Tpaxu of ayTtopa, HUTU of Tpehwux
cTpaHa, nnahawe HakHafe 3a annuumpare uYnaHka 3a objaBrbuBame. YuTaB noctynak
ypehvBawa 1 objaBrbuBama uYnaHka 3a ayTope je MoTrnyHo GecnnaTtaH, Kako ycnyre
npujaBrenBama pykonuca v wuxose obpage, Tako u ycnyre nybnukoBara YnaHaka. He
noctoje 6runo Kaksn CKPUBEHMN TPOLLKOBW.

YpeaoHuwtBo BojHOTEXHUYKOr rmacHWka AOHOCKM KOHa4YHy OAMYyKy O Tome Koju he ce
pykonucu o6jaButn. Oanyke ce AOHOCE WCKIbYYMBO HA OCHOBY BPEAHOCTW pyKomuca.
Mopajy 6utn ocnoboheHe pacHuX, NOMHUX/POAHNX, BEPCKMNX, ETHUYKUX UMK MONUTUYHKNX
npegpacyga. Npunukom goHowena oAanyke o objaBrbuBarby YPEAHULLTBO Ce PyKOBOAM
ypefuBaykom nonutukomM, Boaehn padyHa O 3aKOHCKMM NpPOMMCUMa KOju Ce OJHOCE Ha
KrneBeTy, KpLUeHa ayTOPCKMX Npasa v nnarmpame.

Pykonucu ce 4yBajy kao noseprous matepujan. Hopmaumje n naeje cagpxaHe y
pykonucrMa He CMejy ce KOPUCTUTK y NndHe cBpxe 6e3 n3puyute nucaHe AO3BONE ayTopa.

Y cBoMm pagy, npema npenopyuu LleHTpa 3a eBanyauujy y obpasoBaky U Hayum
(LULEOH), Pepakuunja KopucTM enekTpPOHCKM cucTeM ypefuBamwa 4vaconuca CUWHaekc
(Cpnckn umtathn mHaekc) ACUCTEHT (paseujeH Ha 6asu nnatgopme OJS), koju
omoryhaBa TpaHCMapeHTHOCT 1 jaBHOCT pafa, nogpasymeBajyhn nyHy OAroBOpHOCT 3a
npuxsaTtame 1 objaBreuBame YnaHka.

Mpouec ypehmBamwa 4naHka y BojHOTexHUYKOM rnacHuKy noppasymesa cnepgehe
obaBese Pepakuuje:

1. HakoH npujema unaHka, Pegakumja on aytopa npubasrsa MsjaBy o aytopcTsy y
KOjoj ayTopu: HaBoge CBOj MojeAuHaYHn OOMNPUHOC Y u3paaw YnaHka; noTtsphyjy Aa cy
yrnosHaTM ca NOnuWTKOM Yacornuca y Be3un ca nosrnadvewem Beh objaBrbeHux pagosa;
noTephyjy Aa mocnatu pykonuc npefdctaBiba OpuUrMHanaH pag Koju cy Hanucanu u
noTnMcanu HaBeJeHn ayTopu 1 Koju Huje 06jaBrbeH paHuvje Ha HEKOM Apyrom MecTy, Te aa




Ce pyKonuc He pa3maTpa 3a objaBrbmBame Ha APYroMm MecTy U HW1je UCTOBPEMEHO nocnaT
Ha peLeH3njy y apyre yaconuce; NoTephyjy Aa YnaHak u AoAaTHW MaTepujany He cagpxe
TBpAH-E Koje B ce Mmorne cmaTpaTti KneBeToM Unn Buno Kakse He3akoHUTE TBPAHE U He
cagpxe maTtepujan Koju Ha Guno KOju HauuH yrpoxaBa NM4yHa WM BriacHUYKa npasa
PU3NYKNX MK NPaBHUX nuua; noTephyjy Aa Hemajy cykob mHTepeca koju 6u morao aa
AoBsefje y nuTarwe NHTErpuTeT 1 BEpOOOCTOJHOCT pesynTaTta Koju Cy 06jaBrbeHun y YnaHky,
Kao n ga cy fobunu carnacHocT of Hocunaua ayTopckux npaea 3a kopuwhene cBux
n3BoAa M3 gena 3awTtuheHux ayTopcKuMm npasuma U Apyrux maTtepujana sawTuheHux
ayTOPCKUM NpaBuma Koju Ccy KopuwheHn y pykonucy 1 Aa cy HaBenu nssope y pykonucy u
AOAATHUM mMaTepujanmma.

2. lpe popgene pykonuca ypedHuky Pepakumja nposepasBa Aa nu je cagpxaj
pykonuca nnaruwjat, pagu npoBepe OpuUrMHanHoOCTW NpUCnenux pagoBa M cnpevyaBaka
nybnvkosawa nnarujata n gynnukarta. BojHoTexHn4ku rmacHuk He objaBrbyje nnarnpaHe
papoBe. YpeQHuLWTBO Nonasn oA cTaea Aa je nnarvpare, OAHOCHO npeyanMare TyhQux
naeja, peun nnu Apyrnx obnuka KkpeaTtMBHOr JOMNPUHOCa U HUXOBO NpeacTaBibake Kao
CorncTBeHuX, rpybo KpLuere HayyHe 1 u3gasadke eTuke. MNnarmpare Moxe Aa ykrbydyje u
KpLUEH-e ayTOPCKNX NpaBa, LUTO je 3aKOHOM KaXHMBO.

Mnarnpare obyxsata:

— [AOCMOBHO (pey No peY) Uy roToBo AOCIOBHO NPey3vMare U CMULLIBLEHO, Paan
npukpvBaka K3BOpa, napadpasvpame AenoBa TekcToBa Apyrux aytopa 6e3 jacHor
HasHa4yaBawa U3BOpa;

— Konupawe jedHauvHa, nopgataka unu Tabena u3 apyrmx AokymeHata 6es
npaBuMHOr Ha3HavaBaha M3Bopa w/mnu 6e3 go3sone M3BOPHOr ayTopa Mnu Hocuoua
ayTopckor npaea.

Pykonuc y kojem ce yTBpAe jacHe uHouumje pa je nnarupaH Guhe aytomarcku
onbujeH. Y cny4ajy oa ce nnarvjapusam otkpuje y Beh o6jaBrbeHom pagy, YnaHak he 6utn
0Mno3BaH (NoByYeH) y cknagy ca NnpoLeaypoM ONMCaHOM y Tadku 6.

Pagu cnpeyaBawa nnarmjata y 4aconucy pykonucu ce nogsprasajy MpoBepu Y3
nomoh cuctema iThenticate/CrossRef y okeupy cepsuca CUMHoekc ACUCTEHT.
Pesyntate pobujeHe npoBepom BepuduKyje ypedHULITBO Yaconuca y cknagy ca
cMmepHuuama n npenopykama Komuteta 3a etuky nybnukosara (COPE).

BojHOTEXHMYKM TNacHMK He [03BOrbaBa ynoTpeby reHepaTuBHE BeLUTaYke
uHTENUreHumje (eHrn. generative Al), ka0 HW TexHonorvja nogpXaHWx BeELUTAYKOM
uHTEnureHumjom (eHrn. Al-assisted), kao WTO cy Benuku jeanyku mogenu (eHrn. Large
Language Models), 3a nucare paga. Ynotpeba oBux TexHonorvja 4O3BOrbeHa je jeAMHO
3a yHanpeheme jesnka 1 YMTILUBOCTY paga, anu y3 CTpory KoHTpony ayTtopa. Pegakuuja
BojHOTEXHMYKOT rmacHMKa MOXe KOpUCTUTUM hOpEeH3NYKe anaTe 1 cneumjanHe codTeepe
3a wugeHTUdMKaUWjy HeperynapHor nucawa paga nomMohy reHepaTVBHe BeLUTauke
WHTENUreHumje n TexHornoruja NoagpxaHux BeLUTa4koM MHTENUreHumjoM. PagoBm ko Kojux
ce yTBpAM HeperynapHo kopuwhewe 0BUX TexHonorvja 6uhe oabujeHn y npouecy
ypehuBama 1 peueHsnje unm HakHagHO OMo3BaHW ako ce OBM HedocTauu ytepge Yy Beh
o6jaBreeHUM YnaHumma.

3. HakoH nposepe Ha nnarnjapmsam Pepakuuja gogerbyje npucnenu pykonuc
ypeaHuky koju he Haparbe BoguTu ypehuBaukM npouec u opabpatu peueH3eHTe.
YpeaHuwTBO M ypeaHVK KOjeM je JofderbeH Npucnenu unaHak He cmejy 6utn y cykoby
MHTepeca y Be3un ca PyKOnucoM Koju pasmaTtpajy.

Ako TakaB cykob mHTepeca MocToju, 0 U3bopy peueH3eHaTa u CyabuHM pykonuca
oanyyyje Ypehusadkm ogbop. YUnaHoeu Ypehmeaukor ogbopa 3a Koje ce npeTnocTaBu ga
6n mornn 6uTnM y cykoby mHTepeca Takofle He y4ecTByjy Y MOCTYMNKy oAflyuMBaka O

oapeheHom pykonucy.
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4. Pykonucu ce ynyhyjy Ha peueH3ujy TEeK HaKOH MHUUMjanHe oueHe fa nv cy, ¢
0631Mpom Ha hopMy ¥ TemaTCkun Aernokpyr, NogobHu 3a objaBreuBame y BojHOTEXHWUYKOM
rnacHuky. NocebHa ce BoAu payyHa Aa MHMLUMjanHa oueHa He Tpaje AyXe Hero Lo je
HEOnXoaHo.

BojHOTEXHMYKM  TMacHUK  MpuMmernsyje  noctynak  ,ABOCTPYKOr  @HOHWMHOr
peLeHsmpara CBux pagosa’.

["NaBHW ypeaHWK 1 YnaHoBW ypeaHULITBA AyXHU Cy Aa npedy3My oarosapajyhe mepe
Aa ayTopu W peuLeH3eHTW ocTaHy MefyCOBHO aHOHMMHM TOKOM M HaKOH npoueca
peueH3nje, y ckrmagy ca [BOCTPYKMM criemuMm npouecoM peueHsmje. [lMopen Tora,
ypeaHnwTBO BOjHOTEXHMYKOr rmacHuka Moxe MpYyXUTU WMHopmMauujy O MpUCTUrNOM
PYKOMUCY Camo ayTopy, peLeH3eHTMMa Unn NoTEeHUMjanHUM peLieH3eHTMMa, YKOMNMKO je TO
notpebHo.

CBaku pykonuc peueHsupajy 6ap ABa peLeH3eHTa, He3aBUCHO jedaH o Apyror, a
HUXOB nAeHTUTEeT je MefycobHo HenosHaTt. PeueH3eHTn ce Oupajy MCKIby4yMBO npema
TOME Ja fn pacnonaxy pernesBaHTHUM 3HawuMma 3a oueHy pykonuca. He cmejy 6utn uns
MCTE WHCTUTYUMje Kao ayTopu PYKOMWUCa, HUTU OUTW HKMXOBU KOAyTOPW Y CKOPWjOj
npowsoctn. EBeHTyanHW npeanosn aytopa pykonuca Aa ce aHraxyjy ogpehenu
peLeH3eHTN He yBaxaBajy ce.

Linre peueHsuje jecTe ga ypegHWLLTBY MOMOrHE Y AOHOLIEHY OoAaflyke Aa nu pag
Tpeba npuxeBatUTM UnNn oabuTK, Kao U Aa ce y npouecy KOMyHuKauuje C ypegHWUKOM,
ayTopuma v ApYruM peueH3eHTMMa noborbLiua KBanuTeT pykonuca.

Tokom nocTynka peLeHsuje rmaBHM ypeaHMK MOXe Aa 3axTeBa of ayTopa Aa AocTase
gogatHe uHdopMaumje, ykibyyyjyhv 1 npumapHe nogaTke, ako Cy OHe HeonxogHe 3a
JOHOLWewe cyda O pykonucy. YpeOHuK W peueH3eHTM Mopajy [da dyBajy Takse
nHdopmaLuje Kao NoBepsbLMBE U He CMejy UX ynoTpebuTun y apyre cepxe.

Y pefoBHUM OKONTHOCTMMA NOCTYNaK peLleH3npata Tpaje HajBuLLe YeTUpu Headerse,
a camo M3y3eTHO Ao Tpu Meceua. lNepuoa o npujema pagja Ao werosor objaBrbmBama
Tpaje, y npoceky, 90 gaHa.

Y cnyyajy ga aytopy MMajy 030uUIbHE W OCHOBAHE 3aMepKe Ha peleHsujy,
ypeOHvLWTBO MpoBepaBa Aa Nv je oHa objekTvBHa M Aa Nv 3a40BOrbaBa akagemcke
cTtaHgapge. AKO ce NMOCyMHa Y OBjEKTUBHOCT UMW KBanuTeT peLieH3nje, yPeaHuK aHraxyje
AoAaTHe peLeHs3eHTe.

[opaTHu peuLeH3eHTU ce aHraxyjy v y cnydvajy kaga cy oanyke noctojeha asa
peueH3eHTa MefycobHO onpedHe (oabuTW/MpUXBATUTM) WNU  Ha JAPYrM  Ha4uH
HenomMuprbmBee.

KoHauHy ognyky o mpuxeaTawy pykonuca 3a objaBrbvBare OOHOCKM UCKIbYYMBO
YPeOHWLITBO.

5. Y un3y3eTHuM crniyyajeBnMa, a nocebHO y OHMM OKOMHOCTMMa Kaga je usbop
yaconuca orpaHuydeH 306o0r cneuuduyHe TemaTuke YnaHka, YraHOBW YpeoHWUWTBa
Yyaconuca BojHOTEXHUYKM rmacHMK Mory 6UTK 1 ayTopuy HEroBrUX Hay4HUx pagoea. Mnak, y
OBOM CRyyajy ypedHUWTBO CNpoBOAM [OAATHO TPAHCMapPeHTHUM W PUropo3HUjn
OBOCTpYKO cnenu npouec peueHsuje. To nogpasymeBa Aa he Pepakumja yaconuca
YNOXWTW Hanop Aa OOpXW MHTErputeT peLeH3nje N HeobjeKTUBHOCT CBeAe Ha Hajmamy
mMoryhy mepy, Tako WwTo he ApyrM ypedHuK capagHuK BOAUTW Mnpoueadypy peueHsuje
He3aBMCHO Of ypedHuka ayTopa, npu 4emy he Taj npouec OuTM ancomyTHO
TpaHcnapeHTaH. YpegHuwteo he nocebHo BOOUTM padyHa Aa peLeH3eHT He NpenosHa Ko
je Hanmcao pap. Kao gopaTtHy mepy npegoCTpOXHOCTW, ako M Kaga ce TakaB YnaHak
o6jaBn, ypeaHULITBO MOXe 06jaBUTV MPONpaTHN KOMEHTap Koju Nokasyje KOnuKo je npouec
ypehuBama 1 peueHsnje 61o TpaHcnapeHTaH.




6. Y cnyvajy Kplewa npasa BojHOTEXHUYKOT rnacHuKa, Hocunaua ayTopckux npasa
Unun cammx aytopa, objaBrouBara UCTOr PyKOMMCa Y BULLE Yaconuca, faxHor ayTopcTBea,
nnarujaTta, MmaHunynauuvje nogauvMma pagv npesape unv 6uno koje gpyre 3noynotpebe,
06jaBrbeHun pag ce Mopa orno3saTu.

UnaHak ce moxe ono3saTtu 1 3aTo Aa 6u ce ncnpasune o036urbHe U 6pojHe omalLke
Koje Huje moryhe o6yxBaTnTu objaBr-uBarem ncnpaske. Onosue objaBrbyje ypeaHULTBO,
aytop(1) nnmn obe ctpaHe cnopasyMHO.

OnosuB nma 06nmk 3acebHor paaa Koju ce Npukasyje y cagpkajy CBeCKe U ypeaHUYKn
knacudukyje kao Onosus unu PeTtpakuuja.

OnosuBu ce nybnukyjy npema 3axteBuma COPE koje je paspagno CEON, kao
n3gaBad 6ase y Kojoj ce BOjHOTEXHWYKM rMacHUK NpMMapHO MHAEKCUpa, OAHOCHO n3gaBad
HaLMOHarHor uMTaTHOr MHAeKca rae ce MeTtanogaum onosnsa 1 ono3saHux pagosa Mmopajy
03HauuTK oarosapajyhum ynosoperwuma 1 MmeflycobHo noBe3atu YHaKpCHUM NMHKOBUMA:

Y eneKkTpoHCKOj BEP3nju M3BOPHOT YraHka (OHOr Koju ce noBnayn) ycrnocTasiba ce
Be3a (HTML nuHk) ca obaBeluTereM 0 noBnayemwy. MoBy4eHn yunaHak ce YyBa y U3BOPHO]
cdopmu, anu ca sogeHnm xurom Ha PDF fokymeHTy, Ha cBakoj CTpaHuuM, Koju ykasyje Aa
je unanak nosyyeH (RETRACTED).

7. Pepakumja je oTBOopeHa 3a akagemcKy, Hay4yHO 3acHOBaHy, KomnerujanHy u
NOACTMUAjHY pasMeHy MullIbeHa W KPUTWUKY, OAHOCHO 3a MW3HOLUEHE €EBEHTyallHuX
Hecrnarawa y Be3u ca pesynrtatuma objaBrbeHvMM y unaHumma BojHOTexHWYKor rmacHuka,
TMMe WwTo he npyxuTn MOryhHOCT yyecHWUMMa Aa HWUXOBU MNPEeAMETHU OOMUCU UIn
nonemuke 6yay objaBrbeHun y pybpuum yaconuca ,lvcma ypeaHuky”.

Mepe, pagte, oAroBOPHOCTU M 06aBe3e peLeH3eHaTa BojHoTexHUYKOr rmacHuka

PeueH3eHTu cy AyHW Aa KBanurKoBaHO 1 Y 3a4aTUM POKOBMMA AOCTaBE YPEAHUKY
OLleHy Hay4He, OOHOCHO CTpyYHe BpeaHOCTU pykonuca. PeueHseHT Bogun nocebHy 6pury o
CTBapHOM [OMPUHOCY W OpUrMHanHocTh pykonuca. PeueHsvja mMopa 6utn cacBum
06jekTVBHa, a CyA peLeH3eHTa jacaH 1 NOTKPenbeH apryMmeHTuma.

PeueHseHTV ouemnyjy pykonuce y 0AHOCY Ha ycknaheHocT cagpxaja ¢ npodunomM
BojHOTeXHUYKOr rnacHuka, 3Havaj U KOPWUCHOCT Capkaja, afeKkBaTHOCT MpUMEHEHUX
MeToAa, HayyHy BpeOHOCT cagpXaHux uHdopMauuja, CTUN usnaraka U onpemrbLeHOCT
TekcTa. PeueHsunja uma ctaHgapgHu coopmart koju obyxBaTta oueHe nojeanHux gumeHsuvja
paga, OnwTy OLEHY M 3aKrbyyHy Npenopyky. HenpuxesaTtrsvea je nMyHa KpuTuKa aytopa.

PeLeH3eHT He cme 6uTM y cykoby uHTepeca ca aytopuma Wnu duHaHcKjepom
ncTpaxuBamwa. YKOMMKO TakaB Cyko® NOCTOjW, peLeH3eHT je AyxaH ga o Tome
npaBoBpemeHo obaBecTn ypefHuKka. PeLieH3eHT He npyxBaTa Ha peLeH3unjy pagoBe 13BaH
obnacTu 3a Kojy ce cMaTpa NoTMyHO KOMNETEHTHUM.

PeueHseHTn Tpeba aa ynosope rmaBHOr ypeaHvKa ako OCHOBAHO CyMHsajy Uin umajy
casHakbe O noBpedama eTUYKMX CTaHgapga of CTpaHe ayTtopa pykonwca. [ykHocT
peLeH3eHTa jecTe Ja CKpeHe Naxhy ypedHWKy Ha 3HayajHa nogyaaparba unv CIIMYHOCT
pykonuca ca Beh o6jaBrbeHVM pafoMm, YKONMKO O TOME MMa NnyHa casHawa. Takohe,
Tpeba da npenosHa peneBaHTHE WM3BOpe KOjU y pady Hucy y3eTu y obaup. Moxe Aaa
npenopy4un uutupare ogpefeHnx pedepeHum, anv He cMe Aa 3axTeBa UuTnpame pagosa
o6jaBrbeHux y Yaconmcy BojHOTEXHWYKM FacHUK Uiu CBOjUX PafoBa, ako 3a TO He NoCToju
onpasgame.

