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Abstract

Introduction/purpose: The utilization of machine learning methods has
become indispensable in analyzing large-scale, complex data in
contemporary data-driven environments, with a diverse range of
applications from optimizing business operations to advancing scientific
research. Despite the potential for insight and innovation presented by
these voluminous datasets, they pose significant challenges in areas such
as data quality and structure, necessitating the implementation of effective
management strategies. Machine learning techniques have emerged as
essential tools in identifying and mitigating these challenges and developing
viable solutions to address them. The MNIST dataset represents a
prominent example of a widely-used dataset in this field, renowned for its
expansive collection of handwritten numerical digits, and frequently
employed in tasks such as classification and analysis, as demonstrated in
the present study.

Methods: This study employed the MNIST dataset to investigate various
statistical techniques, including the Principal Components Analysis (PCA)
algorithm implemented using the Python programming language.
Additionally, Support Vector Machine (SVM) models were applied to both
linear and non-linear classification problems to assess the accuracy of the
model.

Results: The results of the present study indicate that while the PCA
technique is effective for dimensionality reduction, it may not be as effective
for visualization purposes. Moreover, the findings demonstrate that both
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linear and non-linear SVM models were capable of effectively classifying
the dataset.

Conclusion: The findings of the study demonstrate that SVM can serve as
an efficacious technique for addressing classification problems.

Keywords: statistical analysis, machine learning, SVM, PCA,
classification.

Introduction

Classification and data analysis are central to the discipline of
machine learning, as they enable the effective comprehension of data
(Suthaharan, 2014; Wang et al, 2019; Subasi, 2020; Ahmed et al, 2022).
In this study, statistical methods were utilized to gain a deeper
understanding of the data. Two machine learning techniques, namely the
Support Vector Machine (SVM) and the Principal Components Analysis
(PCA), were employed on the MNIST dataset, the largest collection of
handwritten digit images used for classification problems (LeCun, 2023).
The MNIST dataset consists of 70,000 handwritten digits, divided into
60,000 training images and 10,000 testing images (Al-Hamadani, 2015).
Simple statistical techniques were applied to the MNIST dataset to
improve the knowledge about the data. The PCA, an unsupervised
machine learning technique, was utilized for visualization purposes,
utilizing two principal components for plotting (Abdi & Williams, 2010). The
SVM, a supervised machine learning technique, was utilized in linear and
nonlinear models to classify the MNIST dataset into classes (Suthaharan,
2016).

The paper is organized as follows: Section 2 provides an overview of
the dataset, programming language, and statistical techniques employed.
In Section 3, the PCA algorithm utilized for visualization is explained, as
well as the determination of the number of principal components for
dimensionality reduction. The SVM linear and nonlinear models are
discussed in Section 4. Finally, conclusions and future work are presented
in Section 5.

Research method

Dataset

The MNIST (Modified National Institute of Standards and Technology)
dataset is the largest and most well-known handwritten digits dataset for
recognition and classification problems in machine learning (LeCun et al,
1995). This dataset has been taken from Yann LeCun website (LeCun,
2023). The MNIST dataset consists of 70,000 images of handwritten digits,
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each labeled with a number from 0 to 9. These images were collected by
the National Institute of Standards and Technology (NIST) and split into
two parts (Nielsen, 2019). The first part includes 60,000 images which
were provided by 250 individuals, including employees of the US Census
Bureau and high school students. These images were normalized and
centered in (28 *28) = 784 gray scale pixels per image. Each pixel is
represented by a value between 0 and 255, with 0 being black, 255 being
white, and any value in between representing a shade of gray. The second
part of the MNIST dataset includes 10,000 images for testing, which were
also provided by 250 different individuals to properly evaluate the
performance of the algorithms trained on the dataset.

Program

Python has gained widespread popularity among data scientists due
to its simplicity and ease of use in coding (Hao & Ho, 2019). Python is a
widely-used programming language that supports various programming
styles such as object-oriented, functional, and imperative programming
(Raschka et al, 2020). Nowadays, most of machine learning complex
problems, or Al in general, are being solved by using Python. Python can
be written and developed using various Integrated Development
Environments (IDEs), including PyCharm and Google Colab. For this
paper, we have used both IDEs for building models over the MNIST
dataset.

Visualizing and analyzing the MNIST dataset

To better understand the MNIST dataset, we need to analyze and
visualize it. We started by examining the training and testing parts of the
dataset to see if the data is balanced in terms of understanding the number
of classes and their attributes. Also, we checked the dimensionality of each
part of the dataset. Additionally, we plotted some samples from the training
dataset to visualize the digits included in the MNIST dataset. Furthermore,
we used the describe () method to calculate some statistical data such as
mean, standard deviation, and percentile of the numerical values in the
data frame. Table 1 shows the dimensionality of the training and testing
dataset.

In Table 2, we have computed various statistical measures. One of
them is the standard deviation which indicates how spread out the data in
a dataset is from the mean.

The mean is the average of a set of numbers and can be found by
adding all the numbers together and dividing by the number of values. In
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the table, the mean of the 10 classes (ranging from class 0 to class 9) is
4.45,

Additionally, the minimum and maximum values in each column are
shown in Table 2.

Lastly, we have calculated the quantiles which divide the dataset into
groups containing an equal number of data points.