Opf pelieH3eHaTa ce O4YeKyje Aa CBOjUM CyrecTvjaMma yHanpeae KBanuteT pykonuca.
AKO oueHe fa paj 3acnyxyje objaBrbMBame y3 KOpeKkuuvje, OYXHU Cy Aa npeuusupajy
Ha4MH Ha Koju TO MOXe Aa ce OCTBapM.
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Pykonvcn koju cy nocnatu peueH3eHTy Mopajy ce cmaTpatyu MOBEPSbUBMM
OOKyMeHTMMa. PeLeH3eHTU He CMejy Aa KopucTe maTepujan M3 pykonuca 3a CBOja
MCTpaxunBawa 0e3 n3pmunTe nucaHe LO3BOME ayTopa.

Pepakumja BojHOTexHMUKOr rnacHuka noAcTUYe peueH3eHTe [Ada  peleHsunje
BepUKKyjy Ha CBOjUM NepcoHanusoBaHMM cTpaHuuama Ha nnatdopmu Web of Science
(WoS). Kaga peuLeH3eHT ypaam peueH3snjy unaHka 3a BojHoTexHnykm rmacHuk 6uhe nutaH
Aa nv xenu ga npatu, noTepav n gobuje npusHake 3a cBoj pag Ha nnatdopmmu WoS.
PeLeH3eHT 3aTM MOXe KOPUCTUTU CBOjy BepUEUMKOBAHY peLeH3ujy Kao 4oka3 O CBOjUM
JoMprHOCUMA Hay4HOj 3ajedHuLM Y annukauujama 3a npomouunjy, dprHaHcupame v ci.

PeueH3eHTCcKka nonutuka Yyaconmca:

— owmoryhaBa jaBHO npvKasuBake peLieH3vje (MCKIbY4YUMBO HaKOH oGjaBrbMBama
yYnaHka),

— peueH3eHTUMa npukKasyje HacnoBe peLeH3VMpaHor YnaHka (MCKIbYYMBO HaKOH
objaBrbMBaHa YnaHka).

Mepe, pagwe, oOroBOpHOCTM M obGaBe3e ayTopa KOju nNully uYnaHke 3a
BojHOTeXHUYKU rmacHuUK

AyTOopW rapaHTyjy Aa pyKonuc NpeAcTaBiba hMXOB OPUTMHanNaH AOMNpUHOC, Aa Huje
06jaBr-eH paHuje u fa ce He pa3marpa 3a o6jaBrb1MBame Ha Apyrom MecTy. icToBpemeHo
npeAasare UCTOr pyKonuca y BuLLe Yaconvca npeactaBrba KpLUueHe eTUYKMX CTaHAapAa,
LITO ra UCKrby4yje u3 aarber pasmaTtpara 3a objaBrbnBare y BOjHOTEXHUYKOM FMaCHUKY.
Pag koju je Beh 06jaBrbeH Ha HEKOM ApYyrom MecTy He Moxe BuTu npeLwuTamnaH y yaconucy
BOjHOTEXHMYKM rNACHUK.

AyTopu CHOCe CBY OArOBOPHOCT 3a LIENOKYNHU caapaj pykonuca. Pykonuc He cme
Aa cagpXu HEOCHOBaHE UMW He3aKoHWTE TBPAH-E, HUTU Aa KpLUM npasa Apyrux nuua.

Mpunukom nucawa paja, ayTopyu He CMejy KOPUCTUTU reHepaTVMBHE BeluTayke
uHTEnureHumje (eHrn. generative Al), kao HM TexHonorvje noApXxaHe BeLUTAYKOM
nHTEnureHumjom (eHrn. Al-assisted), kao WTO cy Benuku jeanyku mogenu (eHrn. Large
Language Models). OBe TexHonoruje ce He MOry KOPUCTUTU 3a peanusauujy Krby4yHor
3ajaTtka ayTopa, a To je n3sohere 3akibydaka v npenopyka Koju Ccy Hay4HO 3aCHOBaHW.
AnaTu BelwTayke MHTENUrEHUMje Ce MOry KOPUCTUTM Yy MPOLIECY UCTPaXKmnBaka 3a aHanm3y
1 n3Bofere 3akrbyyaka n3 nogataka.

AyTtopu cy ayxHu ga obe3bene Oa HUXOB ayTOPCKUM TUM HaBedeH Yy pyKkonucy
obyxBaTu camo OHa nMua Koja Cy 3HayajHo JonpuHena cagpxajy pykonuca. AKo cy y
OUTHMM acnekTMMa MCTpaXMBa4Kor MpojekTa W mpunpeme paga ydyecTsoBana u apyra
nvua, kKxoB gonpuHoc Tpeba HaBecTn y ycHOTM unm nocebHoj Hanomenn (3axsanHuua,
Acknowledgements).

ObaBe3a je aytopa Aa y HanoMeHu HaBeny HasuB ”
KOOHY  O3HaKy Hay4YHOMCTPaXXMBa4KOr MPojeKTa y OKBMPY KOjer je pag HacTao, Kao v nyH
HasuB uHaHcupajyhe mHcTUTyumje. Y cnyyajy Aa je pag noj UCTUM WA CITIMYHUM
HacnoBoMm 61O M3MOXEH Ha HEKOM CKyny y BuOY YCMEHOr caonwiTexa, AeTarbn 0 Tome
Tpeba ga byay HaBedeHW Ha NCTOM MeCTY.

AyTopu Cy OyXHW Aa NOTMYHO W NPaBUIHO LMUTUPajy WM3BOPE KOjU Cy 3HayajHo
yTvuanu Ha cagpxaj uctpaxusama v pykonuca. [enosu pykonuca, ykibyyyjyhu TekcT,
jenHavmnHe, cnvike unu Tabene, Koju Cy OCNOBHO Npey3eTu 13 Apyrnx pagosa, Mopajy outu
jacHO o3HayeHn nocebHOM HaMoOMEHOM, HMp. 3Hauuma HaBoda Ca MPeuM3HOM O3HaKoM
MecTa npeysumana (bpoja cTpaHuue) unu, ako cy OoOUMHWjU, HaBedeHwn Yy 3acebHoM
naparpady.

lMyHe pedepeHue cBUX HaBoda y TekcTy (uutata) mopajy Ooutn HaBedeHe y
3acebHom ogereky (Jlutepatypa) U To Ha jegHoobpasaH HayvH, y cknagy ca uutaTHUM




CTUIOM Koju BojHOoTexHuukM rnacHuk kopuctn (Harvard Style Manuel). Y ogerbky
JIntepaTypa HaBoge ce caMO LMTMPaHW, @ He U OcTanu U3BOPK KOpUWhEeHN NPUNMKoOM
npunpemMe pykonuca.

Y cnydajy ga ayTtopu OTKPWjy BaXHy Trpeluky Yy CBOM pajy HaKkOH H-erosor
objaBrbmBama, AyXHW Cy Aa oaMax o Tome obasecTe rnmaBHOr ypegHuka (unu Pepakumjy
BojHoTexHuuKor rmacHuka) n aa capahyjy y npouecy noenadera unm ucrnpasrbaka paja.

Ob6aBesa je ayTopa Aa y pykonucy Hasegy Aa Nu cy Yy MHAHCKjCKOM 1 Buno kom
Apyrom 6uTHOM Ccykoby uHTepeca koju 61 Morao Aa yTude Ha HuxoBe pesynTaTte wuim
WHTepnpeTauujy pesynrara.

AKO ce y ayTOpOBOM WUCTpaxumBawy MojaBrbyjy XeMujcka jeauhersa, NocTynum unm
onpema Koju Cy OnacHv no 3A4pasrbe fbyau UK XMBOTUHA, TO MOpa BUTK jacHO Ha3HaYeHo
y pykonucy.

MpenaBarwem pykonuca aytopu ce obaBesyjy Ha noLuToBakwe ypehnadke nonuTunke
Yaconuca BojHOTEeXHUYKM rmacHuK, WTo noTephyjy AocTaBrbawem M3jase o ayTopcTsy.

PaspelwaBarwe CnopHUX cutyauuja

CBaku nojeguHal, UnNu MHCTUTYLMja MOTY YPeOHWKY W/WMn ypeoHuLITBY MNpujaBuTu
Ca3Haha O KpLuewy eTUYKUX cTaHdapia v ApYrMM HeNpasunHocTMa 1 0 Tome JoCTaBuUTU
BepoJocTojHe MHpopmaumje/aokase pagu nokpeTawa wuctpare. [locTynak nposepe
M3HETMX JoKa3a oABuja ce Ha cneaehu HauuH:

— rMaBHW ypeaHUK JOHOCK OAMYKY O MOKpeTawy ucrpare,

— TOKOM TOr MOCTyMKka CBM [0Kasn ce cMmaTpajy MoBeprovBUM martepujanom u
npefoYaBajy caMmo OHUM NMUUMa Koja Cy AMPEKTHO obyxBaheHa cnyyajem;

— OCYMHMYEHUM NLMMa NpyXa ce Npunuka ga oaroBope Ha nsHete onTyxbe;

— aKo ce yTBpAM Aa je 3ancTa QOO OO0 HENPaBMUITHOCTY, OLEeHYje ce Aa Nu je ped o
MaH-eM MpekpLUajy nnv rpybom Kpluekwy eTUYKUX cTaHaapaa.

Matbum npekpluaju, 6e3 nocneauua no MHTErpuMTET paga U BojHoTexHWYKor rmacHuvka,
Ha NpumMep Kaja je pey O HepaslymMeBaky WIN MOrpeLUHOj MPUMEHU NYOANLIMCTUYKMX
cTaHdapaa, paspeLuaBajy ce y AMPEKTHOj KOMYHMKaLMjU C ayTopuma U peLieH3eHTMma, 6e3
yKIbyumBama Tpehux nuua, Ha Hekun of, crnegehux HavmHa:

— ayTopuma wu/unu peueHseHTimMa ynyhyje ce nMcMo ynosopeta;

— 00jaBrbyje ce ncnpaBka paga, Ha Mpumep y criyyajy Kafa ce ca cnucka pedepeHum
M30CTaBe N3BOPU KOjU Cy y CAMOM TEKCTY LIMTUPaHM Ha NPONNCaH HauvH;

— objaBrbyje ce epaTyMm, Ha NPMMEPYKONMKO CE UCMOCTaBW Aa je rpellka HacTana
OMaLLKOM ypeaHMWLUTBA.

Y cnydajy rpybor kpllewa eTudknx cTaHgapha, YPeOHULITBO MOXe Aa npenysme
pasnuunTe Mepe:

— objaBrbyje caonwTeHe UM YBOOHUK Y KOjJEM Ce Cry4aj Onucyje;

— cnyx0eHo obaBeluTaBa acunumjaTuBHy opraHmM3aunjy aytopa/peLeHseHTa;

— noBnayun objaBreeHn paga;

— n3pu4e 3abpaHy objaBrbMBara y Yaconucy Ha ogpefheHn nepuog;

— npepovaBa Cryyaj HaAnexHWM opraHu3auunjama u perynaTopHuM Tenuma pagu
npegy3umama Mepa 13 hXoBe HaAMNEXHOCTH.

OBe Mepe MOry ce npuvMerMBaTU MojeAMHaYHO MU UCTOBpPEMEHO. Y npouecy
paspeluaBarsa cryyaja no notpebu ce KOHCYNTYjy peneBaHTHE ekcrepTcke opraHusauuje,
Terna unu nojeavHum.

Mpunukom paspellaBara €TUYKM CMOPHMX MOCTyNnaka ypeaHWLLTBO Ce PYKOBOAM
cmepHuuama KomuteTa 3a etuky nybnukosama (COPE).
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Oppuuake oaroBopHOCTU

M3Hecenn ctaBoBu y 06jaBrbeHNM pafoBMMa He m3paxasajy CTaBOBe YPeaHuka,
unaHoBa Pepakumnje n Ypehuaudkor ogbopa yaconmca BojHOTEXHUYKKM rnacHuK. Aytopu
npeysumMajy npaBHy 1 MopariHy 04roBOpHOCT 3a uaeje n3HeceHe y CBOjUM pagoBuMa.

M3HeceHn cTaBoBM y 06jaBrbeHNM pafoBMMa He M3paxaBajy CTaBOBe YpeaHuKa,
ynaHoBa Pepakuuje n Ypehusaukor ogbopa vaconuca BojHoTexHWYkM rmacHuk. Aytopu
npeysnmajy npasHy M MOpanHy OArOBOPHOCT 3a uAeje M3HeceHe y CBOjuM pagoBuma.
N3paBay Hehe CHOCUTM HUKaKBY OArOBOPHOCT y Crydyajy ucnocTaBrbarwa Ouno Kaksmx
3axTeBa 3a HakHady LTeTe.

Cyko6 uHTepeca

BojHOTEXHMYKM rMacHUK ce Npuapxasa NonuTuke cykoba nHTepeca Kojy npenopyuyjy
COPE w/vnu gpyra mehyHapogHa perynatopHa Tena (ICMJE, EASE). Og ayTopa ce Tpaxu
[a ce usjacHe 0 CBOM Cykoby uHTepeca y MsjaBu o cykoby nHtepeca. Y Msjasu cy aytopu
OyXHU Oa Hasedy: 1) u3jaBy O CBUM NOTeHUMjanHWM cykobuma uHTepeca 3a cBakor
MMEHOBaHOr ayTopa peneBaHTHY 3a capKaj YnaHka unuv u3jaBy Aa HemMajy Takse cykobe;
2) TBpAka O HaYMHy Ha KOjU je unaHak (OUHaHCWUpaH, KOHKPETHO O huHaHCupamy,
OEeNVIMUYHO UKW MOTMYHO, O CTPaHE HEKe KOMMaHWje UK, anTepHaTUBHO, TBPAHA Aa Huje
6uno Tor yyewha u 3) cBeobyxBaTHO 0bjallHteHe yrore CnoH3opa y NpunpemMun uYnaHka
aKo je YnaHak cnoH3opucaH, 6urno y LenuH1 unu 4enumMmnyHo.

Peknamupane

Hwje no3BorbeHo peknammpare y BojHOTEXHNMYKOM rMacHuKy.

Hemarbu 0 emudkom rnocmynary BojHomexHuykoz anacHuka GocmymnHuU cy U Ha
cmpaHuyama daconuca: Ypelhueayka monumuka, Ynpaerbat-e Keasumemom
qYaconuca, lTodpwka keasiumemy padoea y Cprickom yumamHoM UHOeKcy — usdasaydy
b6ase y kojoj ce BojHomexHUYKU anacHUK fpumMapHO UHOekcupa, OOHOCHO u3dasadvy
HayuoHasHoe yumamHoe uHoekca.




KOOEKC ﬂPOdJECCVIOHAHbHOV! ATUKU
XYPHANA «BOEHHO-TEXHUYECKUN BECTHUK»
3AABIEHUE

NMPUMEYAHUME: PepakumoHHas nonutuka XypHana «BoeHHo-TexHuyeckui
BECTHMK» OCHOBaHa Ha pekoMeHaaumsix KomurteTa no atuke HayvHbix nybnukauun (COPE
Core Practices), obwmMx npuHUMNax NpoO3payHOCTM K JydlIEn NpaKTUKe U3gaTenbCKon
pesartenbHoctn COPE, DOAJ, OASPA n WAME, a Takke Ha Nnydlen npakTuke Hay4Ho-
n3patenbckon peatenbHocTu. XKypHan «BOEHHO-TEXHUYECKMI BECTHUK» SBMsieTCs
yneHom COPE (KomuTeT no aTuke Hay4Hbix nybnukauuii) co 2 mas 2018 roga n 4neHom
OASPA (Accoumaumsa HayYHbIX usgaTtenemn oTKpbIToro goctyna) ¢ 27 Hosbpsa 2015 roaa.
Pepakuma npumeHsieT KOHTPONbHbIM MepeyvyeHb MO  BbINOMHEHUIO PekomeHaauum
KOHECKO 06 oTkpbITON Hayke Ans n3gatenemn ¢ OTKpbITbIM A0CTYNOM. [aHHbIN JOKYMEHT
ABnseTcs YacTtblo nHcTpymeHTapua FOHECKO no oTkpbiTOM Hayke, pa3paboTaHHOro ¢
Lenbto noaaepxku sHegpeHuns PekomeHgauum KOHECKO no oTkpbiTon Hayke. JokymeHT
cocTaBrneH npu cogenctamum ¢ OASPA.

My6nukauusa crtaten nocrne nx NpodeccnoHanbHON PeLeH3nn ABMSeTCS OCHOBHOM
OeAaTenbHOCTbI0 Hay4yHOro XypHana «BoeHHO-TexHM4Yeckun BecTHMK». B pepakuMoHHO-
m3gatenbCckoMm mnpouecce B NepBylo ovepenb He0OX0AMMO AOCTUYL OOrOBOPEHHOCTU 06
3TUYECKMX HOPMaX U MPUHUMNAX, NPUMEHSIEMbIX KO BCEM Y4aCTHUKaM, Ha4YMHasa ¢ aBTopa,
penakuMoHHOW Konnernn, npodecCcnoHanbHbIX PELIEH3EHTOB [0 CaMoro wusgartens.
BbilwenepeuncneHHble NpUHLMIbLI U NpoLeaypbl YTBEPXKAEHbI HACTOALWMUM 3asiBNEHNEM U
Kogekcom npodeccnoHarnbHOM aTUKK XypHana «BoeHHO-TeXHUYeCcKnii BECTHUKY.

Mepbl, AeATeNbHOCTb, NpaBa U 06s13aHHOCTH penakummn XypHana «BoeHHo-
TEXHUYECKUI BECTHUK»

Pepakums xypHana «BoeHHO-TEXHUYECKMI BECTHUK» HE B3UMaeT nnaTy 3a nogady
n nybnukauuio ctatem HM C WX aBTOPOB, HW C TpeTbux nuu. Bce npouepypsl
pepakTMpoBaHmsa n nybnukaumm abcontoTHo BecnnaTHbl Ans aBTOPOB, BKMOYasd nogady,
npuem, peoakTypy, KoppekTypy, o6paboTky 1 nybnmkaumo ctaten. HET HUKaKMX CKpbITbIX
3aTpar.

OkoH4aTenbHOE pelleHne no BblIbOpy cTatem K Mybnukauum npuHMMaeTcs
pepkonnerver xypHana «BoeHHO-TexHUYeckuii BecTHuMK». PelleHne npuHumaeTcs
UCKIMIOYNTENBHO Ha OCHOBaHUM Hay4yHOW LEHHOCTM cTatbuM. He ponyckaetcs
OVCKPUMMHALMSA NO NPU3HaKy packl, Nona, penurin, 3THUYECKOTO MPOUCXOXAEHUS UIn
nonutnyecknx yobexageHwin. [pu NpUHATUM pelleHni pefakuus PyKoBOOCTBYETCS
pPenakuUMOHHOM NONUTUMKON, cobniogasi MONOXEHUS 3aKoHOAATEeNbCTBA, KacalLmxcs
KrneBeThbl, HapyLUEeHNss aBTOPCKMX NpaB Unn nnarvaTta.

Pykonucn  gBnSoTCS  KOHMWMAEHUManbHbIM ~ MaTtepuaniom 1 XpaHATCH
cooTBeTCTBylOWMUM 06pas3om. Monb3oBaTbcs MHOpMaLMen N naesiMm U3 pykonucen B
NNYHBIX Lensax 6e3 MMCbMEHHOrO cornacusi aBTOpoB HEAOMYCTUMO.

Mo pekomeHpaumam LleHTpa nogaepxku oueHkn B obpasoBaHum u Hayke (LLIEOH)
pefakuums xxypHarna B cBoel paboTe Nonb3yeTcst 3NIEKTPOHHOM CUCTEMOW peaKTUpOoBaHUs
SCindex (Cepbckun unHgekc umtnpoBaHus) ASSISTANT (paspaboTaHHOM Ha OCHOBE
nnatpopmbl OJS), obecneumBarowen nNpo3padyHOCTb U AOCTYMHOCTb WHGOpMauun o
TEKyLLEeM COCTOSIHUM pyKonucu. Pegakumsa HeceT NonHylo OTBETCTBEHHOCTb 3a NPUHATUE
pelleHus o eé€ nybnvkauumn.

Mpoueaypa peaakTpoBaHWsa cTaTby B XypHane «BOeHHO-TEXHUYECKUA BECTHUK»
BKITHOYAET crieytoLine o653aHHOCTM pefakumu:
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1. lMocne npuema ctatbn pegakumm HeobxoaMMOo nonyynTb OT aBTopa ABTOPCKOe
3asBfeHne, B KOTOPOM aBTOPbl: AOMKHbl yKasaTb CBOW WHAMBMAYamnbHbI BKMag B
co3faHue cTaTbu; NOATBEPANTL, YTO O3HAKOMIIEHbI C MOMUTUKOW XypHana B OTHOLLEHUU
OT3bIBa YXe OnyGnuMKOBaHHbIX CTaTel; NoATBEpAMTb, YTO NPeACcTaBreHHasi PyKomnuchb
ABMNSETCS OpUrMHanbHON paboTon, HaNMCaHHOM Y NOANUCAHHON yKa3aHHLIMW aBToOpamu,
YTO paHee OHa He nybnukoBanach, a Takke, YTO PyKONUCb He paccMaTpuBaeTcs Apyrumu
n3gaHnsamn ana nyénukauum n He npoxoauT peueH3VpoBaHWe B APYrUX XypHanax;
NOATBEPANTDb, YTO CTaTbsl U AOMNOMHUTENbHbIE MaTepuarnbl He CoAepXaT HUKAKNX FTOXHbIX
BbICKa3bIBaHWI, KOTOPbIE MOrMN Bbl paccMaTpMBaTLCS KaK KNeBeTa, He coaepxXaT HUKaknx
NpoOTMBOPEYaLLUX 3aKOHY YTBEPXKAEHUN UMM MaTepuanos, KOTOpble Kakum-nnbo obpasom
MOryT MOCTaBWUTb MOA Yrpo3y MUYHble UM UMYLLECTBEHHble npaBa (MU3NYECKUX WK
IOPUANYECKUX NUL,; NOATBEPAUTL, YTO Y HUX HET KOH(NNKTA MHTEPECOB, KOTOPbLIA MOr Obl
NnocTaBWTb NOL COMHEHME LIeNOCTHOCTb M AOCTOBEPHOCTL pPe3ynbTaToB, NpeacTaBneHHbIX
B CTaTbe, U YTO aBTOPbl NOMyYWUnuM cornacue oT npasoobnagartenen Ha Ucnonb3oBaHue
BCEX BbIAEPXEK M3 TPYAOB W APYrMx MaTepuarnos, 3allyeHHbIX aBTOPCKMM NpaBoM,
KOTOpble WCMONb30BanuCb B PYKOMWCU, a Takke MNOATBEPAUTb, YTO OHM yKasanu
LUTUPYEMblE NCTOYHWKM B PYKOMUCK U AOMOSNHUTENbHBIX MaTepuanax.

2. lMpexpae 4Yem pefgakTop O3HAKOMUTCA C PYKOMWCHIO, pPeaKonnerns nposepsieT
copepXXaHue pyKkonucu Ha npeaMeT nnarvata, Ang Toro 4Tobbl yAOCTOBEpPWUTHCA B
OPWUIMHaNbLHOCTN NpeACTaBMeHHbIX CTatel u NpefoTBpaTUTL Nybnukauuo nnarvaTta u
aybnupoBaHusa. XypHan «BOEHHO-TEXHMYECKM BECTHUK» He nybnukyeT cTaTbm,
copepxawme nnarnat. Pegakuvsa npuaepXxvBaeTcsa MHEHWs, 4TO nnarmat, TO ecCTb
MCMNOMb30BaHNE YyXnx naem, Crnos unun Apyrux TBOPYECKNX cnocoboB BHECEHWS BKNaga B
Hayky 0e3 HaMepeHHOro yKkasaHus WCTOMHMKA W WX MpeAcTaBneHne Kak CBOMX
COOCTBEHHbIX,  SBNSIETCA  CEpbe3HbiM  HapyleHWem  uccrnepoBaTenbCkon U
nybnukaumMoHHon 3Tuku. MNnarmat aBnseTcs HapyLLeHWeM aBTOPCKUX NpaBs, U OH YrofMoBHO
HakasyeMm.

Moa nnarmaTom noHMmaeTcs:

- [JocnoBHoe wunu npubnuaMTenbHOE 3aMMCTBOBaHME, a TaKkKe HaMepeHHoe
nepecdpasmpoBaHne YyacTen TEKCTOB APYrnX aBTOPOB 6e3 YeTKOro yka3aHust UCTOYHMKA, C
LieNnblo CKPbITb UCTOYHUK;

- KonupoBaHve ypaBHEHWI, AaHHbIX unu Tabnuuy M3 YyXux AOKYMeHTOB 6e3
YeTKOro ykasaHus UCTOYHMKa u/unu 6e3 cornacus aBTopa unv npasoobnagarens;

Pykonucu ¢ aBHbIMK Npu3Hakamu niarmata 6yayT aBToMaTnyecku OTKIoHeHbl. Ecrn
nnarvaTt BbiSIBNIEH B ye onybnunkoBaHHOW cTtaTbe, TO OHa OyaeT oTo3BaHa B mopsake,
OMnMCcCaHHOM B MyHKTe 6.

B uenax npegotBpaweHns nybnvkauuu nnarnata B KypHane  pykonucu
npoBepsATCA ¢ noMmoLbio cuctemsl iThenticate/CrossRef B pamkax nnatdgopmbl SCindex
ASSISTANT. PesynbTatbl NpOBEpPKM MEPEnpoOBEPSAIOTCA pPenakUMOHHON Komnerven
XypHana B COOTBETCTBUM C NpMHUMNAaMu 1 pekoMeHgaumamm KommTeTa no aTmke HayyHbIX
ny6nukaumin (COPE).

XKypHan «BOEeHHO-TEXHMYECKNA ~ BECTHWK»  3anpeljaeT  WUCMOMb3oBaHWe
reHepaTUBHbIX MHCTPYMEHTOB UCKyccTBeHHoro nHtennekta (M) (engl. Al-assisted), Takux
Kak 6onblune s3bikoBble Mogenu (engl. Large Language Models) npu HanucaHuu ctaTbu.
Mcnonb3oBaHue aTUX TEXHOMOMMIA pa3peLleHO UCKMIYUTENBHO ANS YIydlleHUs A3bika 1
yaobo4nTaemMocTu cTaTten, HO TOMbKO MOA CTpOrMM HabmogeHwem aBTopoB. Pepakums
XypHana «BOEHHO-TEXHUYECKUA BECTHUK» MOXET MUCMonb3oBaTb hopeH3nyeckue
MHCTPYMEHTbI U creumanbHoe nporpaMMHoe obecneveHne ANns BbISBMEHNS HESTUYHOTO
HanucaHus cTaTted C MNOMOLLbIO TFeHepaTUBHOIO WCKYCCTBEHHOIO WHTENnekra u
TexHonorun, nopaepxveaembix MW, CtaTbn, B KOTOpbIX ObINO OBHapyXeHO HeaTUu4Hoe
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MCMOSMb30BaHNE 3TUX TEXHOMOrMI, ByayT OTKMOHEHbl B MpOLECCe pedaKkTypoBaHua W
peueHanpoBaHna. Ecnn Takoro poga HapyweHus OyayT BbisiBfieHbl B paHee
0ony6nmnKoBaHHbIX CTaTbsAX, TO OHM ByAyT OTO3BaHbI.

3. lNocne npoBepkn Ha nnarmat pegkonnerys nepefaeT PyKonuCb peaakTopy,
KOTOpPbIN B AanbHeviweM 6yaeTt BeCT! peaakuMOHHbIM NPoLECC 1 BbIBUpaTh peLIeH3eHTOB.
Penkonnerns n pegaktop, KOTOPbIM HanpasneHa NpeacTaBrieHHas CTaTbs, He AOMMKHbI
UMETb KOH(NNKTA MHTEPECOB B OTHOLLEHUW paccMaTpuBaeMon M1 PyKOMnmCHK.

Mpn Hanuuum Takoro KOHMNMKTA MHTEepecoB O BblibOpe peLieH3eHToB u cyabbe
PYKOMUCK peLleHne NPUHUMAaeT PeAaKLUMOHHbIN coBeT. YneHbl peaakyMoHHOro CoBeTa, Yy
KOTOPbIX TOXe MOXeT ObITb KOH(PIMKT MHTEpPecoB, Takke He y4yacTBYKOT B npouecce
NPUHATUS PELUEHNS N0 KOHKPETHON PYKOMUCHK.

4. Pykonucu npeacTaBnsalOTCA Ha peLeH3npoBaHWe TONbKO MNocrne nepBUYHON
OLEHKN C y4eTOM COOTBETCTBMS OMOPMMEHNA U TeMaTuku cTtaTbu AN nybnukaumm B
XypHane  «BoeHHo-TexHuyeckuin  BecTHuK».  Ocoboe  BHMMaHWe  ygensetcs
NPOAOMKUTENBHOCTN OLIEHKUN, KOTOPas ANNTCA POBHO CTOMbKO, CKOMbKO 3TO He0bxoaumo.

Pepakums xxypHana «BoeHHO-TEXHUYECKMIN BECTHWUK» NPOBOANT KOHMUAEHUMANbHOE
peLeH3npoBaHne BCeX CTaTeN, MPUMEHSS «ABOWHOW Crenon MeToay.

['MaBHbIN pedakTop M uneHbl peakonnernn obssaHbl NPUHATL COOTBETCTBYOLLME
Mepbl A4NSA TOro, YTo6bl aBTOPbI U PELIEeH3eHTbl OCTaBanMCb aHOHUMHBLIMU APYr AN Apyra
BO BpeMs M Mocre npouecca peLeH3MpoBaHUs, NpoOBEOEeHHOr0 MeTOAOM ABOWHOro
cnenoro peueHsmpoBaHuda. Pepakumsa >xypHana «BoeHHO-TexHUYecKkuii BECTHUK» npwu
HeobXoAMMOCTHN MOXET NpefoCTaBUTb MHOPMALMIO O MPeACTaBNEHHON PYKONUCK TOMNBbKO
aBTOpy, peueH3eHTaM Unn NoTeHUMarnbHbIM peLeH3eHTaM.

Bce pykonucu peuLeH3upyoTca kKak MUHUMYM ABYMS @HOHWMHBIMU pELEeH3eHTamu,
KOTOpblE PeLeH3VpPYIoT PyKONMCb He3aBMCUMO ApYr OT Apyra. PeueH3eHTbl BbiObupatoTcs
WCKINIOYMTENBHO Ha OCHOBaHWM WX KOMMNeTeHuMM B 06nacTv MccnefoBaHUst PYKOMMUCH.
PeLieH3eHTbl He MOryT ObITb KOnneramu aBTopoB, TO eCTb paboTaTk B TOM Xe Y4pexaeHuu,
roe pabotaeT aBTOp, M OHW He [JOSMKHbI MMETb C aBTOPaMu COBMECTHbIX pabor,
onybnvkoBaHHbIX B OnvkaviweM npowrom. Bo3moxHble noxenaHns v npeanoxeHus
aBTOPOB O NPVBMEYEHNN KOHKPETHBIX PELLEH3EHTOB HE MPUHMMAIOTCS.

PeueH3vpoBaHve npoBOAMTCS C LUENbio OKas3aHWs MOMOLLM peaKkonnernm npu
MPUHATAM pelleHuin o nybnukaumm ctaten unm oTkase aBTopam, a Takke yny4ylleHus
KayecTBa CTaTbl MyTEM KOMMYHUKaLMWN PELIeH3eHTa C peAakTopoM, aBTopamu 1 Apyrumu
peLeH3eHTamu.

B npouecce peLeH3nMpoBaHWA rMaBHbIN pedakTop Bnpase notpeboBaTtk OT aBTopa
OOMNONHUTENbHY0 MHopMaLMIo, BKMOYas UCXOAHbIE AaHHble, eCrv 3TO HEOOX0AUMO AN
OLEHKN pykonucu. PegakTop v peueH3eHTbl OOMKHbI XPaHUTb AaHHYH MHopmaumio B
KOH(PMAEHUMANBHOCTM 1 HE BNpaBe UCMONb30BaTh €€ B UHbIX LensX.

Mpouecc peueHsnMpoBaHMsA OObIYHO 3aHMMaeT MakCMMYM YeTbipe Hedenu U TONbKO
B UCKITOYMTENbHBIX CyYasix OH MOXeT ANUTbCA A0 Tpex Mecsaues. [Nepuog BpemeHu ot
nogauv pykonucu o ee nybnukauum coctasnseT npumepHo 90 gHen.

Ecnun aBTOpbI NpeabsaBnsAoT cepbe3Hble U 060CHOBaHHbIE MPETEH3UN Ha PeLeH3NIo,
pegkonnerns OOMKHa MNpPOBEpPUTb  SIBMSIIOTCA M paccMaTpuBaemble  peLeH3um
OOBEKTMBHBIMWU M COOTBETCTBYIOT NIM  OHM akagemuyeckum cTangapTtam. Ecnn
06BEKTMBHOCTD UMM KAYECTBO ITUX PELIEH3NI BbI3bIBAET COMHEHWS, pEAAKTOp NpuBneKaeT
OOMONHUTENBHBIX PELEH3EHTOB.

JononHutenbHble peLEH3eHTbl Takke MNPUBMEKAKTCH, B Cryyae €Cniv peLueHus
BbIOPAHHbIX  PELEH3eHTOB  MOMHOCTBIO  pacxogatcs  (MPUHATHL/OTKMOHUTL) UMK
npoTuBopeyar Apyr Apyry No Apyrum npusHakam.
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OkoH4aTenbHOE pelleHne O MPUHATUM PYKONMCKM K nybnukaumm npuHMMmaeTcs
UCKIMIOYUTENBHO PedaKLMOHHOW Konnernen.

5. B uckntoumTenbHbIX criydasx, ocobeHHo koraa BbIGop XypHana orpaHuyeH m3-3a
crneundnyeckon Tembl CTaTbW, YNeHam peakonnerun xypHana «BoeHHO-TeXHMYeckuin
BECTHUK» JonyckaeTcsi nybnmkoBaTbcsi B HeM. B Takom cnyyae pegkonnerus rapaHTupyer,
4YTO NpoLecC OBOWHOrO Crenoro peleHsupoBaHus OypeT ewe Gonee npo3payHbiM U
cTporyM. TO 03HaYaeT, HYTO pedakums NPUNoXNUT BCE YCUMUSt ANS TOro, YToObl COXPaHUTb
LeNOCTHOCTb PEeLieH3nn M CBeCTU K MWHMMYyMy Mobylo npeaB3aTocTb. 3amectuTenb
pepakTopa nposedeT abCconoTHO NPO3paYHyto NpoLeaypy PeLeH3npoBaHNS HE3aBNCUMO
OT peaakTopa-asTopa. PegakumoHHas konnerns no3aboTntcs o ToM, YToBbl peLieH3eHT He
y3Han Kro sBAseTcA aBTOpPOM cTaTbun. B KkavecTBe [JOMNONHWUTENBHON  Mepbl
NpeaoCTOPOXHOCTW, €CNU 1 Koraa Takas cTaTesd OyaeT onybnvkoBaHa, peakonnerus K
ctatbe [Jo6aBUT npuMedaHue, cogepxallee WHPOPMaUMI0O O BbICOKOM YpPOBHE
Npo3payHoCTX, NPOBEeAEHHbIX NPOLECCOB PeakTUPOBaHWS U peLieH3MpoBaHusI.

6. B cnyyae HapyLleHuWsl npaB xypHana « BoeHHO-TeXHUYECKUIA BECTHUKY, aBTOPCKMX
npas unu camux aBTOPOB, a TaKke B Cllyyae NMOBTOPHOM MybGnukauum OQHON U TOM Xe
cTaTbM B PasfUyHbIX U34aHUSAX, MPUCBOEHMS aBTOPCTBA, Nnarnara, MaHWNynMpoBaHWS
AaHHBIMU UNW APYroro BUAa HapyLUEHUS 9TUYECKMX HOpM, onybnukoBaHHas ctaTtes byaeT
oTO3BaHa.

Cratba Takke MOXeT OblTb OTO3BaHbl C LENb WCNPaBMEHUSI MHOTOYUCNEHHbIX
n/vinu  dyHOamMeHTanbHbIX HEOOCTaTKOB, KOTOpble He MOryT ObiTb  yCTpaHeHbl
ncnpaeneHusaMu nocne nybnukauum. OT3bIB CTaTbl NPOU3BOANTCS pedakument, aBToOpoM
(aBTOpammn) nnn obemmm CTopoHamMm No B3aMMHOMY COrfacuio.

YBegomneHne o6 oT3biBe MMeeT (hopMmy OTAENbHOrO0 AOKYMEHTa, YKa3aHHOro B
cofepXaHun Bbinycka nop Ha3saHvem «OT3bIB» Unu « PeTpakums».

OT3bIBbI NYGNUKytoTCs B cooTBETCTBUM € TpeboaHuamn COPE, paspaboTaHHbIMU
CEON B ero 6a3se gaHHbIX, rae «BoeHHo-TexHNYeckunin BECTHUK» MHOEKCMPYEeTCs B NepByto
ovepenp, NPy 3TOM MeTadaHHble OTO3BaHHbIX U CHATbIX C Nybrnvkauum ctaTen OOMKHbI
6bITb 0603HaYeHbl COOTBETCTBYHOLUM NpedynpexnaeHnemMm 1 cBsidaHbl Mexay cobon
CChIfKamu.

3a ctatben (yTBepXOeHHOM K 0T3bIBY) B aNeKTPOHHOM hopmMaTe 3akpennsaioT HTML
CCbIIKy C YBEOOMMEHVWEM O €€ CHATUM C nybnukaumu. Msbatas cTaTbs XpaHWTCs B
MCXOAHOM BuAe, HO Kaxpgasa ctpanuua MA®P dopmarta BU3MpPYyeTCs BOAAHBIM 3HAKOM,
CBUAETENLCTBYIOLWMM 006 n3baTum ctatemn ¢ nyonukauun (RETRACTED).

7. Pepgakums  oTKpblTa ANA  aKkagemMunyeckoro, Hay4yHo  0BOCHOBaHHOrO,
KOnnernanbHoro M MPOAYKTUBHOTO OOMEHa MHEHUSMM W KPUTUKOW, a Takke Ans
BbIp@XXEHNSI BO3MOXHbIX Pa3HOrmacuii  OTHOCWUTENBHO pes3ynbTaToB B CTaTbsX,
onybnukoBaHHbIX B XKypHane «BOEHHO-TEXHUYECKUA BECTHUK», NpegocTaBnsis
BO3MOXHOCTb y4aCTHMKaM AMCKYCCMM NybrnvMkoBaTb CBOM NMCbMa No npeameTy NonemMukm
B pybpuke: «[lucbma pegakTopy».

Mepbl, AeATenbHOCTb, NpaBa MU 06s13aHHOCTH peueH3eHTOB XYypHana
«BO€eHHO-TeXHN4YeCKU BECTHUK»

PeueH3eHTbl AOMKHBI NPOMECCUOHANbHO M OGBEKTUBHO apryMeHTUPOBaTh CBOM
MO3MLMIO U B yKasaHHbIN CPOK MPeaoCcTaBnsTh pedakTopy OLEHKY Hay4yHOW LEeHHOCTM U
OPUIMHATBLHOCTU PYKOTICH.