Table 1 — Dimensionality of the MNIST training and testing dataset
Tabnuya 1 — PasmepHocmb Habopa OaHHbIx Ot 06yyeHus u mecmuposaHusi MNIST
Tabena 1 — [JQumeH3uoHanHocm ckyna nodamaka 3a yeexbaeare U mecmupare

MHUCT
No. Dataset Dimensions (Shape)
1 Training Data (60000, 784)
2 Training (60000, 1)
Labels
Testing Data (10000, 784)
4 Testing Labels (10000, 1)

Table 2 — Statistical distribution of the MNIST training dataset
Tabnuya 2 — Cmamucmudeckoe pacrpedeneHue Habopa 0aHHbIx Onsi 06yyeHuss MNIST
Tabena 2 — Cmamucmuyka pacrniodena ckyrna nofamaka 3a yeexbasamwe MHUCT

index Label Pixel0 pixell Pixel2z Pixel3 Pixel4 Pixeld Pixelé Pixel7
count 60000.0 60000.0 60000.0 60000.0 60000.0 60000.0 60000.0 60000.0 60000.0
mean 4.4539333333333335 00 0.0 0.0 0.0 0.0 0.0 0.0 00
std 2.8892704373739795 00 0.0 0.0 0.0 0.0 0.0 0.0 00
min 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00
25% 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00
50% 40 00 0.0 0.0 0.0 0.0 0.0 0.0 00
75% 7.0 00 0.0 0.0 0.0 0.0 0.0 0.0 00
max 9.0 00 0.0 0.0 0.0 0.0 0.0 0.0 00

To continue with the visualization part, we have checked the number
of observations for each class in the MNIST dataset by plotting randomly
some samples from the dataset, as the following:

MNIST training dataset

It contains 60,000 images of handwritten digits (ranging from 0 to 9).
Figure 1 shows the ratio of the training set. At the same time, Table 3
shows the number of the observations with the corresponding digits.
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We observed that the training set is balanced because each class has

6,000 images approximately.

Wumber of Observation with its Corresponding Digits

7000

G000

5000 1

4000 1

count

3000 4

2000 1

1000 +

I] m
o 1 2 3 4 5 B 7 8 9
Label

Figure 1 — Number of observations for each digit-training set
Puc. 1 — Konuyecmeo pacno3HasaHull o kaxxdol yugpe 8 y4ebHom Habope
Cnuka 1 — Bpoj onicepsayuja 3a ceaky yugpy y cemy 3a ysexbasare

Table 3 — Number of observations in the MNIST training set
Tabnuua 3 — Konudyecmeo pacriosHogaHul 8 obydaroujeli enibopke MNIST
Tabena 3 — bpoj oncepsayuja y cemy 3a yeexbasame MHUCT

MNIST Training Dataset Number of
Classes Observations

0 5923
6742
5958
6131
5842
5420
5918
6265
5851
5949

Ol 0N bl W[IN|PF
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MNIST testing dataset

It contains 10,000 images of handwritten digits (ranging from 0 to 9).
Figure 2 shows the ratio of the training set. At the same time, Table 4
shows the number of the observations with the corresponding digits. We
observed that the training set is balanced because each class has 1,000
images approximately.

Number of Observation with its Corresponding Digits

1000 4

800 4

500 4

count

400 4

200 4

Label

Figure 2 — Number of observations for each digit-testing set
Puc. 2 — Konuyecmeo pacrno3HasaHuli no kaxxool yugpe 8 mecmosom Habope

Cnuka 2 —

Bbpoj oncepsayuja 3a ceaky uugpy y cemy 3a mecmupar-e

Table 4 — Number of observations in the MNIST testing set
Tabnuua 4 — Konudyecmeo pacrio3HagaHuli 8 mecmogom Habope MNIST
Tabena 4 — bpoj oncepsayuja y cemy 3a mecmupare MHUCT

MNIST Training Dataset Number of
Classes Observations

0

980

1135

1032

1010

982

892

958

1028

974

Ol oI N OO Ol W DN

1009
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Samples plotting from the MNIST dataset

Digit 3

Digit 1

Digit 5

20

25

0 5 10 15 0 5

Figure 3 — Plotting samples from the MNIST dataset
Puc. 3 — ®opmuposaHue 8biI6opok u3 Habopa OaHHbIx MNIST
Cnuka 3 — Y3opyu 0obujeHu rnnomosarem 3a cKyrn nodamaka MHUCT

Principal Components Analysis (PCA)

The PCA is unsupervised machine learning and statistical technique
that is used to examine relationships between multiple variables in a
dataset (Abdi & Williams, 2010). It aims to extract important information
from the data by finding a new set of variables, known as principal
components. These variables can describe the data more efficiently.
These principal components are orthogonal (uncorrelated) and are ranked
by their ability to explain the variance in the data. The PCA relies on the
decomposition of positive semi-definite matrices using eigenvalues and
eigenvectors, as well as the decomposition of rectangular matrices using
singular values and singular vectors (Mishra et al, 2017). Therefore, the
PCA is a statistical technique used for dimensionality reduction and
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visualization of high-dimensional datasets such as, in our case, the MNIST
dataset. Since each digit in the MNIST dataset consists of 784 features
(dimensions) or pixels, the PCA reduces this number into a smaller number
of dimensions while keeping as much of the variance in the data. This
method is useful in terms of reducing the computational cost of training
machine learning techniques, reducing the problem of overfitting in the
data, and making the data easy for plotting in 2D or 3D plots.