PeLieH3eHTbI, paccmaTpuBas paboThl OLEHBAIOT COOTBETCTBME COAEPKaHUSA CTaTbK
c npodunem xypHana «BoeHHO-TEXHWYECKUIA BECTHUK», PEerieBaHTHOCTb MCCrieayemon
0obrnactTmi U MPUMEHEHHbIX METOAOB, OPUIMHANBHOCTE W Hay4yHYl 3HA4YMMOCTb
pesynbTaToB, MNPEACTaBMEHHbIX B PYKOMUCK, CTUSIb HAy4yHOTO W3MIOXKEHWsl, a Takxe
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MCMNOmNb30BaHNe B TEKCTE HayyHOro annapata. PeueHaus gomkHa ObiTe BbIMOMHEHa B
cTaHgapTHOM dopmMaTe, BKIOYaKOLWEM OLEHKM OTAENbHbIX acnekTtoB paboTbl, obLyio
OLIEHKY W 3aKITYUTENbHYI0 pekoMeHaaumio. JInyHas Kputrka aBTopa HegonycTMma.

Y peueH3eHTa He [dOMKHO ObiTb KOH(MKTA WHTEPECOB C aBTOpamMu unu
opraHusaumen, uHaHcupylolwen wuccnegosaHue. [pyu HanmuMumm Takoro KoHMNUKTa
peLeH3eHT 0ba3aH cBoeBpeMeHHO coobwntb 06 aTOM pepakTopy. PeuleH3eHT MoxeT
BbIMOSHATL OLIEHKY TONbKO TEX PYKONUCEN, KOTOPblE COOTBETCTBYIOT €ro 0611acTn Hay4HbIX
1 npodeccuoHanbHbIX UHTEPECOB, B KOTOPOW OH CYATAETCS IKCNEPTOM.

PeuLeH3eHTbl 0653aHbl yBeOOMNATH [NABHOMO peAakTopa B Crlyyae, €Cnl OHU
060CHOBaHHO MOAO3PEBAOT UMK, €CNN OHW BbISBUMW HApPYLUEHWUS 3TMYECKMX HOPM B
pykonucu.

PeuLeH3eHTbl 0653aHbl naeHTUULMPOBaTh perneBaHTHbIE CyLLeCcTByoLWwme paboThl,
KoTOopble aBTOp He uutuposan. [lo nwbomy oblwemy CBEAeHVUIO WNN aprymeHTy
npvBefdeHHbIM B paboTe [OMKHbI OblTb  yKa3aHbl COOTBETCTBYIOLUME WUCTOYHUKM
uuTMpoBaHus. PeLeHseHT 06593aH 06paTtnTb BHUMaHWE peaakTopa Ha 3HadMMble CXOACTBa
paboTbl C ApyrMmu onybnvkoBaHHbIMM paboTamu, B crnyyae ecnu Takoe Oyget
06HapyxeHo. Takke peLeH3eHTbl J0MMKHbI PEKOMEHA0BaTb PENEBaHTHbIE UCTOYHUKM ANS
LUTMPOBaHUSA, KOTopble He ObinM yyTeHbl B pabote. OpgHako OHM He Bnpase
HeobocHoBaHHO TpeboBaTb OT aBTOPOB LUTUPOBaHMS paboT, onyGNmnKoBaHHbIX B XXypHane
«BoeHHO-TexHNYeCKnin BECTHMK» U CBOMX COBCTBEHHbIX paboT.

PelLieH3eHTbl OKa3biBalT COAEWCTBME B YrMyYLIEHWN KayecTBa PYKOMWCKU CBOUMM
NpeanoXeHnsMn u pekoMeHgaumsamu. Ecnm oHm  cuuTarT, 410 paboTy MOXHO
nybnvkoBaTb TOMbLKO MOCNE BHECEHWS OnpedeneHHbIX WCMpaBreHun, TO OHM 06s3aHbI
ykasaTb KaknuM MMeHHO 06pasom 37O nyylle caenarb.

Pykonucn, npeacTtaBrneHHble pPELIEH3EHTY, cuMTalTCA  KOHMAEHUManNbHbIM
OOKYMEHTOM. PeleH3eHTbl He BrpaBe MCMNonb3oBaTb Martepuanbl pPyKoOnuceW B CBOUX
COBCTBEHHbBIX McCnefoBaHNsX 6e3 NMCbMEHHOrO cornacusi asTopa.

Pepakuna xypHana «BOEHHO-TEXHWYECKUIA BECTHWK» MNpPU3bIBAET PELIEH3EHTOB
noaTBepXaaTb CBOW peLieH3MM Ha CBOEW NWYHOW CTpanuue Ha nnatcdopme Web of
Science (WoS). Mo 3aBepllieHUn peLeH3un CTaTbW, NPEeasIoKEHHOW K nybnvkauum B
XypHane «BoeHHO-TEXHWYECKUA BECTHUKY PELIEH3EHTbl Nofly4yaT BONpPOC O TOM, XenawT
I OHM YTOOBI X peueH3usa 6bina oueHeHa 1 npusHaHa cuctemon WoS. Takum obGpasom,
NOATBEPXKAEHHYID  PELIEH3VI0  pEeLEeH3eHT CMOXEeTe WCMonb3oBaTb B KayecTBe
NOATBEPXAEHUS HAYYHOWN AEeATENbHOCTM, YTO MOMOXET NpU NoJaye 3asiBOK Ha NonyyYeHue
Hay4HbIX FPaHTOB, UX (PbMHAHCUpPOBaHUE 1 T.4.

MonuTurka xxypHana OTHOCUTENbHO PELEH3UI:

- obecneunBaeT NyonMyHbIN JOCTYN K peueH3nmn (HO TONbKO nocre nyénukaumu
cTaTby),

- Mo3BOMseT peueH3eHTaMm OTobpaxaTb 3arofioBOK peLeH3npyemow ctaTbi (HO
TONBKO nocre nyénukaumm ctatbm).

Mepbl, feATenbLHOCTb, NpaBa U 006s13aHHOCTHU aBTOpOB, HyGHMKyIOU.IMXCH B
XypHane «BO€eHHO-TeXHN4YeCKU BECTHUK»

Mpn nopgaye pykonucu B XypHan «BOEHHO-TEXHUYECKM BECTHUK» aBTOp
rapaHTMpyeT, 4YTO PYKONWUCb SIBMSIETCS OpurMHanbHoW paboTon, KoTopasi He Obina
onybnvMKkoBaHa paHee M He paccMaTtpuBaeTcs K nyonukauum B Opyrux M3gaTenbcTBax.
[y6nvpoBaHne oOHOW U TOW Xe CTaTbM SIBNSAETCS HapyLleHMeM 3TUYECKOro Koaekca,
COOTBETCTBEHHO npu 06HapyxeHun aybnvpoBaHus aBTopy OygeT OTka3aHO B ee
nyénvkaumm.
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ABTOpbI HECYT OTBETCTBEHHOCTb 3a NOMHOE coAepXxaHne cBoen pykonmcu. Pykonuck
He JOoMKHa cofepxaTb He0BOCHOBaHHbIX UM MPOTUBOPEYALLMX 3aKOHY BbICKa3bIBaHWN, @
TaKKe He AOoIMKHa HapyLaTb npasa Apyrux nuu.

Mpn Hanucanun cTaTbn aBTOpaM 3anpelleHo MoNb30BaThCA reHepaTUBHLIM
UCKYCCTBEHHbIM UHTennektom (engl. generative Al), a Tawkke TexHonorvaAMu,
noaaepXnBaeMbIiMy  MCKYCCTBEHHbIM  MHTennektom (engl. Al-assisted), Takumun kak
bonblume asbikoBble mogenu (engl. Large Language Models). 3Tnmn TexHonormamm
Hemnb3s MONb30BaTbCA B OCYLIECTBNIEHMM KIIOYEBOW aBTOPCKOW 3agayn, Kotopas
3aKnoYaeTca B HAy4HbIX BblBOAAX W pekoMeHjauusx astopa. WHCTpymeHTbl
MCKYCCTBEHHOIO MHTENMeKTa MOryT WMCMofb30oBaTbCs B Mpouecce WCCnefoBaHus Ans
aHanusa v BbIBOAOB Ha OCHOBaHWUMN AaHHbIX.

ABTOpbI [OMMKHbI yKka3aTb WMeHa, oT4yecTBa, GamMunuum BCEX COaBTOPOB,
OEeNCTBUTENbHO Y4acTBYOLWMUX B MpoLecce WCCNefoBaHWS W BHeECWMX BkNag B
copepxaHue pykonucu. Ecnn B BaxHbIX acnektax uccnefoBaTernbCkoro npoekta wu
noaroToBke paboTbl yyacTBoBanu u gpyrve nuua HeobxoamMMo onucaTh UX BKNag B CHOCKE
unun B otaensHoM npumedanum (bnarogapHocte, Acknowledgements).

B npumevaHun Takke [OSMKHbI ObiTb YKa3aHbl Ha3BaHWE M KOOOBLIN HOMEP Hay4HO-
nccnegoBaTenbCkoro nNpoekTa, B paMkax KOTOporo 6bina HamvcaHa cTaTtbs, a Takke
NnonHoe HasBaHve yuypexaeHus/opraHusauun, okasasluent (PMHaAHCOBYIO MOAAEPXKKY B
ocylecTBneHun nccriegosaxuns. B cnyyae, ecnu gaHHoe nccnegosaHue paHee yxe 6bino
NpeAcTaBrneHo B YCTHOW opme, Hanpumep, Ha KOoHdepeHuun, B MpuMeYaHun
HeobxoAMMO yKkasaTb Ha3BaHMe KOHEPEHLUMN 1 NpoYne AaHHbIe.

ABTOpbI 0053aHbl MPaBUMNBbHO W MOMHOCTLI LMTUPOBaTb MCTOYHWKW, KOTOPbIE
oKasanu 3HauMTenbHOe BNUSHNE Ha codepXxaHne nccneqoBaHns n pykonmcu., dparMeHThbl
PYKOMUCH, BKIIOYAs TEKCT, YPaBHEHUS, PUCYHKM, rpaddukn 1 Tabnumupl, HeNnocpeacTBEHHO
B3ATble U3 paboT ApyrMx aBTOPOB, AOMKHbI ObiTb HarnsgHO BbiAeNeHbl, Hanpumep,
KaBblyKamy C TOYHOW CChIIKOW Ha MEepPBOWCTOMHUK (HOMep cTpanuubl). Ecnn npegmet
LMTUPOBAHUS ASIVHHBIN, TO ero criegyeT opopMuTb OTAENbHbIM ab3auem.

MoppobHas nHdopmaums o cebinikax B TEKCTe (LMTUpOBaHWe) AoMmKHa ObiTb ykazaHa
B oTgenbHoMm pasgene (JlutepaTypa) B COOTBETCTBUM CO CTUIIEM LMTUPOBAHMSA,
MCMNOMNb3yeMbIM XypHanom «BoeHHo-TexHuuyeckun BecTHuk» (Harvard Style Manuel). B
pasgene «Jlutepatypa» criegyeT ykasbiBaTb HE BCE WCTOYHWKWU, MCMOMb30BaHHbIE Mpwu
NMOArOTOBKE PYKOMMUCH, @ TOMbKO LUTUPYEMbIE.

ABTOpbl 00f3aHbl He3aMeAnuTeNbHO YBEAOMUTb [MaBHOTO pegaktopa (Mnu
pegakumio XypHana «BoOeHHO-TEXHWYeCKUI BECTHWMK») U COOENCTBOBaTb peaakumn B
npoLiecce oT3blBa MW UCNpaBneHns ownbok, B criyyae ecnu nocne nybnukauuy ctatbm
MMu Gbina obHapyxeHa rpybas owmnbka B ee cogepKxaHum.

ABTOpbI 00A3aHbl yka3aTb B PYyKONUCK, €CNN CyLLECTBYET (OMHAHCOBBIA unu nobon
OPYron KOHMIUKT WHTEpPecoB, KOTOPbLI MOXET MOBNMWATb Ha pe3ynbTaThl WU
MHTEpnpeTauuio pesynbTaToB UCCNEA0BaHNS.

Ecnu uccnegosaHue cBA3aHO C XMMUYECKMMU BeLLeCcTBaMu, BUAaMN 4esTeNbHOCTU
unu obopynoBaHmeM, NPeAcTaBASIOWMMU Yrpo3y 340POBbIO M04EeN UMK XKUBOTHBIX, 3TO
AOIMKHO ObITb YETKO yKa3aHo B PyKOMUCH.

Mpn nogaye pykonucx aBTOpbI cornaluatTcst cobnogate peaakLMoHHYIO MONUTUKY
XypHana «BOEeHHO-TEXHMYECKUIA BECTHWK», NOATBEPAMB CBOE COrfacue C YCroBUSIMU
peaakuMoHHON MONUTUKM XypHana npeaocTaBneHmem ABTOPCKOro 3asiBNEHUS.

Pa3pelueHune cnopHbIX cUTyaummn

Jio6oe nuuo nubo yypexaeHue Bnpase B N0GOM MOMEHT NpeabsBUTL NPETEH3MNIO
penakTopy Unv peakonserum B CBs3n ¢ HapyLUeHMEM 3TUYECKUX CTaHAAPTOB, NOAKPENnvB
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ee [0CTOBEepHbIMW [oKasatenbctBamu. 1o nonyvyeHun npeTeH3wun, MoAKpenIeHHoN
AokasaTenbCcTBamu, pefakLMOHHas KOMMCCUS NMPOBEAET paccrnefoBaHne B COOTBETCTBUM
CO crneayroLwmnMm NpUHLMNamMu:

- FMaBHbIM PefakTop NPYHUMAET peLLeHne O NPOBEAEHNU pacCnefoBaHus;

- B npouecce nNpOBEPKM [JoKasaTenbCTB BCe MaTepuanbl  CUYATATCA
KOHpMAeHumaneHeiMM 1 ByayT npefocTaBneHbl TOMbLKO TEM  fvuam, KoTopble
HEenocpeACTBEHHO NPUYaCTHBI K MPOLIECCY NPOBEPKY;

- nojo3peBaemMbiM NMLAM B HapyLUEHUW 3TUYECKnX Hopm ByaeT npedocTasreHa
BO3MOXHOCTb OTBETUTb Ha BbIABVNHYTOE NMPOTUB HUX OBBUHEHWE;

- €CNN YCTaHOBIEHO, YTO HapylleHWe AeNCTBUTENbHO NPOW3OLLMO, OLEeHUBAaeTCs
CTeneHb THKECTU HAPYLLEHUS 3TUYECKNX HOPM.

B cnyuyae Herpyboro HapyweHusa (6e3 yrposbl penyTauum xypHana ,BoeHHo-
TEXHWYECKUA BECTHWK®), Hanpumep, B Cryyae HenpaBUIbHOMO TONKOBaHUS uUnn
NpUMeHeHns nybnukauMoHHbIX CTaHA4apTOB, pefakuus Hanpsamyto 6e3 cogencTsus
TpeTbMX Nnuu, obpallaeTcs K HapywmnTenio cneayowmm obpasom:

- aBTOpy/peueH3eHTy, [AonycTuMBlIeMY  OWWOKy/HapylweHne HanpasnseTcs
NUCbMEHHOe NMpeaynpexaeHue;

- nybnukyetca ysBedomieHve 06 WCMpPaBAeHWW, Hanpumep, eCcnn WUCTOYHMUK,
LUTUPYEMBIW B TEKCTE CTaTbW He BHECEH B CMUCOK NUTepaTyphbl;

- nybnukyeTcs ucnpasrneHue owmnbku, B cnyyae ecnu owmnbka nponsoLurna no BuHe
pepakumu.

B cnyyae rpyboro HapyLlleHUs 3TUYECKUX HOPM pefakums NMpuHMMaeT peLleHue o
JanbHenwux mepax:

- nybnukyeTcs oTAenbHasa 3aMeTKka unu ctaTtbs pejakropa C onvMcaHvuem crnyvas
HapyLleHNs aTU4eCcKUX CTaH4apTOB;

- HanpasnseT odwuumanbHoe yBeAOMIIEHUE PYKOBOAUTEMAM YyupexaeHus, B
KOTOpOM paboTaeT aBTOp/PeLEH3eHT;

- pepakums NPOU3BOAUT OT3bIB ONybNMKOBaHHOM CTaTby;

- pepakuuss obbsBnsgeT 3anpeT K nybnukauum  aBTopa/peuleH3eHTa  Ha
onpefeneHHbIn Cpok;

- VHcopmupyeT  COOTBETCTBYOLLMNE npodeccroHarnbHbIe OpraHvM3aumu
N KOMMETEHTHbIE YYpEeXAeHWs O crnyyae, B LenAx MpUBMEYEeHNs HapywuTtens K
OTBETCTBEHHOCTW.

Pepakumns BnpaBe npeanpuHMMaTb Mepbl OOHOBPEMEHHO WIW MOOYepedHoO Mo
oTAenbHocTn. B npouecce paspelieHus gena no mepe HeobxoAMMOCTM MPOBOAATCH
KOHCYnbTaLMM C COOTBETCTBYIOLUMMMW 3SKCMEPTHLIMW OpraHusaumsMu, opraHamu unm
niuamu.

Mpn paspelweHnn CrnopHbIX CcUTyauui pedakuus >XypHama pyKOBOACTBYETCH
NPeAnNCaHNaMMN N MHCTPYKUMAMN KomuTeTa no aTmke HayyHbix nybnukauui (COPE).

OTKa3 OT OTBETCTBEHHOCTU

BbIHOCMMbIEe MOMOXeHUs1 B OMNyGIIMKOBAHHBIX CTaTbsX HEe OTpaXkaloT TOYKY 3peHus
pedakTopa, peakonnerMM U peaakUMOHHOTO coBeTa XypHana «BoeHHO-TeXHUYecKuii
BECTHMK». ABTOpPbl HECYT OPUOMYECKYID U  MOpasibHyld OTBETCTBEHHOCTb 3a
npeacTaBrieHHble B CBOMX paboTax ngen. Peaakums He HECET HMKaKoW OTBETCTBEHHOCTU
B Criyyae BO3HUKHOBEHWSI TpeGoBaHMii MO BO3MELLEHUIO martepuarnsHoro yuiepba u
B3bICKAHMIO KOMMEHcaLUmM MoparnbHoro Bpeaa.
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KoHhnUKT HTepecos

XKypHan «BoeHHO-TEXHUYECKUI BECTHUK» MPUOEPKMBAETCS MONMUTMKA KOH(prmMKTa
MHTepecos, pekomeHpoBaHHon COPE w/vnn gpyrumMu MexayHapoAHbIMW OpraHamu,
perynupytowmmMmn nyénunkaumm HaydHblx uccnegosaruin (ICMJE, EASE). ABTopbl 4OMKHBI
3asBUTb O CBOEM KOH(prMKTE nHTepecoB B 3asBreHumn o koHdnukTe nHtepecos (ColS). B
ColS kaxablh Ha3BaHHbLIM aBTop cTaTbhk 0653aH npegoctaBuTb: (1) 3assneHue o nbbIX
noTeHumanbHbIX KOHNMKTAX WHTEPECOB, MMEILWMX OTHOLIEHWE K COAEpXaHuio, unm
3asBreHne 06 OTCYTCTBMM Takmx KOHMMKTOB. (2) PackpbiTne nHopMaumMmn o ToM, Kak
dVHaHCcUpyeTCa CTaTbsA, BKMIOYas KOHKPETHOe packpbiTue nwoboro u  BCero
hbVMHAHCUPOBAHUS KOMMaHWWN (YACTUYHOIO MMM MOMHOro) unn 3asBneHne ob oTCyTCTBUM
Takoro yyactusa (ecnv npumeHumo). (3) MNMoppobHoe 0b6BSCHEHVME pPONU CMOHCOPOB B
NOArOTOBKE CTaTbM, €CNN CTaTbsl CNOHCUPYETCS YaCTUYHO MINW NMONHOCTbIO.

Peknama

Peknama B xxypHane «BoeHHO-TEXHUYECKUIN BECTHUK» HE AOMyCKaeTCs.