To determine the principal components of a dataset, the PCA
performs the following steps as shown in Figure 4:

Covariance
Standardization Matrix
Computation

Eigen Vectors and Feature Vector

Eigen Values

Figure 4 — PCA processing flowchart
Puc. 4 — brok-cxema obpabomku PCA
Cniuka 4 —Tok npouyecuparsa NLA

Standardization

This step is known as standardization and is often referred to as a
preprocessing step. Standardization involves transforming the data so that
each variable has a mean of zero and a standard deviation of one. This
helps to ensure that all of the variables are on a similar scale and have
similar variances, which can improve the accuracy of the PCA analysis.
Standardization can be done as follows:

Variable values — mean

Standard deviation

We have used the whole MNIST training dataset which contains
60,000 handwritten digits. For this purpose, we used this method
(standardized_data = StandardScaler().fit_transform(data)).

Covariance matrix computation

A covariance matrix is a square matrix that shows the correlation
between any two or more elements (attributes) in a multidimensional
dataset.
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Var(x,) e Cov(X ,X))

Cov(x ,x) ----r Var(x)

The correlation between the attributes can be either positive
covariance or negative covariance. Positive covariance means that
increasing the value of one variable is associated with an increase in the
value of some other variable and vice versa. Negative covariance means
that increasing the value of one variable is associated with a decrease in
the value of some other variable. Therefore, we calculate the covariance
matrix which is equal to (A*T * A) using this method (covar_matrix =
np.matmul(sample_data.T , sample_data)).

Eigenvectors and eigenvalues

Eigenvectors and eigenvalues are mathematical concepts that are
used in linear algebra, and they are closely related to the diagonalization
of matrices. Given a square matrix A, an eigenvector of A is a non-zero
vector v such that Av = Av, where A is a scalar value known as the
eigenvalue associated with the eigenvector v. The eigenvectors of a matrix
are often used to represent the "directions” of the maximum variance in a
dataset and are used as the principal components. Therefore, finding the
eigenvector with the highest eigenvalue is the principal component of the
dataset. To project the data onto a 2D space, we can find the top two
eigenvalues and the corresponding eigenvectors, and use these to
transform the data.

Feature vector

Feature vectors are constructed by selecting the top eigenvectors
from the covariance matrix of the original dataset (Manshor et al, 2011).
The eigenvectors are determined by calculating the eigenvalues and
eigenvectors of the covariance matrix, which capture the most important
features or variations of the data. These eigenvectors are then sorted by
eigenvalues in a descending order to determine which ones represent the
most important features. The final feature vector can be in this form:

Vv = (eigu, eigz, €igs, ......, €ign)
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Plotting

2nd_principal

Figure 5 — 2D data points visualization
Puc. 5 —Busyanusayusi moyek 2D OaHHbIX
Cnuka 5 — Busyanu3sayuja mayvaka 2[] nodamaka

The overlapping of classes in Figure 5 suggests that the PCA is not
the most effective method for visualizing high-dimensional data, as it is
unable to clearly distinguish between different classes. In such cases, it
may be more effective to use other visualization techniques such as t-SNE,
UMAP or non-linear dimensionality reduction techniques, which are more
effective in visualizing high-dimensional datasets.

To determine the number of principal components that we keep for
the purpose of visualization in our work, we take into consideration what
we really want from the PCA in order to deduce the right value of the
number of components. We applied the following methods:

1. Since we use the PCA for the purpose of visualization, we need to
select 2 or 3 principal components in order to plot them as 2D or 3D.
Therefore, we convert high dimensional data into 2-dimensional data to
visualize it in a 2D plot. This is shown in Figure 5.

2. We can create a scree plot which is the visual representation of
eigenvalues that define the magnitude of eigenvectors (principal
components). Figure 6-A shows the explained variance ratio for each
component. Figure 6-B shows the eigenvalues for each component on the
y-axis and the number of components on the x-axis. By these two plots,
we can determine the number of principal components we have to keep.

Note: We used the PCA for visualization only in this paper.

230




Scree Plot

10 A

Explained variance ratio

T T T T T T T T
0 100 200 300 400 500 600 700 800
Number of components

Figure 6a — Scree plot of the explained variance ratio for each component
Puc. 6a — Npaguk ocbinu ob6bsicHeHHOU ducnepcuu po Kaxxo0oMy KOMIMIOHEHMY
Cniuka 6a — Scree plot o6jawr-eHe sapujaHce 3a c8aKy KOMIIOHeHmMy

Scree Plot
[ ]
300000
2500004
[ ]
¢ 200000
=2 L ]
g .
5 1500004 e
o
L
L]
1000001 g
[ ]
.
50000
0
0 100 200 300 400 500 600 700 800

Number of components

Figure 6b — Scree plot of the eigenvalues for each component
Puc. 66 — paghbuk ocbinu cobcmeeHHbIX 3Ha4eHUl Kax0020 KOMIMOHeHMa
Cniuka 66 — Scree plot coricmeeHux epedHoCcMu 3a c8aKy KOMIMOHEHMY
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Dimensionality reduction

We applied the Principal Component Analysis (PCA) for
dimensionality reduction. As shown in Figure 7, the first 300 components
explain almost 90% of the variance in the data. Based on this, we can
reduce the dimensions of the dataset by selecting only the most important
components, which will preserve a high level of variance while also
significantly reducing the complexity of the data. This can be useful for
tasks such as classification or clustering, where a high-dimensional
dataset may be more difficult to work with.