Bonee nodpobHo ¢ uHgpopmayueli 06 Omuyeckom Kodekce XypHarna «BoeHHo-
MexHUYeCKUll 86CMHUK» MOXHO O3HaKOMUMbCS Ha UHMePHem-CmpaHuuax XxypHana:
PedakyuoHHasi nonumuka, YnpaeneHue Ka4ecmeoM xypHana, [loddepxka
Kayecmey pabom Ha calime Cepbckoeo UHOEKCa HayyHO20 yumuposaHus, 8 6ase
KomopoU XypHan «BoeHHO-mexHU4YecKuli 8eCMHUK» Nep8uyHoO UHOEKCUPYyemcsi.
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STATEMENT OF THE MILITARY TECHNICAL COURIER
ON ETHICAL CONDUCT

NOTE: 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 editorial office applies
Checklist for open access publishers on implementing the UNESCO Recommendation on
Open Science. This document is part of the UNESCO Open Science Toolkit, designed to
support implementation of the UNESCO Recommendation on Open Science. It has been
produced in partnership with OASPA.

The main scope of the Military Technical Courier scientific journal is publishing
scientific articles after peer reviewing. In the editing process leading to publishing scientific
articles, it is necessary to reach an agreement on ethical principles in the behavior of all
parties involved (Editorial Office i.e. Editor, members of the Editorial Board, reviewers, and
authors alike). The aforementioned principles and practices are defined by this Statement
of the Military Technical Courier on Ethical Conduct.

Measures, activities, responsibilities, and duties of the Military Technical
Courier Editorial Office

The Editorial Office of the Military Technical Courier does not charge for submitting
manuscripts from their authors nor from third parties. The whole process of processing and
publishing is completely free of charge for authors — from the manuscript submission
services through processing to the article publishing services. There are no hidden costs
whatsoever.

The Editorial Office decides finally which manuscripts are to be published. Decisions
are based only on manuscript values. In making decisions, there is no discrimination on
the basis of race, sex/gender, religion, ethnic origin or political beliefs. In making decisions,
the Editorial Office is guided by the Journal’s policy, complying with legal regulations
dealing with libel, copyright infringement and plagiarism.

Manuscripts are kept as confidential material. No information and/or ideas from
manuscripts are to be used for private purposes without authors’ explicit consent in writing.

In its work, following the recommendations of the Centre for Evaluation in Education
and Science (CEON/CEES), the Editorial Office uses the Serbian Citation Index
(SCindeks) ASSISTANT electronic editing system which provides full transparency of the
publishing process (developed on the basis of the OJS platform) while being fully
responsible for accepting and publishing articles.

The editing process in the Military Technical Courier consists of the following steps
of the Editorial Office:

1. After receiving manuscripts, the Office asks the authors to fill in the Authorship
Statement in which they: specify their contribution to the manuscript; confirm that they are
familiar with the Journal’s policy regarding the retraction of already published articles;
confirm that the submitted manuscript is an original paper written and signed by its authors,
not previously published, not considered for publication elsewhere and not concurrently
sent for review to other journals; confirm that the manuscript and the additional material
contain neither any false statements that could be considered defamation, any false claims
nor material that in any way endangers personal or property rights of natural or legal
persons; confirm that they do not have a conflict of interest that could cast doubt on the
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article’s integrity and the credibility of the results published in it; confirm that they have
obtained permission from copyright holders to use all content from copyright-protected
works and other copyright-protected material used in the manuscript; and confirm that they
have acknowledged the sources in the manuscript and supplementary material.

2. Before the Editor attends to the manuscript, the Editorial Office checks the
manuscript content for plagiarism in order to establish the originality of submitted papers
and prevent plagiarism and duplication. The Military Technical Courier does not publish
plagiarized papers. The Editorial Office is of the opinion that plagiarism i.e. using another’s
ideas, words or other creative ways of contributing without acknowledging their source and
presenting them as one’s own is serious violation of research and publication ethics.
Plagiarism may also involve copyright infringement which is violation of law.

Plagiarism involves:

- Verbatim or nearly verbatim copying or paraphrasing parts of other authors’ texts
without clear citing of the source purposefully, in order to hide the source;

- Copying equations, data or graphical presentations from documents of others
without clearly acknowledging the source and/or without the authorization of the original
author or copyright holder;

A manuscript showing obvious signs of plagiarism is rejected automatically. In case
plagiarism is found in an already published article, the article is revoked (retracted)
following the procedure given in point 6.

In order to prevent plagiarism, the Journal uses the iThenticate/CrossRef system
within the SCindeks Assistant service for checking manuscripts. The results obtained by
such checking are verified by the Editorial Office in accordance with the COPE guidelines
and recommendations.

The Military Technical Courier does not allow the use of generative Al nor Al-assisted
technologies such as Large Language Models for writing papers. The use of these
technologies is allowed exclusively for improving the language and readability of papers
but only under strong supervision of authors. The Editorial Office of the Military Technical
Courier may use forensic tools and special software to identify unethical writing of papers
with the help of generative artificial intelligence and Al-assisted technologies. Papers found
to have used these technologies unethically will be rejected during the editing and review
process or they will be subsequently retracted if these malpractices are found in already
published articles.

3. After being checked for plagiarism, a manuscript is dealt with by the Editor who
continues the publishing process by choosing peer reviewers. Neither the Editorial Team
nor the Editor in charge of the particular manuscript are allowed to be in a conflict of interest
in the case of the manuscript in question.

If there is a conflict of interest, it is up to the Editorial Board to decide on peer
reviewers and further actions regarding the manuscript. The Editorial Board members who
might be in a conflict of interest are also excluded from the decision-making process in the
case of the manuscript in question.

4. Manuscripts are sent to reviewers only after the initial assessment stating that,
based on their form and content scope, they are eligible for publication in the Military
Technical Courier. Special care is taken that the initial assessment does not last longer
than necessary.

The Military Technical Courier makes use of double-blind peer review of all papers.

It is mandatory for the Editor-in-Chief and the Editorial Team members to take
appropriate measures that authors and reviewers remain anonymous to each other during
and after the reviewing process, in accordance with the double-blind peer review method.




The Editorial Team of the Military Technical Courier can give information on the submitted
manuscript only to the author, reviewers or potential reviewers if necessary.

Every manuscript has to be reviewed by at least two reviewers who are not aware of
each other's identity and who review the manuscript independently of each other.
Reviewers are chosen solely based on whether they have relevant knowledge for the
particular paper review. They must not have the same affiliation as the paper author(s) and
they are not allowed to have been co-authors with them in the recent past. Possible
suggestions of manuscript authors on engaging particular reviewers are not accepted.

The purpose of a review is to help the Editorial Team make a decision whether the
paper should be accepted or rejected and to improve the quality of the manuscript through
the process of communication with the Editor, authors and other reviewers. During the
reviewing process, the Editor-in-Chief may ask the author to submit additional information,
including raw data, if it is necessary for assessing the manuscript. The Editor and the
reviewers should treat such information as confidential and should not use it for any other
purpose.

The reviewing process usually lasts for four weeks maximum, and only exceptionally
up to three months. The period of time from the manuscript submission to its publishing is
approximately 90 days.

If authors have some serious and justifiable concern with reviews, the Office checks
whether the reviews in question are objective and of academic standard. If the objectivity
or quality of these reviews are questionable, the Editor engages additional peer reviewers.

Additional reviewers are also engaged when the decisions of the assigned reviewers
are contradictory (accept/reject) or somehow incompatible.

The final decision on the acceptance of a manuscript for publication is made
exclusively by the Editorial Team.

5. In extreme cases, especially when the choice of journals is limited due to the
paper’s narrow subject field, it is acceptable that the members of the Editorial Team of the
Military Technical Courier may also be authors of scientific articles published in it. However,
in this case, the Editorial Team ensures that the double-blind review process is even more
transparent and more rigorous. This means that the Editorial Office will make every effort
to maintain the integrity of the review and to minimize any bias by having another associate
editor handle the review procedure independently of the editor — author in a completely
transparent process. The Editorial Team will take special care that a reviewer does not
recognize the author’s identity. As an extra precaution, if and when such an article is
published, the Editorial Team may accompany the article with a note about a high level of
transparency of the editing and reviewing processes in question.

6. In case of the violation of the rights of the Military Technical Courier, copyright
holders or authors as well as in case of multiple publication, fake authorship, plagiarism,
data manipulation or any other malpractice, the published article must be retracted.

Articles can also be retracted for correcting numerous and/or fundamental flaws
which cannot be dealt with by post-publication corrections. Retractions are issued by the
Editorial Team, the author(s) or by both parties based on mutual agreement.

A retraction notice has a form of a separate paper listed in the Contents of an issue,
classified as “Retraction”.

Retractions are published in accordance with the COPE Guidelines elaborated by the
CEON/CEES in its database where the Military Technical Courier is primarily indexed.

The CEON/CEES publishes the national citation index where the metadata of
retraction notices and related retracted articles must be clearly and appropriately marked
and mutually cross-linked. An electronic version of the original article (the one being
retracted) is provided with a HTML link to the retraction notice. Retracted articles are
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retained in their original form but with a watermark on each page of the PDF document
indicating that the article in question is RETRACTED.

7. The Editorial Office is open to academic, scientifically based, collegial and
productive exchange of opinions and critiques as well as for expressing possible
disagreements regarding the results in articles published in the Military Technical Courier
by enabling polemics and reactions to be published in the Journal's section “Letters to the
Editor”.

Measures, activities, responsibilities, and duties of the Military Technical
Courier reviewers

Reviewers are required to assess the scientific and professional values of
manuscripts in a qualified and timely manner. They have to focus especially on the genuine
contribution and originality of manuscripts. A review should be completely unbiased and
the reviewer’s assessment unambiguous and backed with arguments.

Reviewers assess manuscripts with regard to the compliance of the content with the
Journal’s character, importance and effectiveness of the content, convenience of the
methods applied, scientific value of the presented information as well as with regard to the
style, tone and form of the text. A review has a standard form which comprises assessment
of particular elements of a manuscript, general assessment and final recommendation.
Personal criticism of the author is unacceptable.

Reviewers must not be in a conflict of interest with authors or research funders. If
such a conflict exists, the reviewer is obliged to inform the Editor about it in due time.
Reviewers should not accept to review papers out of the scope of their full competence.

They should notify the Editor-in-Chief if they have a reasonable doubt about the
author violating ethical standards. A duty of reviewers is to call to the editor's attention any
substantial similarity or overlap between the manuscript under consideration and any other
published paper of which they have personal knowledge. Also, hey should recognize
relevant sources which have not been taken into account in the manuscript. They may
recommend citing particular references but must not insist on citing articles published in
the Military Technical Courier or their own papers if there is no justification for doing so.

Their suggestions should aim at improving the manuscript’s quality. If they conclude
the paper deserves to be published but with corrections, they are required to provide
detailed instructions.

Manuscripts sent to reviewers must be treated as confidential documents. The
material from manuscripts must not be used for reviewers’ own research without the
author’s explicit consent in writing.

The Editorial Office of The Military Technical Courier encourages reviewers to verify
their reviews on their personal profile pages on the Web of Science (WoS) platform. When
reviewers submit their peer reviews to The Military Technical Courier, they will be asked
whether they would like to track, verify and showcase them on the WoS platform.
Reviewers can further use their verified peer reviews as evidence of their contribution to
the scientific community in applications for promotion, grants, etc.

The reviewing policy of the journal:

- allows visibility of the review in public (only after the article has been
published),

- shows titles of reviewed articles to reviewers (only after the article has been
published).




Measures, activities, responsibilities and duties of the Military Technical
Courier authors

Authors undertake that the manuscripts are their original contribution, that they have
not been published before, and that they are not considered for publication elsewhere.

Parallel submission represents violation of ethical codes which eliminates the
manuscript in question from being further considered for publication in the Military
Technical Courier. A paper already published elsewhere cannot be published in the Military
Technical Courier.

Authors are fully responsible for the complete content of their manuscripts. The
manuscript should not contain unfunded or illegal statements nor infringe on the rights of
others.

When writing their papers, authors are not allowed to use generative Al nor Al-
assisted technologies such as Large Language Models. These technologies are not to be
used for the realization of the key authors’ task which is to draw scientifically based
conclusions and recommendations. Atrtificial intelligence tools can be used in the process
of research to analyze and draw conclusions from data.

Authors are required to make sure that their team mentioned in the manuscript
consisits only of individuals whose contribution to the content of the manuscript is
significant. If there were other individuals who participated in some other important
moments of the research project or in the manuscript preparation, their contribution is to
be mentioned in a footnote or in a separate note (Acknowledgement).

The name and the code number of the research project from which the paper
originates must be given in a note, as well as the full name of the funding institution. In
case the paper has been presented orally elsewhere with the same title or a similar one,
the details of such a communication have to be metioned in a note as well.

Authors’ duty is to correctly and completely quote the sources which had a significant
influence on the content of the research and the manuscript. Fragments of the manuscript,
including the text, equations, graphical presentations, figures and tables, directly included
from the works of others, must be clearly marked e.g. by quotation marks with a precise
reference to the original source (page number) or in a separate paragraph if they are bigger
in size.

Full references of all citations in the main text must be given in a separate section
(References) in a uniform way, complying with the citation style used in the Military
Technical Courier (Harvard Style Manual). The Reference Section contains only the cited
sources, not all sources used in the preparation of the manuscript.

In case authors find an error in their article after its publication, they are obliged to
promptly notify the Editor-in-Chief (or the Editorial Office) and cooperate in the process of
retracting or correcting the article.

Authors are under the obligation to declare in their manuscript whether there is a
financial or any other conflict of interest that may influence the results or interpretations of
the results.

If the research involves chemicals, activities or equipment posing risk to the health of
humans or animals, this must be clearly stated in the manuscript.

When submitting their manuscript, authors agree to comply with the editorial policy
of the Military Technical Courier and they confirm such compliance by submitting the
Authorship Statement.
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Handling allegations of misconduct

Any individual or institution may notify the Editor and/or Editorial Team of ethical
malpractice and other misconduct by supplying undisputed information/evidence to start an
enquiry. The procedure for investigating the case raised with the supplied evidence is as
follows:

- Editor-in-Chief determines to start investigation;

- all evidence is considered confidential during investigation and is available only to
those directly involved in the case;

- individuals suspected of ethical breaches are given a chance to respond to the
allegations;

- if a misconduct is confirmed, it is further established whether there is a minor or a
major violation of publication ethics.

Minor issues not affecting either the integrity of the paper or that of the Journal, e.g.
misunderstanding or misapplication of publication standards, are dealt with by directly
communicating authors and reviewers, without third parties involved, in one of the following
ways:

- authors and/or reviewers are sent a letter of warning;

- a correction notice is published, e.g. when a source, otherwise properly cited within
the main text, has been omitted from the Reference List;

- an erratum is published, e.g. when an error is made by the Editorial staff. Serious,
maijor violations of the ethical code may lead to different measures:

- a separate note or a leading article is published, describing the case;

- afilliate institution of the author/reviewer is officially notified;

- the published article is retracted;

- publishing in the Journal is prohibited for a defined period of time;

- relevant organisations and regulatory bodies are informed about the case for taking
course of actions within their competence.

These measures may be taken separately or jointly. In the process of handling the
case, relevant expert organisations, bodies or individuals are consulted when necessary.

In resolving ethically controversial issues, the Editorial Team follows the guidelines
of the Committee on Publication Ethics (COPE).

Disclaimer

The views in the published articles do not represent the views of the Editor, the
Editorial Office, the Editorial Team or the Editorial Board of the Military Technical Courier
journal. Authors take full legal and moral responsibility for the information and opinions
expressed in their articles. The publisher will not be held liable in any way for any claims or
damages.

Conflict of interest

The Military Technical Courier adheres to the conflict of interest policy recommended
by COPE and/or other international research publishing regulatory authorities (ICMJE,
EASE). The authors must declare their conflicts of interest in the Conflict of Interest
Statement (ColS). In the ColS, each named author of the article is required to provide: (1)
A statement of any potential conflicts of interest relevant to the content or a statement that
there are no such conflicts. (2) Disclosure of how the article is funded, including specific
disclosure of any and all company funding (partial or total), or a statement that there was
no such involvement (if applicable). (3) A comprehensive explanation of the role of
sponsors in article preparation if the article is sponsored in part or whole.




Advertising

Advertising in the Military Technical Courier is not permitted.

Details on the ethical conduct of the Military Technical Courier are also available on
the Journal pages: Publication Policy, Journal Quality Management and Article
Quality Support via the website of the Serbian Citation Index (SCindex) — publisher of the
national citation index, i.e. publisher of the base in which the Military Technical Courier is
primarily indexed.
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No3nB U YIYTCTBO AYTOPUMA
NPUMALUEHWE N MHCTPYKUNA J1A ABTOPOB PABOT
CALL FOR PAPERS AND INSTRUCTIONS FOR AUTHORS

no3nB N YNYTCTBO AYTOPUMA O HAYUHY NPUNPEME YJ1AHKA

YnyTcTBO ayTopuma O HauuHy npunpemMe uYnaHka 3a objaBrbuBare Y
BojHomexHuykom enacHuky ypaheHo je Ha ocHoBy [lpaBunHuka O kateropusauuju u
paHrmpary Hay4yHuMx 4Yaconuca MuHucTapcTBa NpocBeTe, HayKe U TEXHOMOLLKOr pa3Boja
Penybnuke Cpbuje ("Cnyxbenun rmacHuk PC", 6poj 159/20). MNMpumeHa osor lMpaBunHuka
NPBEHCTBEHO CNyXu yHanpehewy kBanuteta gomahux yaconuca v HMXOBOT MOTMyHUjer
YKIbyuMBawa y MeflyHapoaHu cucteM pasmeHe HaydHux nHdopmauuja.

BojHoTtexHuukn rnacHuk / Vojnotehnicki glasnik / Military Technical Courier
(BTr.mo.ynp.cp6, www.vtg.mod.gov.rs, ISSN 0042-8469 — wTamnaHo mn3game, e-ISSN
2217-4753 - online, UDC 623+355/359, DOI: 10.5937/VojnotehnickiGlasnik;
https://doi.org/10.5937/VojnotehnickiGlasnik), jecte peueH3anpaHu Hay4Hn Yaconuc.

BrnacHuun vaconuca cy MwuHuctapctBo opbpaHe Penybnuke Cpbuje n Bojcka
Cpbuje. N3pgaBay 1 cuHaHcujep Yaconuca je YHuBepauteT ogbpaHe y beorpaay (BojHa
akagemuja).

Mporpamcka opujeHTaumja 4aconuca 3acHMBa Ce Ha roguLLIH-0j KaTeropusauujm
Yyaconuca, Kojy BpLUN HaANeXHO ApXXaBHO MUHUCTaPCTBO Y ogpefheHnm obnactuma, kao un
Ha HEroBOM MHAEKcHpamy y MeflyHapoaHUM MHAEKCHMM Gasama.

Yaconuc obyxsata Hay4He, OAHOCHO CTpyYHe 06riacT y OKBMPY 06pasoBHO-Hay4YHOr
norba NPUPOAHO-MaTEMaTUUYKUX HayKa, Kao M Yy OKBMPY OBpa3oBHO-Hay4yHOr Morba
TEeXHUYKO-TEXHONOLUKMX HayKka, a Hapouuto obractm opbpambeHMX Hayka W
TexHonornja. OG6jaBrbyje Teopujcka M MpakTMdHa pJdocturHyha koja gonpuHoce
ycaBplUaBakwy CBMX MpWNagHvMKa cprcke, pernoHanHe u mefyHapoaHe akagemcke
3ajegHuue, a nocebHO NpunagHuKa BOjCKU U MMHUCTapcTaBa ogbpaHe. MNybnuvkyje pagose
Ca ypaBHOTeXeHUM unssellTaBakbeM 0 aHalnnTU4kKnum, ekcnepmMmeHTanHnuMm U npuMmeHeHnm
UCcTpaxusBamwymMa, Kao W HyMepuukum cumynauuvjama, obyxsaTtajyhu pasnuuute
avcumnnuHe. O6jaBrbeHV MaTepuyjany Cy BUCOKOT KBanuTeTa U peneBaHTHOCTU, HanucaHu
Ha Ha4YMH KOjU UX YMHW OOCTYNMHWMM LUMPOKOj YmTanaykoj nybrnmun. CBu pagosBu Koju
M3BewTaBajy O OpPWUrMHaNHUM  TEOPMWCKUM  W/MAM  NPaKTUYHO  OPUjEHTUCaHUM
ncTpaxviBarwuma nnu npoLuMpeHum Bep3anjama seh objaBrbeHnx pagosa ca kKoHdepeHumja
cy aobpogownu. Pagosun 3a objaBrbmBare ofabupy ce OBOCTPYKO CrenvMM MOCTYMKOM
peLeH3unje kako 6u ce ocurypana OpurMHanHOCT, PeNeBaHTHOCT U YNTILUBOCT. [putom
uuIb HMje camo Ada ce kBanuteT objaBrbeHMx pagoBa OOpXwW BUCOKMM Beh u ga ce
06e3beau NpaBoBPEMEHN, TEMEBHU N YPaBHOTEXEHU MOCTYNaK peLeHsuje.