1.0+

0.8

variance

0.6

plained

0.4 1

Cumulative_ex

0.2 1

T T T T T T T T

0 100 200 300 400 500 600 700 800
n_components

Figure 7 — Cumulative sum of variance with the components

Puc. 7 — CosokynHas cymma Oucriepcuu ¢ KOMIoHeHmamu
Cnuka 7 — KymynamueHu 36up eapujaHce ca KOMIIOHeHmMama

Classifier

Support Vector Machine (SVM)

The Support Vector Machine is a well-known supervised machine
learning technigque that can be applied to solve big data classification and
regression problems (Suthaharan, 2016). The SVM is relatively robust to
overfitting that occurs in other machine learning algorithms, especially
when using a nonlinear kernel (Guenther & Schonlau, 2016). There are
two main types of SVM models which are linear and nonlinear (Saputra et
al, 2022). The SVM is called linear when data classes can be separated
by a linear line or a hyperplane using the simple mathematical model
y=wx+b where y is the response (dependent) variable, xis the
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predictor (independent) variable, w is the estimated slope, and b is the
estimated intercept. The optimal hyperplane can be selected by finding the
hyperplane with the maximum margin which is the distance between the
nearest data points of different classes. This is in case the problem can be
solved by a linear hyperplane. If a problem cannot be solved linearly, then
the data can be separated into different classes using a linear boundary in
a transformed space called the feature space. This case is called the
nonlinear SVM which uses the mathematical model y = w@(x) + b where
the @ is the kernel function (Suthaharan, 2016).

Since the SVM is a binary classification method,it is used to support
classification for two classes. In our case, we used the SVM algorithm for
multiclass classification. In multiclass classification, the SVM approach
mainly involves splitting the dataset into several binary classification sub-
datasets and then fitting a separate binary classifier for each one. There
are two different types of multiclass classification for this SVM approach
which are one versus one (OvO) and one versus the rest or all (OVR).

The OvO method is splitting the Multiclass dataset the data into
Multiple binary classification problems. This approach splits the dataset
into one dataset for each class versus every other class. The formula for
calculating the number of binary datasets is: (Num_Classes *
(Num_Classes — 1)) / 2. For the MNIST dataset is (10 *(10-1)/2)=45 binary
classification problems.

The OVR method is also splitting the multiclass dataset into multiple
binary classification problems. This approach trains a binary SVM
classifier for each class, where the class is treated as a positive class and
all other classes are combined into a single negative class. For example,
class No (0) versus all the other classes combined as one class.

In this paper, we used the SVC (Support Vector Classification)
method which implements the “one-versus-one” approach for multi-class
classification.

For our MNIST dataset, we build linear and nonlinear SVM models to
check the accuracy of these models. For the linear SVM model, we build
it with its default hyperparameters to check the accuracy using the
confusion matrix. The confusion matrix provides a decision that has been
collected in training and testing which contains the actual labels with the
predicted ones (Saputra et al, 2022). Accuracy can be calculated based
on this equation:

TP+TN

(Tp+TN + FP + FN)
where true positive (TP) refers to the data that has been correctly classified
as positive, true negative (TN) refers to the data that has been correctly

Accuracy =
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classified as negative while false positive (FP) refers to the data that has
been incorrectly classified as positive and false negative (FN) refers to the
data that has been incorrectly classified as negative.

We build the nonlinear SVM with its randomly chosen
hyperparameters using the RBF kernel (Specifying the kernel type since it
has several types such as “linear”, RBF, which is the radial basis function,
“poly”, which is polynomial kernel function, “Sigmoid”) and it is used to take
the data as an input and transform it into a required form of processing
data. We used the RBF kernel because it is a commonly used kernel
function due to its ability to perform well in classification tasks, as well as
due to its flexibility since it does not require prior information about the
dataset to be used effectively. When C=1, itis the regularization parameter
which controls the trade-off between maximizing the margin and
minimizing the training error in the model. When the value of the
regularization parameter C is large, the model prioritizes correctly
classifying all training points over having a larger margin. On the other
hand, when C is small, the model will prioritize having a larger margin,
even if it leads to misclassifying more training points. Both models have
been built using sklearn.svm.SVC from scikit-learn (Scikit-learn, 2023).
Table 5 shows the accuracy of linear and nonlinear SVM models.

Table 5 — Accuracy of linear and nonlinear SVM models
Tabnuua 5 —ToyHoCcMb NTUHEUHbIX U HeruHelHbIx SVM-modenel
Tabena 5 — lNpeyusHocm sluHeapHUx u HenuHeapHux CBM modena

SVM Model Accuracy

Linear SVM 91 %

Nonlinear SVM 94 %
Conclusion

In recent years, understanding and analyzing datasets have been a
major challenge in the field of machine learning. To address this issue, we
used the MNIST dataset which is the largest collection of handwritten
digits. We applied various statistical techniques, including the PCA, to
analyze the dataset. While the PCA was effective for dimensionality
reduction, it was not as effective for visualization. In addition, we used both
linear and nonlinear SVM models to classify the dataset. These models
achieved accuracies of 91% and 94%, respectively. For future endeavors,
utilizing the PCA and the SVM together can enhance the efficiency and
accuracy of the classifier. The PCA will perform dimensionality reduction

234



by transforming features into a set of principal components, thus reducing
the number of features in the dataset. Subsequently, training the SVM on
this reduced dataset will result in quicker training times and improved
performance.
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Knaccudumkaumsa n aHanns Hadopa gaHHbix MNIST ¢ ncnons3oBaHnemM
anroputmoB PCA n SVM

Moxaned H.A. Anb-XamagaHu

[ebpeLeHcknin yHMBepcuTeT, [lokTopckas Lwkona MHopmaTukuy,

dakynbTeT Hayku O AaHHbIX U Bu3yanusauuu, r. debpeueH, BeHrpus;
CeBepHbIN TEXHNYECKUIA YHUBEPCUTET, TeXHNYECKMn MHCTUTYT/Anb-XaBnaxa,
AenapTameHT 3aNeKTPOHHbIX TexHonorni, AgaH, Knpkyk, Pecnybnuka Wpak

PYBPUKA TPHTW: 27.41.23 MawwuHHble, rpaduyeckue n apyrme MeTtoabl
BbIYMCITUTENBHOW MaTeEMaTUKW,
50.35.37 MporpammnpoBaHme rmbpuaHbix 3BM n BK
BWO CTATbW: opurmHanbHas HayyHas ctaTbs

Pe3stome:

BeedeHue/uenb: B cospeMeHHOM MUpe Uucrofib308aHue Memodos
MawuHHO20  0bydYeHUss cmaso  He3aMeHUMbIM  [pu  aHanuse
KpyrHomacuwimabHbIX U CrIOXHbIX OaHHbIX. []aHHblie MemoObi LWUPOKO
MPUMEHSIIOMCST 8 pas/iuyHbIX obnacmsx: om onmumusayuu 6usHec-
onepayuti 00 rnpPod8uUXXeHUs1 Hay4YHbIX uccriedosaHul. Hecmompsi Ha mo
4mo makue bonbuwue Habopbi OaHHbIX OMKPLIBAOM 803MOXHOCMU Orsi
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eryboKo2o MOoHUMaHUs U UHHOBauuli, OHU makxe npedcmaersnsiiom
cepbe3Hyto npobsieMy 8 makux obracmsx, Kak kKadecmeo U cmpyKmypa
OaHHbIX, Komopbie mpebyrom rMpuMeHeHUs1 3¢bgheKmuUBHbIX cmpameaud
ynpaeneHusi. Memodbl MawuHHO20 0Oy4YeHUsI cmarnu Ki4esbiMu
UHCMpyMeHmMamu 8 8bisieNieHUU U CMsI24eHUU 8bILUEOMNUCaHHbLIX npobriem,
a makxe 8 paspabomke coomeemcmeyrowux peweHul. Habop daHHbIX
MNIST npedcmaenssiem cobol spkuli npumep WUPOKO UCMOMb3yeMo20
Habopa OaHHbIX 6 amol obsiacmu, omnauYaru,e20css 02pOMHOU
Konekyuel pykonucHbIx yugbp. JdaHHbIl Habop Yacmo ucronb3yemcs 8
makux 3adayqax, KaK Knaccugbukayusi U aHanus, o Yyem caudemerncmeyem
Hacmosiwee uccriedosaHue.

Memodbi: B daHHOM uccrnedosaHuu UCONL308a5cs Habop OaHHbIX
MNIST 0nsa usydeHusi pasnuyHbIXx cmamucmu4ecKux Memodos, sKroyast
anzopummM aHasnusa OCHO8HbIX KoMmrioHeHmos (PCA), ¢ nomouibto
CKpUNmMoeoz2o si3blka rnpozspammuposaHusi Python. Takxe npumeHsinuch
moOerniu ornopHbIX eekmopos (SVM) dna oueHKu moyvHocmu Modesu 8
3a0ayax nuHeliHoU U HeruHeliHoU Knaccugbukayuu.

Pe3synbmamsbi: Pesynbmamsi Hacmosiue2o uccriedogaHusi
rokasbigatom, 4ymo xomsi memod PCA aghchekmueeH Ornisi yMeHbLWeHUs
pasMepHOCMU, OH MOXem oKasambCs He Cmorib 3hhekmusHbIM Ons
uenel  eusyanusauyuu. borree = moeo, nony4yeHHble  pe3yrbmamsol
rokasasu, Ymo JiUHelHble, maK Xe Kak U HesnuHelHble SVM-modernu
aghghekmusHo knaccughuyupyrom Habop OaHHbIX.

Bbigodbi: Pesynbmamei uccriedoeaHusi rokasasnu, ymo SVM sedsiemcs
achgbekmusHbIM Memodom Or1s peuleHUs npobrem Knaccugukayuu.

Knoyesble crnosa: cmamucmuydeckull aHanu3, MawuHHoe oby4yeHue,
SVM, PCA, knaccugukayus.

Knacudukuuja n ananusa ckyna nogataka MHUCT nomohy
anroputama NUA n CBM

Mokxaned H.A. An-Xamaganu

YHuusepauteT y [lebpeuuHy, [lokTopcke cTyamje nHcopmaTtuke,
Opcek 3a Hayky 1 BU3yanusauujy nogartaka, [lebpeumvH, Mahapcka;
CeBepHU TEXHUYKN YHUBEP3UTET, TeXHNYKN MHCTUTYT/AnxaBsuja,
Opererse 3a enekTpoHcke TexHuke, AgaH, Knpkyk, Penybnuvka Upak

OBNACT: maTematuka, padyyHapcke Hayke, MHOpMaLMOHe TEXHOMOornje
KATEITOPWJA (TUIM) YITAHKA: opurinHanHu Hay4Hu paa

Caxemak:

Yeod/yurb: Memodu malwuHCKoz yqersa rnocmarsnu cy He3aMeHsbusu y
aHanu3u CcrioxeHux rnod0amaka eefnukoz obuma y caspemeHuMm
OKpyXeHUMa 3acHosaHuM Ha nodayuma. [lpumersyjy ce y
Hajpasnuyumujum obriacmuma, 00 ornmumu3auyuje nocrosHUx rpouyeca 6o
CIIOXKEHUX Hay4YHUX ucmpauearba. YrpKoc mome Wwmo 08akeu 0OUMHU
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cKyrosu rnodamaka Hyde moayhHocmu OybuHckoe caenedasar-a, Kao U
uHosauuja, oHU rpedcmassbajy U 8enuKu u3a3os y obnacmuma Kao Wwmo
Cy Keanumem U cmpykmypa fodamaka, Wmo 3axmeea [puMeHy
epuKkacHUX cmpameauja yripasrbarba. TeXHUKE MallUHCKO2 y4eHsa Cy ce
rokasasie Kao CYWMUHCKU 8aXHU arnamu 3a udeHmugukauujy u
CMak-UBaH-€ MuX U3a30ea, Kao U 3a pa3ssujare Moayhux pewerba. CKymn
nodamaka MHUCT npedcmaserba uspasum rpumMep LWUPOKO KopuLheHux
cemosa rnodamaka y 08oj obriacmu, no3Ham ro Ceojoj 8E/IUKOj Konekyuju
PYKOM riucaHux yucgpapa, u 4Hecmo je yrompebrbagaH 3a Kracugukayuje u
aHanuse, Kao Wmo je mo rokasaHo y 080j cmyoduju.

Memode: Ckyn nodamaxka MHUCT kopuwheH je 3a ucrnumugar-e
pasnuyumux cmamucmuykux rocmynaka, yKk/bydyjyhu anzopumam
aHarnuse anasHux komroHeHmu (Principal Components Analysis (PCA —
lLA)) y3 nomoh rnipoepamckoe jesuka [lajmoH. Takofje, npumerseHuU cy
moderiu Mmemoda rnomropHuUx eekmopa (Support Vector Machine (SVM —
CBM)) 3a npouerusare ma4yHocmu Mmodesia y JIUHEapHUM U
HernuHeapHUM KrnacugukayuoHUM rnpobremuma.

Pesynmamu: [lokasaHo je da, uako mexHuka LA jecme ecpukacHa y
pedykogsarby OUMEH3UOHaSIHOCMU, OHa Huje MmOosuKo egbukacHa 3a
susyanusauujy. Llimasuwe, Hana3u mokasyjy 0a cy U JuHepaHu U
HenuHeapHu modenu CBM ycrnienu O0a egbukacHO Knacugbukyjy CKyn
rnodamaka.

Bakrbyyak: Pesynmamu cmyduje nokasyjy da CBM moxe da 6yde
ehukacHa mexHuka 3a peuagar-e rpobrema Knacugpukayuje.

KrbyyHe peyu: cmamucmudka aHanusa, MawuHcko yyere, CBM, LA,
Knacudbukauyuja.
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Abstract:

Introduction/purpose: In this paper, a new solution for solving a multi-
objective integer programming problem with probabilistic multi — objective
optimization is formulated. Furthermore, discretization by means of the
good lattice point and sequential optimization are employed for a
successive simplifying treatment and deep optimization.

Methods: In probabilistic multi — objective optimization, a new concept of
preferable probability has been introduced to describe the preference
degree of each performance utility of a candidate; each performance utility
of a candidate contributes a partial preferable probability and the product of
all partial preferable probabilities deduces the total preferable probability of
a candidate; the total preferable probability thus transfers a multi-objective
problem into a single-objective one. Discretization by means of the good
lattice point is employed to conduct discrete sampling for a continuous
objective function and sequential optimization is used to perform deep
optimization. At first, the requirements of integers in the treatment could be
given up so as to simply conduct above procedures. Finally, the optimal
solutions of the input variables must be rounded to the nearest integers.

Results: This new scheme is used to deal with two production problems,
i.e., maximizing profit while minimizing pollution and determining a
purchasing plan for spending as little money as possible while getting as
large amount of raw materials as possible. Promising results are obtained
for the above two problems from the viewpoint of the probability theory for
simultaneous optimization of multiple objectives.
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Conclusion: This method properly considers simultaneous optimization of
multiple objectives in multi-objective integer programming, which naturally
reflects the essence of multi-objective programming, and opens a new way
of solving multi-objective problems.

Key words: multi-objective optimization, integer programming problem,
preferable probability, discrete sampling, sequential optimization.

Introduction

Multi-objective programming (GP) is an important branch of
optimization theory. It is a mathematical method developed to solve multi-
objective decision-making problems based on linear and nonlinear
programmings. Since 1960s, it has been gradually developed and matured.
It is widely used in economic management and planning, human resource
management, government management, optimization of large - scale
projects and other important areas.