YpehuBauka nonutuka BojHOmMexHUYKO2 eracHUKa 3acHMBa Ce Ha npenopykama
Opbopa 3a etuyHocT y n3gasawTey (COPE Core Practices) u 3ajegHnykMM npyHumnuma
TpaHcnapeHTHOCTK 1 Hajborbe npakce y nagasawtey COPE, DOAJ, OASPA n WAME, kao
1 Ha HajborbuMm nNpuxeaheHnM npakcama y Hay4yHOM M3aaBaluTBy. BoOjHOMEXHUYKU 2/1aCHUK
je ynan COPE (Committee on Publication Ethics) oa 2. maja 2018. roguHe n unaH OASPA
(Open Access Scholarly Publishers Association) og oa 27. HoBembpa 2015. roguHe.

MuHucTapcTBO Hayke, TEXHOMOLUKOr pasBoja W uHoBauuwja PenyGnvke Cpbuje
yTBpauno je gaHa 13. 12. 2024. rognHe kateropusaumjy BojHomexHu4Koe enacHuka, 3a
2024. roauHy:

— Ha NIUCTM Yaconuca 3a pavyyHapcke Hayke:

KaTeropwuja BPXyHCKM 4aconuc HaumoHanHor 3Hadvaja (M51),
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— Ha NMCTU Yaconuca 3a eNeKTPOHUKY, TerleKoMyHuKaumje u nHpopmalmoHe
TexHonoruje:
KaTeropuja BPXyHCKM Yaconuc HaumoHanHor 3Havaja (M51),

— Ha NMCTK Yaconuca 3a MallMHCTBO:
KaTeropuja BPXyHCKM 4aconuc HaumoHanHor 3Havaja (M51),

— Ha NMCTU Yaconuca 3a MaTepujane u xeMujcke TexHornoruje:
KaTteropuja HaLuMoHanHu Yyaconuc mefyHapoaHor 3Hadvaja (M24).

YcBojeHe nucTte gomahux vaconuca 3a 2024. roguvHy MOry ce BMOETU Ha cajTy
BojHomexHuy4koe enacHuka, cTpaHuua Kamezopu3sayuja yaconuca.

HeTarbHuje nHopmaumje mory ce npoHahu n Ha cajty MuHuctapcTBa npocseTte,
HayKe 1 TexHonoLlKor pa3soja Penybnuke Cpbuije.

Mopaum o kaTeropusaumju mory ce npatnti u Ha cajty KOBCOH-a (KoHsopuwmjym
6ubnunoteka Cpbuje 3a objeanHeHy HabaBky).

KaTeropusaumja yaconuca mssplueHa je npema [lpaBunHuky o kateropusauujy u
paHrMpamy Hay4Hux Yaconnca MuHucTapcTea NpocBeTe, Hayke M TEXHOMOLUKOr pas3soja
Penybnuke Cpbuje ("Cnyx06eHun rnacHuk PC", 6poj 159/20).

Yaconuc ce npaTtu y koHTekcTy Cprickor umtatHor uHgekca — ClLuHgekc (6asa
nogartaka gomahux HayyHux yaconuca), HayyHo-uHdopmaumoHor cuctema Redalyc n
Pyckor uwHgekca HaydHor uutupawa (PWUHLY). TMoasprHyT je ctanHoM BpegHOBawy
(MOHUTOPWHIY) Yy 3aBUCHOCTW OA YTMUAJHOCTU (MMnakTa) y camum Gasama. [eTtarbu o
WHOEKCcpawy Mory ce BuAeTM Ha cajTy BojHomexHu4ykoe enacHuka, cTpaHuua
UHdekcuparse vyacornuca.

BojHomexHuuku 2nacHuk, y nornepy CBOr cagpxaja, npyxa moryhHocT oTBOpeHor
npuctyna (DIAMOND OPEN ACCESS) u npumenyje Creative Commons (CC
BY) ogpenbe o aytopckum npaBuma. [letarsu o ayTopckMm npasBvMa MOry ce BUAETU Ha
cajTy yaconuca, cTpaHuua Aymopcka npasa u nonumuka camoapxusuparsa.

PapoBn ce npegajy nytem OHMajH cucteMa 3a €neKkTPOHCKO ypehuBame
ACUCTEHT, koju je pa3suo LleHTap 3a eBanyauujy y obpasoBany u Hayum (LIEOH).

MpucTyn n perncrpaunja 3a cepBuC BpLUE Ce Ha cajTy www.vtg.mod.gov.rs, npeko
ctpatuue ACUCTEHT wnun  CUMHOEKC, o0QHOCHO  OWPEKTHO  Ha  MUHKY
aseestant.ceon.rs/index.php/vtg.

[eTarbHO ynyTCTBO O perucTpaumju u npujaBn 3a CepBMC Hanasu ce Ha cajty
www.vtg.mod.gov.rs, cTpanuua Ynymcemeo 3a ACUCTEHT.

MoTpebHO je Oa ce cBM ayTopu KOju MOAHOCE pykonuc 3a objaBrbuBame Yy
BojHomexHuykom enacHuky peructpyjy y peructap ORCID (Open Researcher and
Contributor ID), npema ynyTcTBY Ha CTpaHuum cajta Peaucmpauuja 3a 0obujarse ORCID
udéeHmugbukayuoHe wugpe.

BojHomexHu4Ku 2nacHuk 06jaBrbyje YnaHKe Ha eHrneckoMm jeauky (arial, BenuuvHa
cnosa 11 pt, npopep Single).

MocTynak npunpeme, nucamwa u ypefusama unaHka Tpeba ga 6yde y carnacHocTu
ca MWsjasom o emuykom nocmynary (http://www.vtg.mod.gov.rs/izjava-o-etickom-
postupanju.html).

UnaHak Tpeba Aa cagpxu caxeTak ca Kiby4HUM pednma, yBod (MOTuBauujy 3a pag),
paspagy (ageksaTaH npernes penpe3eHTaTMBHOCTM paga y Hherosoj obnacTtu, jacHy usjasy
0 HOBUWHW Y NpeacTaBbEHOM UCTPaXmBaky, oaroBapajyhy Teopumjcky no3aguHy, jegaH unu
BULLE MpUMepa 3a AEMOHCTpMpare U AUCKYCUjy O MPeACcTaBibeHNM Maejama), 3akibyyak
n nuTtepatypy (6e3 Hymepauuje Hacnosa u nogHacnosa). Obum ynaHka Tpeba oa 6yae ao




jeaHor aytopckor Tabaka (16 ctpaHuua opmata A4 ca npopegom Single), a HajpuLe 24
cTpaHuue.

UnaHak Tpeba pa Oyae HanucaH Ha obpacly 3a nucare YnaHka, Koju ce y
€reKTPOHCKOj (hOpMM MOXE Npey3eTn ca cajTa Ha cTpaHuum Obpasay 3a nucar-e YnaHka.

Hacnos

Hacnos Tpeba fa ofpaxasa TeMy unaHka. Y MHTepecy je yaconuca v aytopa Aa ce
KOpUCTE peun NpuknagHe 3a MHOeKCUpake U npeTpaxuBame. AKO TakBUX peun Hema y
HacnoBy, NOXeJbHO je Aa ce NpuaoAa v NoAHACHOB.

Tekyhu HacnoB

Tekyhn HacrnoB ce ucCnucyje ca CTpaHe CBake CTpaHuUe 4naHka pagu nake
naeHTUdUKaumje, NocebHO Komuja YnaHaka y enekTpoHCKoMm o6nvky. Cagpxu npesume u
VHULMjan MMeHa ayTopa (ako ayTopa Mma Bulle, NpeocTasny ce o3HayaBajy ca et al.” unm
M Op.“), HacrnoBe pafa v Yaconuca U konauujy (roguHa, BOSlYMEH, CBecka, NMoveTHa U
3aBpLUHa cTpaHuua). Hacrnosu yaconuca u ynaHka Mory ce fatu y ckpaheHoMm obmnuky.

Ume ayTopa

Hasogu ce nyHo ume n npesume (cBux) aytopa. Beoma je noxersHo aa ce HaBegy 1
cpedwa cnosa ayTtopa. IMeHa u npesvmeHa gomahux aytopa yBeK ce UCnuUcyjy Yy
OpUrMHanHoMm o6NuKy (ca CPNCcKMM AMjakpUTUYKMM 3HAKOBMMA), HE3ABUCHO Of je3nka Ha
KojeM je HanucaH pag.

Hasue yctaHoBe aytopa (adunujaumja)

HaBoau ce nyH (3BaHWM4YHKU) HA3MB U ceauLLTe YCTaHOBE Yy KOjoj je ayTop 3anocneH, a
€BEHTyarHo M Has3uWB YCTaHOBE Y KOjoj je ayTop o0baBMO MCTpaxkuBakse. Y CIOXEHUM
opraHv3auuvjama HaBogu ce yKynHa xujepapxuja (Hnp. YHusepauteT ogbpaHe y beorpagy,
BojHa akagemuja, Kategpa npupogHo-matemMaTuykmx Hayka). bap jegHa opranusaumja y
xujepapxvju mopa 6utn npasBHO Nnvue. AKO ayTopa uMa BWLIE, a HEKU NOTUYY U3 UcTe
yCTaHoBe, Mopa Ce, MOCeOHUM O3HaKama WNM Ha APYr HauvH, Ha3HauMTU U3 Koje Of
HaBedeHUX yCTaHoBa MOTWYE CBakM Of HaBedeHux ayTopa. Adwvnuvjauuja ce ucnucyje
HernocpeaHO HAaKoH MMeHa ayTopa. PyHKUMja 1 3Bare ayTopa ce He HaBofde.

KoHTakT nogaum
Anpeca nnu e-agpeca CBUX aytopa faje ce nopes MMeHa v npesvMeHa aytopa.

KaTeropuja (Tun) unaxka

Kateropusaumja unaHaka obaBesa je ypegHuWwTBa U of NocebHe je BaKHOCTW.
KaTteropujy 4naHka mory npepnarat peueH3eHTW W YraHOBW YpeaHMWLITBA, OAHOCHO
ypeoHvuun pyGpuka, anum OArOBOPHOCT 3a KaTeropusauujy CHOCU UCKIbYYMBO [IaBHU
ypenHuK.

BojHomexHuuku anacHuUK objaBrbyje HayyHe YnaHke.

Hay4Hn ynaHak je:

— opurnHanaH HayyHu pag (pag y kojeM ce M3HOCe MpeTxodHO HeobjaBrbeHu
pes3ynTaTi CONCTBEHNX UCTPaXUBaka Hay4YHUM METOAO0M);

— npernegHn paa (paa Koju cagpXv OpurMHanaH, getarbaH U KPpUTUYKU NpurKas
UCTpaxuBaykor npobnema nnu nogpyyja y kojem je aytop octsapvo ogpeheHun aonpuHoc,
BWALMB HA OCHOBY ayTouuTara);

— KpaTKO NN NPETXOAHO CaonlTEHE (OPUTMHANHN HAay4YHW pag nyHor dopmaTa, anv
Marer obuma unm npenMMUHapHOr kapakTepa);
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— HayyHa KpWUTWKa, OOHOCHO Mofiemuka (pacnpaBa Ha oppeheHy HayyHy Temy,
3aCHOBaHa UCKIbY4MBO Ha Hay4yHOj apryMeHTaumjn) U OCBPTM.

M3y3eTHO, y HekMMm obnactuma, HayyHW paj Yy 4aconucy Moxe umaTtn obnuk
MoHorpadcke cTtyamje, Kao M KPUTUMYKOr usgawa HaydHe rpafe (MCTOpMjCKO-apXMBCKe,
nekcukorpadpcke, 6ubnuorpadcke, npernega nogataka u cn.), oTag HenosHaTe wnu
HEe[0BOSbLHO MPUCTYNAaYHe 3a Hay4YHa NCTPaXvBam-a.

PapoBu knacudukoBaHn Kao Hay4HU Mopajy umaTti 6ap ABe NO3UTUBHE peLeHsuje.

Ako ce y vaconucy 06jaBrbyjy U Npuno3v BaHHAy4YHOr KapakTepa, Hay4yHW YnaHLm
Tpeba ga Oyay rpynucaHu 1 jacHo M3ABOjeHN Y MPBOM Aeny CBecke.

MoxersbHo je aa 06uMm KpaTkux caonwTerwa byae 4 A0 7 cTpaHWLa, HAYYHUX YnaHaka
n ctyguja cnyyaja 10 go 14 ctpaHuua, AOK NpernegHyu pagosu Mory 6utn n ayxu. bpoj
CTpaHu1La Huje CTPOro orpaHuyeH 1, y3 ogroapajyhe obpasnoxetre, NpujaBrbeHn YnaHum
Takohe Mory 6utn ayxu unm kpahu.

AKO Cy pagoBM KOju Cy MPETXOOQHO 06jaBrbeEHU Ha KOH(EPEHUMjU MPOLLUMPEHH,
ypegHuum he npoBeputu da nv je Ao4ato AOBOSbHO HOBOP MaTepwjana Koju ucnykasa
cTaHgapae Yaconuca v ksanudukyje nogHecak 3a noctynak peueHsuje. flonatn matepujan
He cme 6uTM npeTxogHo objaBrbeH. HoBu pesynTatm HWUCY HYXHO MNOTPeOHW, anu cy
noxerbHn. Mehytum, nogHecak Tpeba Aa cagpxu NPOLUMPEHE KIbyYHe uaeje, npumepe,
pa3page, UTA., Koju Cy NpeTxoaHo bunu cagpxaHu y NogHECKY ca KoHdepeHLyje.

Je3uk papa

Jeank papa Tpeba fa 6yae eHrnecku.

TekcT Mopa GUTK je3nykm u CTUICKU AoTepaH, cuctemartmsoBaH, 6e3 ckpaheHuua
(ocum ctangapaHux). Cee dusmyke BenuymHe mopajy 6utn nspaxeHe y MehyHapogHom
cuctemy MepHux jeamHuua — Sl. Pegocnep obpasaua (dopmyna) o3HavaBa ce pegHuM
bpojeBuma, ca AecHe CTpaHe y OKpyrnvMMm 3arpagama.

CaxeTak

CaxeTak jecTe KpaTak MHMOpPMaTMBAH MpUKas cagpxaja 4naHka Koju uutaouy
omoryhaBa Aa 6p30 1 Ta4HO OLEHN HEroBYy PeneBaHTHOCT. Y MHTepeCy je ypeaHuLTasa un
ayTopa Aa caxeTak cagpxu TePMUHE KOju Ce YeCTO KOPWCTe 3a MHAEKCUpare 1 npeTtpary
ynaHaka. CactaBHUM 4enoBU caxeTka Cy YBOA/UNIb UCTPaxuBara, MeToau, pesyntaTtm un
sakrbydak. Caxetak Tpeba aa nma og 100 go 250 peun n Tpeba ga ce Hanasun usamehy
3arnaerba (HacnoB, MMeHa ayTopa W Op.) U KIbYYHUX PEeYU, HAKOH KOjUX Cnefn TEeKCT
YynaHka.

KrbyyHe peun

KrbyyHe peun cy TepMuHM mnn pase Koje adeKkBaTHO NpeacTaBrbajy caapaj
ynaHka 3a notpebe MHOeKcupara n npeTpaxvBara. Tpeba nx gogersmeaTti ocnawajyhn
ce Ha Hekn mehyHapoaHuM n3Bop (MOMNMC, PEYHUK UK Te3aypyc) Koju je Hajlumpe npuxeaheH
UNN yHyTap aate HayyHe obnacTtu. 3a HNp. HayKy yonwiTe, TO je nucTta KrbydHux peun Web
of Science. Bpoj krby4Hux peun He moxe 6utn Behu o 10, a y uHTepecy je ypeaHuwTBa
M aytopa Ada y4ecTtanocTt kuxoBe ynotpebe byaoe wrto Beha. Y umaHky ce nuuy
HernocpeaHO HaKOH caxeTka.

Cuctem ACUCTEHT y Ty cBpxy kopucTu crneuujanty anatky KWASS: aytomaTcko
EeKCTpaxoBame KIbyYHUX pPeYn M3 AUCUMNIMHApHUX Tesaypyca/pedHunka no usdopy wu
pYTVHE 3a bUX0B 0fabup, Tj. NpuxBaTake 0OHOCHO oabaLmBare 0f CTpaHe ayTopa u/unm
ypeaHuka.




[JaTtyMm npuxBaTama 4naHka

Oatym kafa je ypeaHWLITBO NPUMUMO YNaHak, AaTyM Kaja je yPeAHULLTBO KOHAYHO
npuxBaTUIIo YnaHak 3a objaBrb1Bae, kao U AaTymu kaga cy y meflyBpeMeHy JOCTaBMbeHe
eBeHTyarnHe MCrpaBKe pyKonmuca HaBOAE Ce XPOHOMOLUKMM pefocrniefoM, Ha CTanHoOM
MeCTy, Mo NpaBuIly Ha Kpajy YnaHka.

3axBanHuua

Ha3sue 1 6poj npojekTa, 04HOCHO Ha3nB NporpamMa y OKBUPY KOjer je YnaHak HacTao,
Kao M HasMB MHCTUTYUMje Koja je bMHaHcMpana npojekat unu nporpam, HaBoau ce Yy
noce6Hoj HaNoOMeHW Ha CTanHOM MECTY, NO NPaBwiy Npu AHY NPBE CTpaHe YnaHka.

MpeTxoaHe Bep3unje papa

AKO je unaHak y npeTxodHoj Bep3uju Ouo M3NOoXeH Ha CKynmy Yy BuAy YCMEHor
caonwTerwa (No4 MCTUM WM CIMYHMM HAacfloBOM), nogaTak o Tome Tpeba ga byae
HaBefeH y nocebHOj HanoMeHK, No NpaBuIy Npu AHY NPBe CTpaHe YnaHka. Pag koju je Beh
oGjaBrbeH y HEKOM 4aconucy He Moxe ce 006jaButn y BojHOMEXHUYKOM 2/1aCHUKY
(npewTamnatu), HA NOA CAIMYHUM HACNOBOM U U3MEHEHOM OBNUKY.

TaGenapHu u rpacpmykmn npukasm

MoxereHo je 4a HacnoBwM CBMX NprKasa, a Nno MoryhcTBy 1 TeKCTyanHu cagpxaj, oyay
AaTn ABOjEe3NYHO, Ha je3nKy pada 1 Ha eHrneckoM jesuky.

Tabene ce nuLLy Ha UCTU HAYMH Kao 1 TEKCT, a 0O3Ha4vaBajy ce pegHum 6pojeBuma ca
ropwe ctpaHe. PoTorpadmje n uptexu Tpeba ga Oyay jacHu, npernegHn u NOrogHM 3a
penpoaykuujy. Liptexxe Tpeba paguTtun y nporpamy word unu corel. dotorpacdpuje u uptexe
Tpeba NOCTaBUTU Ha XXEIbEeHO MECTO Y TEKCTY.

3a cnuke n rpamkoHe He cMe ce KOPUCTUTM CHUMAaK ca ekpaHa padyHapa nporpama
3a NpuKynrbakwe nopataka. ¥ camMoOM TEKCTY uraHka npenopydyje ce ynotpeba cnuka u
rpacpmkoHa HenocpeaHoO M3 nNporpamMa 3a aHanuay nopataka (kao wTo cy Excel, Matlab,
Origin, SigmaPlot n gpyrn).

HaBohewe (untupame) y Tekcty
HauunH nosvBara Ha n3Bope y OKBMPY YnaHka mopa 6utmn jegHoobpasaH.

BojHomexHuuKu enacHukK 3a pedepeHumpare (Uutnpate 1 HaBohere nuteparype)
npuMetbyje XapBapAcku cuctem pedepeHLUmM, OQHOCHO XapBapACku MPUPYYHUK 3a CTUM
(Harvard Referencing System, Harvard Style Manual). ¥ camom Tekcty, y 0GUYHVUM
3arpagama, Ha MecCTy Ha KOjeM ce BpLUM MO3uBake, OOHOCHO LMTUpamwe nutepartype
HabpojaHe Ha kpajy YnaHka, obaBesHo y 06MYHOj 3arpagmn Hanucatu Npes3nMe LmMTupaHor
ayTopa, roavHy usgawa nybnukaumje us koje uutmpaTe u, eBeHTyanHo, 6poj cTpaHuua.
Hnp. (Petrovi¢, 2012, pp.10-12).

[eTarbHo ynyTCcTBO O HaYMHy LTMpara, ca NnpumMepuma, 4aTto je Ha CTpaHuum cajTa
Ynymemeo 3a Xapeapdcku npupydHuk 3a cmusn. lNoTpebHo je Oa ce nosuBakbe Ha
nUTEepaTypy y TEKCTY ypaau y cknagy ca NoMeHyTUM YnyTCTBOM.

Cnctem ACUCTEHT y cBpxy KOHTpone HaBohewa (UMTuparsa) y TEKCTY KOpUCTH
cneumnjanny anaTky CiteMatcher: oTkpmBame M30CTaBIbEHNX LMTaTa y TEKCTy paga u y
nonwucy pedepeHum.

HanomeHe (cpycHoTe)

HanomeHe ce aajy npu gHy cTpaHe Ha Kojoj ce Hanasm TeKCT Ha Koju ce ogHoce. Mory
cagpxaTu Mamwe BaxHe pJeTarbe, [OONyHCKa objalmena, HasHake O Kopuwhernm
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n3sopumMa (Ha npumep, HayvHoj rpahu, npupyyHuumMma), anm He mory 6uTn 3amena 3a
uUTUpaHy nuteparypy.

JNucra pedrepeHumn (nuteparypa)

LinTnpana nutepaTypa obyxsarta, no npasuny, Gubnuorpadcke nssope (YnaHke,
MOHorpadvje 1 Cn.) 1 Aaje ce UCKIbY4YMBO y 3acebHOM ofderbKy unaHka, y Buay nucre
pedepeHun. PedbepeHue ce He npeBode Ha je3uk paga M Habpajajy ce y nocebGHoOM
oferbKy Ha Kpajy YnaHka.

BojHomexHuu4Ku 2nacHUK, Kao Ha4ymH nucnuca nutepartype, npumemnyje Xapsapacku
cuctem pedpepeHun, ogHOCHO XapBapAcku npupyyHuk 3a ctun (Harvard Referencing
System, Harvard Style Manual).

JNutepaTypa ce ob6aBe3HO nuLle Ha nNaTMHUYHOM NMCMy W Habpaja no abeuenHoM
pepocnepy, Hasoaehu Hajnpe npeavmeHa ayTtopa, 6e3 Hymepaumje.

[eTtarbHO ynyTCTBO O HayMHy nonuca pedpepeHun, ca npuMmeprma, Aato je Ha
CTpaHuum cajta Yrnymemeo 3a Xapsapdcku npupy4Huk 3a cmusi. MNotpebHo je aa ce nonuc
nuTepaType Ha Kpajy YnaHka ypaau y cknagy ca NnoMeHyTUM ynyTCTBOM.

HectaHpgapaHo, HEMOTNYyHO MNW HegocnedHo HaBofewe nuTepaTtype y cuctemmrmMa
BpeAHOBaHa Yaconuca cMaTpa ce JOBOIbHMM pasfiorom 3a ocrnopaBaHe Hay4yHor ctatyca
Yyaconuca.

Cnctem ACUCTEHT y cBpXxy KOHTpOME MNpaBWMHOM Uchiuca nucTte pedepeHum
KopucTu cneuujanHy anatky RefFormatter: koHTpona obnukoBara pedepeHum y cknagy
ca XapBapACKUM MPUPYYHMKOM 3a CTU.

UsjaBa o aytopcTBY

[Nopen unaHka goctaerba ce M3jasa 0 aymopcmey Yy KOjoj ayTopyu HaBOAE CBOj
nojeauHayYHyn ONPUHOC Y M3paan YnaHka. Takofe, y Toj usjasu notephyjy Aa cy unaHak
ypagunu y cknagy ca [losusoM u ynmymcmeoMm aymopuma W M3jasoM o emuykom
rnocmynaky Yaconuca.

CBM pagoBu Noanexy CTPYYHOj peLeH3unju.

Cnucak peueHseHaTa BojHoOmexHUYKO2 eracHUKa MoXe ce BUAETUM Ha CTpaHuLm
cajta Criucak peueHseHama. [lpouec peLeH3upara 00jallkbeH je Ha cTpaHuum
cajta PeuyeH3eHmcKu nocmynak.

YpeaHuwTBo

Appeca pegakuuje:

BOjHOTEXHMYKM rNacHuK

Berska Jlykuha Kypjaka 33

11042 Beorpap

e-mail: vojnotehnicki.glasnik@mod.gov.rs.

Ten: BojHn 40-260 (011/3603-260), 066/8700-123




NPUMALWUEHUE N UHCTPYKUKUA ONA ABTOPOB O NOPAOKE
NOAroTOBKU CTATbU

MHCTpyKUMs Ans aBTOpOB O MoOpsAke MOArOTOBKM CTaTbM K onybnukoBaHuioo B
XypHane «BoeHHo-mexHu4Yeckuli eecmHuk» paspaboTaHa cornacHo PernmameHTy o
KaTeropusaummn n paHXMpoBaHUN HayYHbIX XypHanos MuHucTepcTBa o6pasoBaHus, Hayku
N TexHonornyeckoro passutuss Pecny6nukm Cepbusa («CnyxbeHn rnacHuk PCy», Ne
159/20). TlMpumeHeHne aTOro PernmameHTa cnocob6CTBYeT MNOBBIWEHUIO KayecTBa
OTeYeCTBEHHbIX XypHarnoB 1 ux 6oree NoHOMY BOBMEYEHUIO B MEXAYHAPOAHYI0 CUCTEMY
obMeHa Hay4HoW nHdopmaumen.

BoeHHo-mexHu4eckuli eecmHuk (Vojnotehnicki glasnik / Military Technical
Courier), BTr.Mo.ynp.cpb, www.vtg.mod.gov.rs/index-ru.html, ISSN 0042-8469 -
neyatHoe wu3paHue, e-ISSN 2217-4753 - online, UDK 623+355/359, DOI:
10.5937/VojnotehnickiGlasnik; https://doi.org/10.5937/VojnotehnickiGlasnik, sBnsetca
peLeH3NpyeMbIM HayYHbIM XypPHanom.

CobcTBEHHUKM  XKypHana: MuHucTepcTBOo 00OpoHbl M BoopyxkeHble  cunbl
Pecny6nuku Cpbus.

W3paTtenb xypHana: YHuBepcuteT o6opoHsl B . Benrpag (BoeHHasi akagemus).

[porpammHas opueHTauus XypHana OCHOBaHa Ha eXerogHow Kateropusauuu
XypHana, KoTopasa npon3BoaAuUTCA COOTBETCTBYHLLMM OTpacrneBbiM MUHUCTEPCTBOM, B
3aBMCUMOCTM OT obGnactTu wuccrnegoBaHuid, a Takke Ha ero WHOEeKCMpoBaHNUN B
MeXayHapoAHbIX HaAyKOMEeTPpU4YeCKUX 6asax JaHHbIX.

XypHan oxsaTbiBaeT Hay4yHble M MpodeccuoHanbHble cdepbl B pamkax y4ebHo-
Hay4yHoON 06nacTn ecTeCTBEHHO-MaTeMaTM4YECKUX HayK, a Takke B pamkax y4yebHo-
Hay4HoN 06NacTn TeXHMKO-TEXHONOrMYECKNX HayK, 0COB6eHHO B 06r1acTm 060pPOHHbIX
HayKk M TexHomoruu. B xypHane nybnukyloTcs TeopeTudeckMe W npakTuyeckue
OOCTWXEHUS, KOTOpble CMNoCcoBCTBYIOT MOBBIWEHWUIO KBanudukaumm npegcraButenen
cepbcKoro, permoHanbHOro 1 MexayHapoAHOro akagemmnyeckoro coobulectsa, 0cobeHHo
cnyxawmx MuHnctepcts O6opoHbI 1 BoopyéHHbIx cun. B xxypHane nybnukytotcs ctatbu
CO cooTBeTCTByOLWMMN ob3opamn 06 aHanUTUYecKuMxX, 3SKCMEePUMEHTamnbHbIX U
NPUKNagHbIX WCCRedoBaHWsAX, a Takke O YMCNEHHOM MOAEeNMPOBaHWK, OXBaTbiBas
pasnuyHble AncunnnuHel. MyGnrkyemMble matepuansl OTAMYATCSA BbICOKMM Ka4eCTBOM U
akTyanbHOCTbO. OHWM HanMcaHbl HayYHbIM, HO MOHATHBIM W AOCTYMHBLIM A5 LWMPOKOro
Kpyra umTaTenew s3bikoM. [pyBeTCTBYIOTCA BCe cTaTby, coobliyatolime 06 opuriHanbHbIX
TEopeTUYECKNX N/MNN NPaKTUYECKUX UCCNENOBaHUSAX UMW pacLUMPEHHbIE BEPCUN paHee
onybnukoBaHHbIX cTaTel, NpeAcTaBneHHbIX Ha kKoHdepeHumsax. CtaTbn Ansa nyénukaumm
oTbMpaloTcAa nyTemMm [OBOMHOTO CIEMoro peLeH3MpoBaHUsl, KOTOpOe rapaHTupyet
OPWUIMHaNbHOCTb, akTyanbHOCTb W ygobounMTaemocTb. Llenb cocToutT He TOMbkO B
noaAepXKaHnnm  BbICOKOTO KayecTBa Mybnukyemblx cTate, HO M B obecneyeHnn
CBOEBPEMEHHOTO, TLWaTeNbHOro 1 COOTBETCTBYHOLLErO NpoLecca peLeH3npoBaHus.

PepakunoHHas nonutuka xxypHana « BoeHHO-mexHu4ecKul 8eCmHUK» OCHOBaHa Ha
pekomeHaaumsx KomuteTa no atuke Hay4Hbix nybnukaumii (COPE Core Practices), 06wwmx
npuvHUMNax npo3payHoCcTM WM nydllen npakTuke msgatensckon gestenoHoctn COPE,
DOAJ, OASPA u WAME, a TakKke Ha nydvwen nNpakTUke Hay4yHO-U3OaTenbCeKon
peqarenbHocTn. XKypHan «BoeHHo-mexHu4deckull eecmHuk» sBnsietca udneHom COPE
(KomuteT no atuke HayuyHbix nyonukaumi) co 2 mas 2018 roga u uneHom OASPA
(Accoumaums Hay4HbIX u3gaTenen oTkpbIToro Aoctyna) ¢ 27 Hosi6psa 2015 roga.
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MUWHNCTEPCTBOM Hayku, TEXHOMOrMYecKoro pasBuUTUA W MHHOBauui Pecnybnvku
Cepbus ytBepxaeHa 13 gekabps 2024 r. kaTeropusaums xypHana «BoeHHo-mexHu4eckull
secmHuk» 3a 2024 roa:

— O6nacTb KOMNbIOTEPHbIE HAYKU:
BeAYLLMI XXypHan rocygapCcTBEHHOro 3HayeHus (M51),

— O6nacTb 3NEeKTPOHUKM, TENTEKOMMYHUKaLMA U MHOPMALIMOHHBIX TEXHONOTUNA:
BeAYLUMI XXypHan rocyaapcTBeHHoro aHaverus (M51),

— O6bnacTb MalWMHOCTPOEHMUS:
BeAYLLMI XXypHan rocygapCcTBeHHOro 3HayeHus (M51),

— O6nactb MaTepuanoB U XMMUYECKON TEXHONOTUN:
HaLUMOHAanbHbIN XypHan MexayHapoaHoro 3Havenusi (M24).

C vHopmMaLumen oTHoCUTENbHO kaTeropusauum 3a 2024 rog MOXHO O3HAKOMUTLCS
Ha CTpaHuue canTa «BoeHHO-mexHU4YecKko20 secmHuka» Kamezaopusayusi BecmHuka.

Bonee nogpoGHyt0 WHGOPMaLMIO MOXHO HaWTM Ha canTte MwuHUCTepcTBa
06pas3oBaHuns, Hayku U TeXHonornyeckoro passutust Pecnybnukm Cepbus.

C uHdopmaumen o kateropusaLmMum MOXHO O3HakOMUTbCA M Ha cante KOBCOH
(KoHcopumym 6ubnmotek Pecnybnukn Cepbusi no Bonpocam o6beavHEHUS 3aKymnoK).

Kateropusaumsa BecTHuka npoBegeHa cormacHo PernmameHTy o kateropusauuun u
PaHXMpPOBaHWM  Hay4HbIX XypHanoB MwuHucTepcTBa 00pa3oBaHWsi, Hayku U
TexHonornyeckoro pa3sutns Pecny6nukmn Cepbus («Cnyx6enu rmacHuk PCx», Ne 159/20)

XKypHan cootBeTcTBYeT cTaHgaptam CepOCkoro MHOEKCa Hay4yHOro LMTUPOBaHUS
(CUWHpekc/SCIndeks) - HaykomeTpuyeckon 6a3bl  AaHHbIX  HayYHbIX KypHanoB
Pecnybnukn Cepbusi, HayuHo-mHdoOpmaumoHHoro cuctema Redalyc, a TaKkke
Poccuiickoro nigekca HayuHoro umtupoBanust (PUHLL). XKypHan noctosHHO nogsepraeTcs
MOHWTOPUHIY W OLEHMBAETCS KONMYECTBEHHBIMWU HAaYKOMETPUYECKMMMU MoKasaTensamu
OTPaXaloLWUMM ero Hay4Hy LEHHOCTb.

C vHdopmaumen 06 MHOEKCMPOBAHUM MOXHO O3HAKOMWTLCS Ha CTpaHuue cawnTa
XypHana UHlekcuposaHue BecmHuka.

«BoeHHO-mexHuyeckuli ~ 8eCmMHUK»  OTHOCUTENbHO  CBOEr0  COAEepKaHus
npeaocTaBnsieT MNofb3oBaTeNnssM BO3MOXHOCTb OTKpbiToro goctyna (DIAMOND OPEN
ACCESS) 1 nonoxeHusimm o6 aBTOpckUx npasax, yTBepxaeHHbIMM Creative Commons
(CC BY). C nHcTpykuuei 06 aBTOPCKMX NpaBax MOXHO 03HAaKOMUTLCS Ha CTpaHuLe canTa
XypHana Aemopckue ripasa u rnosumuka caMmoapxuguposaHusl.

Pykonucn ctaTteinn HanpaBnsoTCs B pegakumio XXypHana ¢ ucrnonb3oBaHneM online
cuctembl ASSISTANT, 3anyLieHHon LieHTpom nogaepxu passutust 00pa3oBaHUs U HayKu
(UMNPOH). Pernctpauma B cucteme u odopmneHne npaB AOCTyna BbINOMHAETCS Mo
agpecy http://www.vtg.mod.gov.rs/index-ru.html, 4yepesa ctpanmny ASSISTANT wunu
CLUMHOEKC (aseestant.ceon.rs/index.php/vtg). C MHCTPyKLMEN NO perncTpauun 1 npasam
AoCcTyna MOXHO O3HaKkoMuUTbCs MO appecy http://www.vtg.mod.gov.rs/index-ru.html, Ha
ctpannue UHempykyus no ASSISTANT.

Bce aBTOpbl, NpegocTaBnsiolMeE CBOM pyKONMMCU AN nybnukauum B pepakumio
XypHana «BoeHHo-mexHu4YecKuli 8eCmHUK» [OIDKHbI MPONTWM  NpefBapuUTENbHYO
pernctpauuio B peectpe ORCID (Open Researcher and Contributor ID). 3Ta npouegypa
OCYLLECTBSIETCA B COOTBETCTBUM C MHCTPYKUMEW, Pa3MeLLeHHOM Ha CTpaHuue caWnTa
Peaucmpauyus e peecmpe ORCID 0ns npucgoeHus udeHmugukayuoHHo20 Kooda.

«BoeHHO-mexHu4eckuli 8ecmHuK» nyoGnuKyeT cTaTbl Ha aHrnuickoM s3bike (Arial,
wpundT 11 pt, npoben Single). Mpouecc NOAroToBKW, HANNCaHUSI U PeAAKTUPOBaHUS CTaTby
JOSKEH OCYLUECTBAATLCA B COOTBETCTBUMM C  MpUHUMMAMM  Omuyecko2o Kodekca
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(http://www.vtg.mod.gov.rs/etichyeskiy-kodyeks.html). CtaTbss gomkHa cogepxatb pestome
C KMIOYEeBbIMW  CrioBamu, BBeAeHVe (Uenb  WCCredoBaHus), OCHOBHYH — 4acTb
(cooTBeTCTBYIOWMI 0630p NPeACTaBUTENBHOIO NCCNeOBaHNA B AaHHOW obractu, YeTkoe
U3MOXEHNE Hay4yHOW HOBWU3HbI B NpPeACTaBMeHHOM WCCefoBaHUM, COOTBETCTBYHOLLYIO
TEOPETUYECKYD OCHOBY, OOWMH WIM HECKOMbKO MPUMEPOB [Ans OEMOHCTPUPOBaHUS W
obcyxaeHnss npeacTaBneHHbIX Te3UCOB), 3aKMOYEHWEe W CNMCOK nutepaTtypbl (6e3
HymMepaLuy 3arofioBKOB M noasaronioBkoB). O6beM cTaTbM He AOSKEH MpeBbIATb OAUH
aBTopckun nuct (16 ctpanuy, cdopmata A4 ¢ ogvHapHbLIM MHTEPBANioM, MakcuMym no 24
CTPaHuL, BKIOYas CCbIKU 1 NpunoxeHus). Ctatbst AormkHa ObiTb HAOpaHa Ha KoMMbITEPe
C UCMOonb30BaHMEM CreumanbHO MOArOTOBIIEHHOTO pefakuyen MakeTta, KOTOPbI MOXHO
ckayaTb Ha cTpaHuue canta lpasuna u obpasey, cocmaesieHusi cmamabu.
3aronoBok

3aronoBoK [OSMKEH OTpaxaTb TeMy cTaTbuM. B wmHTepecax XypHanma u aBTopa
HeobXxoaMMO UCMNONb30BaTb CIIOBA WM CIOBOCOYETaHUs, yooOHble AN WMHAEeKcauum u
novcka. Ecnu Takue cnoea He cogepxxaTcsi B 3aronoBke, TO XenaTenbHo Ux AobaBuTb B
Nnoa3arofioBoK.

Tekywmin 3aronoBokK

Texkylwnin 3arofioBOK MUWIETCS B TUTYNe KaxAowW CTpaHuubl CTaTbuM C LENbio
ynpoLLeHns npouecca naeHTudnkaumm, B nepByto odepeb KOMUi cTaTbeln B 3NeKTPOHHOM
Buae. 3aronoBoK coaepXuT B cebe hamunumio n MHMLMan MMeHu aBTopa (B criyyae ecnum
aBTOPOB HECKOMbKO, OCTanbHble 0603HavatTcs ¢ «et al.» unu «un gp.»), HaseaHue paboTbl
M XypHana (rod, TOM, BbINyCK, HavanbHas W 3aknioyMTenbHas cTpaHvua). 3aronosBok
cTaTbM 1 Ha3BaHuWe XxypHana MoryT OblTb NpMBeAEHbI B COKPALLLEHHOM BUAE.