The idea of multi-objective programming originated from the study of
the utility theory in economics in 1776. In 1896, economist Pareto first put
forward the multi-objective programming problem in the study of economic
balance, and gave a simple idea which was later called the Pareto optimal
solution. In 1947, von Neumann and Morgenster mentioned the multi-
objective programming problem in their game theory work, which attracted
more attention to this problem. In 1951, Koopmans put forward the multi-
objective optimization problem in the analysis of production and sales
activities, and first formed the concept of the Pareto optimal solution. In
the same year, Kuhn and Tucker gave the concept of the Pareto optimal
solution of the vector extremum problem from the angle of mathematical
programming. The necessary and sufficient conditions for the existence of
this solution are also studied. Debreu's discussion on evaluation balance
in 1954 and Harwicz's research on multi-objective optimization in
topological vector space in 1958 laid the foundation for the establishment
of this discipline. In 1968, Johnsen published the first monograph on the
multi-objective decision-making model. Until 1970s-1980s, the basic
theory of multi-objective programming was finally established through the
efforts of many scholars, making it a new branch of applied mathematics
(Huang et al, 2017; Liu, 2014; Ying, 1988).

Up to now, there are the following general methods to solve multi-
objective programming: one is to transfer multiple objectives into a single
objective that is easier to solve, such as the main objective method, the
linear weighting method, the ideal point method, etc.; the other method is
called the hierarchical sequence method, i.e. a sequence is given
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according to the importance of the target, and the next target optimal
solution is searched in the previous target optimal solution set every time
until a common optimal solution is obtained; the third one is the main target
method, which takes one fi(x) as the main target, and the other P-1 as the
non-main target. At this time, it is hoped that the main target will reach the
maximum value, and other targets will meet certain conditions; the fourth
one is the linear weighting method, which sets a series of weight
coefficients «; for objective functions fj(x), and thus a new evaluation
function U(x) = ¥¥_, w; - fj(x) is obtained by linear weighted summation,
which makes the multi-objective problem become a single-objective
problem. However, under the condition that the dimensions of the target
are different, normalization is needed. For a multi-objective linear
programming problem, decision makers hope to achieve these goals in
turn under these constraints by minimizing the total deviation from the
target value, which is the problem to be solved by goal programming
(Huang et al, 2017; Liu, 2014; Ying, 1988).

In practical engineering systems, such as many nonlinear, multi-
variable, multi-constraint and multi-objective optimization problems in
power systems, the existing mathematical methods have limited ability to
optimize these problems, and the solutions obtained are not satisfactory.

The above discussion shows that normalization and the introduction
of subjective factors in the previous methods are indispensable processes
in their "additive" algorithm, and the final result depends to a great extent
on the normalization method adopted after the targets with different
attributes are converted into "single" targets (Zheng et al, 2021). Different
normalization methods may lead to completely different results. In addition,
in some algorithms, the beneficial performance index and the unbeneficial
performance index are treated unequally.

From the point of view of the set theory, the "additive" algorithm in the
previous methods for multi-objective optimization corresponds to the form
of "union”. Therefore, the above algorithm can only be regarded as a semi-
guantitative method in a sense.

Recently, a probabilistic multi - objective optimization (PMOO)
method has been proposed to solve the inherent problems of subjective
factors of the previous methods of multi - objective optimization (Zheng et
al, 2021; Zheng et al, 2022a; Zheng et al, 2022b). A brand - new concept
of preferable probability is put forward to reflect the preference degree of
performance indicators in project management optimization. PMOO aims
to deal with multi-objective simultaneous optimization from the perspective
of the probability theory. In the new methodology of PMOO, the
performance utility indicators of all candidates are preliminarily divided into
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the beneficial category and the unbeneficial category according to their
roles and preferences in optimization; each performance utility index of the
candidate quantitatively contributes to a partial preferable probability; the
product of all partial preferable probabilities deduces the total preferable
probability of a candidate; the total preferable probability thus transfers a
multi-objective problem into a single-objective one. In the evaluation, the
total preferable probability of a candidate is the unique and decisive index
of the candidate.

In this article, by using probabilistic multi - objective optimization and
the good lattice point to conduct discrete sampling and sequential
optimization for successive deep optimization, a reasonable method of
multi - objective programming is formulated, and the application details of
this method are illustrated with two examples.

Solution for solving an integer programming problem
by means of probabilistic multi - objective optimization

In this section, probabilistic multi - objective optimization, good lattice
point (GLP) discretization and sequential optimization are organically
combined, which establishes a rational method for solving a multi-objective
programming problem. The probabilistic multi - objective optimization
method is used to transfer a multi - objective optimization problem into a
single - objective optimization one from the perspective of the probability
theory; the discretization of GLP provides an effective discrete sampling to
simplify mathematical processing, which is especially important for dealing
with multi - objective programming problems with continuous objective
functions; and sequential optimization is used for successive deep
optimization.

The systematic implementation is demonstrated in the subsections A)
and B).

A) A method based on the perspective of probabilistic
multi - objective optimization

From the perspective of probabilistic multi - objective optimization,
the whole event with multi - objective simultaneous optimization
corresponds to the product of all single objectives (events). For multi -
objective programming problems, each objective can be analogically seen
as a single event (Zheng et al, 2021; Zheng et al, 2022a; Zheng et al,
2022Db). All performance utility indexes of the candidate are preliminarily
divided into two categories: beneficial and unbeneficial, according to their
role and preference of a candidate in optimization, respectively.
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Specifically, the assessment of the preferable probability P; of both
beneficial indicators and unbeneficial indicators can be carried out
according to the evaluation procedure in Figure 1 (Zheng et al, 2021;
Zheng et al, 2022a; Zheng et al, 2022b).