®PUO aBTOpPa

MpuBogAaTca nonHas hamunusa 1 NonHoe nMs (Bcex) aBTopoB.. XKenatenbHo, YTo6bl
6bINM yka3aHbl MHULMAanNbl OTYeCTB aBTopoB. amunus 1 nms aBTopoB M3 Pecnybnuvku
Cepbusi Bcerga nuwyTcs B OpurMHanbHOM Buae (C cepbCcKMMU  AMakpUTUYECKUMU
3Hakamu), He3aBUCKUMO OT S3blka, Ha KOTOPOM HanucaHa paboTa.

HanmeHoBaHue yupexaeHunsa aBTopa (addpunmaums)

MpuBogntca nonHoe (odpmumanbHOe) HavMEeHOBaHWE W MeCTOHaxoXaeHve
yypexgeHusl, B KOTOpoM paboTaeT aBTOp, a Takke HaVMEHOBaHWe Yy4ypexaeHus, B
KOTOPOM aBTOp MPOBEN uccrnegosaHne. B cnyyae opraHvM3aumin co CrOXHON CTPYKTYpoOu
NPUBOANTCA X Mepapxmyeckas conogYMHEHHOCTL (Hanp. BoeHHas akapemwus, kadenpa
BOEHHbIX 3MEKTPOHHbIX cucteMm, r. benrpag). Mo kpanHen mepe, ogHa 13 opraHnsauni B
nepapxum AormKHa MMeTb CTaTyC ropuandeckoro nuua. B cnyyae ecnm ykasaHo HECKOMbKO
aBTOPOB, M €CINN HEKOTOPbIE 13 HUX paboTaloT B OAHOM YYPEXOAEHUN, HY>KHO OTAENbHbIMU
0603HaYeHNSAMMN UnNn KaknuM-nmbo Apyrum cnocobom ykasaTb B KaKOM M3 NPUBEOEHHbIX
yypexaeHun paboTtaeT Kaxabli U3 aBTopoB. Addunuaumsa nueTcs HenocpeacTBEHHO
nocne ®M0 asTopa. [JoMmMKHOCTb U CNeLuanbHOCTb MO AUMIOMY He YKa3biBaloTCA.

KoHTakTHble AaHHble

OneKTPOHHbIN afpec aBTopa YyKa3blBalOTCH PsAOM C €ro0 MMEHEM Ha MepBoW
CTpaHuLbl CTaTbu.

KaTeropus (Tun) ctatbu

KaTeropusauusi crtaTbeii siBnsieTcsl 0053aHHOCTbIO pefakuMm U umeeT ocoboe
3HauveHune. KaTteroputo ctatbu MOryT npegnaratb peueH3eHTbl U YneHbl pedakuuu, T.e.
pegakTopbl pybpuK, HO OTBETCTBEHHOCTb 3a KaTeropus3aumilo HeceT WCKIYUMTENbHO
rmaBHbIA pefakTop.

XypHan «BoeHHO-mexHuU4YecKuli eCMHUK» NyGNVKYeT Hay4Hble CTaTby.
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HayuHble cTtaTbu:

— OpWrMHamnbHas Hay4yHas cTatbs (paboTa, B KOTOpPOW NpPUBOASITCA paHee
HeonybnnkoBaHHble pe3ynbTaTbl COOCTBEHHBLIX MCCNEAOBAHWUA, MOJTYYEHHbIX Hay4YHbIM
MeToaoM);

— obsopHasi ctatbs (paboTa, cofepxallas OpUrMHanbHbIA, AeTanbHbIA U
KpUTUYeckuin ob3op uccrnepyemoit npobnembl unm obnactu, B KOTOPbLIA aBTOpP BHEC
onpeAenéHHbI Bknag, BUAMMbIA Ha OCHOBE aBToOLMTAT);

— KpaTkoe cooblieHue (opurMHanbHas HaydHasi paboTa nonHoro cgopmarta, Ho
MeHblUero o6bEMa Unu uMetoLLasi NpefBapuTerbHbIi Xxapakrep);

— Hay4Hasi KpuTMYeckasi CTaTbsl (AUCKYCCUSI-NONEMUKAa Ha ONpeaenéHHyYo HayYHyo
TEMY, OCHOBaHHas! UCKIMHOYUTESIBHO Ha Hay4YHOW apryMeHTauum) U Hay4Hblii KOMMEHTaPUIA.

OpaHako, B HEKOTOPLIX 00M1acTaX 3HaHWIA Hay4yHas paboTa B XXypHane MoOXeT MMeTb
dopmMy MOHOrpadn4EeCKoro UCCneaoBaHnst, a TaKkke KPUTUYECKOrO 0OCY)XKAEHUS HAayYHOTro
mMaTepuana (MCTOPMKO-apXMBHOTO, NeKcuKorpadmnyeckoro, bubnuorpadgpuyeckoro, o63opa
OaHHbIX M T.M.) — 4O CMX NOP HEU3BECTHOrO UMM HEAOCTATOYHO AOCTYMHOrO ANsi HayYHbIX
nccneposaHuii. PaboTbl, knaccuuumpoBaHHbie B Ka4eCTBE Hay4HbIX, JOSKHbI UMEThb, MO
MeHbLUeln Mepe, ABe NonoXuTenbHble peLeH3nn. B cnyyae ecnu B XypHane o6baABna0TCS
N NPUNOXEHUS, HE WMEIOLLME Hay4Hbl XapakTep, HayyHble CTaTbW AOMXHbl ObITb
CrpynnUpOBaHbl U YETKO BblAENEHbI B MEPBOM YaCcT HoOMepa.

Obbem KkpaTknx coobLLeHNIn cocTaBnsAeT 4-7 CTpaHuL, uccrnegoBaTenbckme ctatbh U
TeMaTnyeckne UCCrnefoBaHnsa ¢ NPobnemMHo-CMTYaUnoHHbIM aHanm3om — 10-14 cTtpanuu,
ofHako obbem 0B30pHLIX cTaTen MoxeT ObiTb Gonblie. OrpaHMyYeHUs No KOnMYecTBy
CTPaHWL, He SABNSIOTCA CTPOrMMW, CriefoBaTenbHO MpU COOTBETCTBYIOLLEM OBOCHOBaHMK
npegocTtaeneHHble paboTbl MOryT ObiTb AnNMHHEEe unn Kopode. B cnyyae nopaun
paclMpeHHbIX BEpcuUit  paHee  OMybnMKOBaHHbLIX [OOKNadoB, NPeACcTaBneHHbIX Ha
KOHdbepeHUmK, pedakums nposepuT ObINo MM 4obaBneHo 4OCTaTOMHO HOBbIX Matepuanos
Ana  Toro, 4tobbl CTaTbs COOTBETCTBOBANa CTaHAapTam >KypHana W YCIOBUSIM
peueHsnpoBaHus. [lobaBneHHbIn Matepuan AOMmKeH ObiTb HOBbIM, HEOMNyGNMKOBaHHLIM
paHee. HoBble pe3ynbTaTbl NPUMBETCTBYIOTCH, HO He ABMAIOTCA 06si3aTeNbHbIM YCNoBUEM;
OfHaKO KroYeBbIE TE3WChl, NPUMEpPbI, pa3paboTkv 1 Np. AOMKHbI ObiITb 6onee nogpobHo
npeacTasrieHbl B CTaTbe MO CPaBHEHMIO C NEPBUYHBIM AOKaA0M Ha KOHdepeLmu.

A3blk paboTbl

Cratba gormkHa ObITb HamMcaHa Ha aHrMACKOM s3blke. TEKCT AOKeH ObiTb B
TNMHIBUCTUYECKOM W CTUINMCTUYECKOM CMbICNE YNopsOoYeH, cuctemaTuanposaH, 6es
COKpalLeHU (3a WCKIIYeHMeM CTaHgapTHbix). Bce dmanyeckme BenuUUHbLL JOMKHbBI
cooTBeTCcTBOBaTb MexayHapoaHon cucteme eaumHuy namepenus — CU. OdepegHocTb
dopmyn 0603HavaeTCa NOPAAKOBLIMU HOMEPaMK, NPOCTaBASAEMbIMW C NPaBON CTOPOHLI B
KpYrnbIx ckobkax.

Pestome

Pestome sBnsieTcs kpaTkuMm MHpopMaTMBHBEIM  0030pOM  coaepXKaHust cTaTbi,
obecneunBaOWMM ymTaTento ObICTPOTY M TOYHOCTb OLIEHKM €€ peneBaHTHocTu. B
MHTEpecax pedakuMnm W aBTOpPOB, 4TOObI pe3tloMe coaepxano TepMUHbI, 4acTo
ncnonb3yemMble AN UHOEKCUPOBaHUS U noucka ctatber. COCTaBHLIMU YacTAMU pestome
SABNSAIOTCS BBeAeHMe/Uenb MCCneqoBaHns, MeToAbl, pesynbTaTbl U BbiBOAbl. B pestome
DomkHo 6biTb 0T 100 go 250 cnoB, U OHO JOIMKHO HAXOAWUTCS MeXay TUTynamu (3aronoBok,
dUO aBTOPOB U Ap.) M KIMHOYEBLIMU CMOBaMW, 32 KOTOPbLIMU CIEAYET TEKCT CTaTby.
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KnioueBble cnoBa

KnioueBbiMM  crioBamu  SIBNSIOTCS  TEPMUHbI MM ¢ppasbl,  afgeKkBaTHO
NpeacTaBnsone CoaepkaHne ctaTbi, HeobXoaMMble ANS MHOEKCUPOBaHWUSA M Moucka.
KnioueBble crnoBa HeoGxogumo BblObMpaTb, onupasice NpuM 3TOM Ha  Kakon-nubo
MeXOYyHapOAHbI UCTOYHMK (perncTp, crnoeapb, Tesaypyc), Haubonee wucnonb3yembii
BHYTPM AaHHOW Hay4yHOW obnactu. YMcno KIo4veBbIX CIOB HE MOXET npesbiwath 10. B
MHTEepecax pefakumu 1 aBTOpoB, YTOObI YacToTa MX BCTPEYU B cTaTbe Obina Kak MOXHO
6onbluen. B ctatbe OHM NULLYTCA HENOCPEACTBEHHO MOCNe pestome.

Mporpamma ASSISTANT npegoctaBnsieT BO3MOXHOCTb WCMOMNb30BaHUSA cepBuca
KWASS, aBTomaTtuyecku UKCUPYIOLLLErO KIoYeBble CroBa 13 MCTOYHUKOB/CnoBapen no
BbIOOpY aBTOpa/pepakTopa.

[ata nony4yeHuns ctaTbun

Hata, korga pepakuus nonyduna cratblo; AaTa, koraa pefakums OKOHYaTernbHO
NpuHsNa cTaTtblo K Nybnukaumm; a Takke gaTa, korga 6uinv npegocTaBneHsl Heobxoammble
MCNpaBneHns pykonucu, NPUBOAATCH B XPOHONOrMYECKOM Nopsake, Kak npaBuiio, B KOHLE
cTaTtbMm.

BbipaxeHue 6narogapHocTu

HaumeHoBaHuWe 1 HoMep MNpoekTa, T.e. Ha3BaHWe MporpaMmbl Grarogapsi KOTopoW
cTaTbsi BO3HMKI1A, COBMECTHO C HAaVMEHOBaHUEM yupexaeHusi, koTopoe puHaHcUpoBarno
MPOEKT UMW MporpaMmy, NPUBOASTCS B OTAENbHOM MPUMEYaHWW, Kak npaBuio, BHU3Y
NepBOWi CTpaHuLbl CTaTbM.

MNpeabiaywme Bepcumn paboThbl

B cnyyae ecnu ctatbs B npeablaylleil Bepcuu Obina M3noxeHa YCTHO (nop
OOVHaKOBbIM WM MOXOXWM Has3BaHWEM, Hanpumep, B BUAe [JOKNaga Ha HayyHou
KOHGbepeHUMm), cBeeHUst 06 3TOM JOJTKHbI ObITb YKa3aHbl B OTAENBHOM NPUMEeYaHnUu, kak
npaBumno, BHU3Yy NepBOii CTpaHWULpbl cTaTbu. PaGoTa, koTopas yxe Gbina onybrnumkoBaHa B
KakoM-nMbo W3 XKypHanoB, He MOXeT OblTb HaneyataHa B «BoeHHO-MexXHUYeCcKoM
8€CMHUKE» HU NOM NOXOXUM Ha3BaHWEM, HU B USMEHEHHOM BUAE.

Hymepauus n HasBaHue Tabnuy u rpacdukos

XKenatenbHo, YTo6bI HYMepaLuWs 1 HazBaHWe Tabnuu, 1 rpadmkoB ObINU NCNOMNHEHBI
Ha OBYX s13blkax (Ha A3blke OpUrMHana v Ha aHrnunckom). Tabnuubl NOANMCLIBAOTCS TaknuM
e cnocoboM Kak M TeKCT U 0603Ha4alTCs NOPSAKOBLIM HOMEPOM C BEPXHEN CTOPOHbI.
doTorpacun 1 pUCYHKM JOSBKHBI ObITb NOHATHBLI, HArMsAHL! U YOOOHBLI AN penpoayKumm.
PucyHkn Heobxogmmo genatb B nporpammax Word unu Corel. doTorpadum un pucyHkm
HaZ0 NOCTaBWTb Ha XenaeMoe MecTo B TekcTe. [na co3gaHusa nsobpaxxeHun n rpadunkos
ncnornb3oBaHne PYHKLUM CHUMKA C 3kpaHa (CKpuHLLIOTa) He gonyckaeTcs. B camom TekcTe
cTaTbl pekoMeHayeTCcs NpuMeHeHne n3obpaxeHuni u rpadunkos, obpaboTaHHbIX TakUMM
KOMMbIOTEPHBIMU MporpamMmmamu, kak: Excel, Matlab, Origin, SigmaPlot n gp.

CchbInku (UMTUPOBaHME) B TEKCTE

OcbopmneHmne CCbINok Ha UCTOYHUKM B paMKax CTaTbn AOMKHO ObiTb 0QHOO6PAa3HbIM.
«BoeHHO-mexHuYecKuli 8eCmMHUK» ANA  OOPMIIEHVS  CCbIMOK, LMTaT W crvcka
MCNonb30BaHHOM nuTepaTypbl NpumeHsieT apBapackyto cuctemy (Harvard Referencing
System, Harvard Style Manual). B Tekcte B ckobkax npusogutcst hammnms LMTupyemoro
asTopa (Unu amunusa Nepeoro aBTopa, €CNy aBTOPOB HECKOMbKO), ro4 U3AaHusa U no
HeobxoaumMocTn Homep cTpanuubl. Hanpumep: (Petrovi¢, 2010, pp.10-20). PekomeHgauum o
cnocobe UMTUPOBaHMSI pa3MeLleHbl Ha CTpaHuue canta MHCmpyKyusi Mo UCMOb308aHUI0
lapsapdckozo cmuns. lMpn OMOPMNEHNN CCLINOK, LMTaT W CNMCKa MCMONb30BaHHOM
nuTepatypbl  HeO6XOAMMO  NPUAEPXMBAaTbLCA  YCTAHOBMEHHbIX HopM. [lporpamma
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ASSISTANT npegoctaBnsieT npy LMTUPOBAHMM BO3MOXHOCTb WUCMONb30BaHMSA CepBuca
CiteMatcher, doukcupytoLLero nponyLleHHbIe LMTaTel B paboTe 1 B cnncke nutepaTypsbl.

MpumeyaHna (CHOCKHM)

lMpMeyvaHnst (CHOCKM) K TEKCTY YKasblBalTCS BHWU3Y CTPaHWLbl, K KOTOPOW OHU
oTHocATCA. lMprMevaHns MoryT codepaTb MeHee BakHble AeTanu, AOMNOMHUTENbHble
06bACHEeHUs], yka3aHMa 06 MCMOMb30BaHHLIX UCTOYHMKaX (Hamp. Hay4yHOM martepwuarne,
CnpaBOYHMKaXx), HO He MOryT GblTb 3aMEHON NPOLEeAypbl LUTUPOBAHNA NUTEPaTypbI.

INuTepatypa (pedepeHunn)

LinTnposaHHowm nuTepartypon OXBaTbIBaAOTCA, Kak npaswuno, Takve
Gubnvorpaduryeckne MCTOMHWKM Kak cTaTbW, MOHorpadum u T.n. Bca wncnonbsyemas
nuTepartypa B BuAe pedepeHumin pasmeLlaeTca B OTAENbLHOM pasfene ctatbi. HassaHus
nMTepaTypHbIX WCTOYHWMKOB HE MepeBOAATCH Ha fA3blk paboTbl. «BOeHHO-mexHuYyeckul
8eCmMHUK» AN OPOPMIIEHVss  CMUCKa  WCMOSIb30BAHHOW  MMTepaTtypbl  MpUMEHsieT
lapBapackyto cuctemy (Harvard Style Manual). B cnvcke nutepaTtypbl UCTOYHMKM
yKasblBatoTCs B andasBMTHOM Mopsiake dhamuniuin asTopoB Unu pedakTopos. Pekomergaumm
0 crnocobe LMTUPOBaHWS pa3MeLLeHbl Ha CTpaHuue canta MHCmpyKyUs Mo UCMob308aHUI0
lapeapdckoeo cmuns. T[pn odOpPMMEHMM ChlMcKa UCMONb30BaHHOW nuTepaTtypbl
HeobXoAuMO NpuaepXuBaTbCs YCTaHOBMEHHbIX HopM. [pu  odopmneHun cnucka
nutepatypbl nporpamma ASSISTANT npepoctaBnseT BO3MOXHOCTb MCMOMNb30BaHUA
cepsuca RefFormatter, ocywectBnstoero KOHTPOnb 0POPMIIEHMS CMCKa nuTepaTypbl B
COOTBETCTBMM CO CTaHdaptamu [apBapgckoro ctuns. HecrtaHgapTHoe, HemnornHoe wu
HenocreAoBaTenbHoe NpyBeAeHNe NUTepaTypbl B CUCTEMaXxX OLIEHKU XypHamna cunTaeTtcs
AOCTaTO4YHOMN NPUYMHON AN OCNapMBaHUA HAY4HOTO CTaTyca XypHana.

ABTOpCKOE 3asiBneHue

ABTOpCKOE 3asiBNeHVEe NpeaoCcTaBsieTcs BMECTE CO CTaTbel, B HEM aBTOPbI 3asiBNSAOT
0 CBOEM NYHOM BKNafe B HanucaHwe ctatbu. B 3asiBneHun aBTopbl NOATBEPXKOAIOT, YTO
cTaTbsl HanucaHa B COOTBETCTBUM C [IpuanaweHuem u uHCmpyKyusimu Ornsi aemopos, a
Takke ¢ Kodekcom npoghbeccuoHasibHOU 3MUKU XypHara.

Bce pykonucu ctatei nognexat npod)eccMoHanbHOMY peLeH3MpPOBaHUIO.

CnMcoK peueH3eHTOB XypHana «BoeHHO-mexHU4YecKul 8ecmHUK» pasMeLléH Ha
cTpanuue canta Criucok peueH3eHmos. [pouecc peueH3npoBaHWs onucaH B pasgene
lNpasuna peuyeH3uposaHus.

Pepakuus
MoyToBbLIV agpec peaakuum:
«BOjHOTEXHMYKM rMacHUK»
yn. Benbka Jlykuua Kypsika 33, 11042 Benrpag, Pecnybnuka 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.mo.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 Science, Technological Development and Innovation of the Republic
of Serbia classified the Military Technical Courier for the year 2024, on December 13, 2024

—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 the list of periodicals for mechanical engineering,
category: reputed national journal (M51),

— on the list of periodicals for materials and chemical technology,
category: national journal of international importance (M24).
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The approved lists of national periodicals for the year 2024 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/Poccuincknin nHgekc HayydHoro umtupoBaHusa (RINC/PUHLL) 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.




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.
The Military Technical Courier publishes scientific articles.
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.

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
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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 S| 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 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, SigmaPIlot, 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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