B) Discrete sampling by means of the good lattice point
and successive sequential optimization

In multi - objective programming problems, the objective function is
usually continuous. In order to simplify mathematical processing, the
discrete sampling by means of the good lattice point (GLP) can be used.
As described in literature (Hua & Wang, 1981; Fang & Wang, 1994; Fang
et al, 2018), the methods of good lattice point and uniform experimental
design (UED) make discrete sampling possible and practical. The GLP
method and UED are based on the number theory, and it can obtain an
effective approximate value for a definite integral or an extreme value
problem with a limited number of sampling points (Hua & Wang, 1981;
Fang & Wang, 1994; Fang et al, 2018). Such a limited number of sampling
points is uniformly distributed in the super space with low discrepancy. The
characteristic of the uniform point set makes its convergence speed much
faster than that of the Monte Carlo sampling method (Hua & Wang, 1981;
Fang & Wang, 1994; Fang et al, 2018), so it is considered as an efficient
approximation named quasi-Monte Carlo method. In order to use this
uniformly distributed point set appropriately, Professor Fang specially
developed uniform design and uniform design tables (Fang, 1994; Fang et
al, 2018).

As to the successive sequential optimization of multi - objective
optimization problems, a sequential optimization algorithm (SNTO) can be
employed for deep optimization (Zheng et al, 2022c; Zheng et al, 2023).

Moreover, by combining probabilistic multi - objective optimization,
discrete sampling, and sequential optimization, the multi - objective
programming problem can be solved rationally.

At first, the requirements of integers could be given up so as to simply
conduct the above procedures. Finally, the optimum solutions of the
input variables must be rounded to the nearest integers, which must
be withstanding the constraint conditions as well.
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Figure 1 — Evaluation procedure of the PMOO method
Puc. 1 - lNpouedypa ouyeHku memoda PMOO
Cnuka 1 - lNocmynak esanyauuje memoda PMOO

Applications

In this section, two examples are employed to illustrate the use of the
above methods in solving multi - objective integer programming problems.

1) An integer programming problem that maximizes profits

and minimizes pollution

A factory plans to produce two products, PV cell 1 and PV cell 2.
During production, it causes certain polluting gas release into the air
(Huang et al, 2017). So, in the production plan, the goals are to get
maximum profit with minimum pollution at the same time. Profit, unit
pollution of each product, mechanical ability, manpower resource and
resource limits are shown in Table 1 (Huang et al, 2017). Therefore, the
problem is how to organise production which maximizes profits and causes

the least pollution.
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Table 1 — Resource consumption, profit and pollution of each product
Tabnuya 1 — NompebneHue pecypcos, Npubbinib U 3a2ps3HEHUE Kaxd020 npodykma
Tabena 1 — lNompowa pecypca, npochum u 3azahusar-e ceakoz rpousgooa

Content Product Limit unit
Cell 1 Cell 2

Resource exhaust unit per product 1 5 72
Mechanical ability exhaust per product 0.5 0.25 8
Manpower resource exhaust per 0.2 0.2 4
product
Profit per product (¥RMB) 1 3
Pollution unit per product 15 1

Solution

Assuming that the output of the products Cell 1 and Cell 2 is x; and
X2, respectively, the mathematical model and the constraint conditions of
this problem are as follows,

Max f1(X) = X1 + 3Xo,

Min fz(X) =1.5x; + X2,

S. t. 0.5x1 + 0.25x%, < 8 (Mechanical ability),
0.2x1 + 0.2x2 < 4 (Manpower resource),

X1 + 5x2 <72 (Resource limit), and

X1, X2 > 0.

Because there are two input variables x; and x; in this problem, at
least 17 evenly distributed sampling points are needed for the
discretization in the working domain according to literature (Zheng et al,
2022c). Here, we try to use the uniform design table U*24(24°) to implement
the discretization (Fang, 1994; Fang et al, 2018), and the results are shown
in Table 2. As it can be seen from Table 2, five sampling points were
excluded due to the limitation of the constraint conditions, and the
remaining 19 sampling points were within the working area, which meets
the basic requirement of at least 17 uniformly distributed sampling points
within the working zone.

Additionally, in this problem, the objective function fi(x) is a beneficial
indicator while the objective function fx(x) is an unbeneficial indicator.
Table 3 shows the evaluation results of the partial preferable probabilities
Pu and Pr of the objective functions fi(x) and fz(x) at the corresponding
discrete sampling point, respectively; P: represents the total/overall
preferable probabilities of each sampling point.
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As it can be seen from Table 3, sampling point No 2 shows the
maximum value of the total preferable probability. Therefore, around
sampling point No 2 of Table 2, sequential uniform design is adopted for
successive deep optimization.

Table 2 — Evaluation results of discrete sampling with U*24(24°)
Tabnuya 2 — Pe3ynbmamabi oyeHKu OuckpemHol 8ni6opku ¢ U*24(24°)

Tabena 2 — Pesynmamu esainyauyuje uckpemHoa y3opkosarba ca U*24(24°)

No Input variable Objective Note
x1 X2 f1 fa

1 0.3333 6.3 19.2333 6.8

2 1 12.9 39.7 14.4

3 1.6667 4.5 15.1667 7

4 2.3333 11.1 35.6333 14.6

5 3 2.7 11.1 7.2

6 3.6667 9.3 31.5667 14.8

7 4.3333 0.9 7.0333 7.4

8 5 7.5 27.5 15

9 5.6667 14.1 Excl.

10 6.3333 5.7 23.4333 15.2

11 7 12.3 43.9 22.8

12 7.6667 3.9 19.3667 15.4

13 8.3333 10.5 39.8333 23

14 9 2.1 15.3 15.6

15 9.6667 8.7 35.7667 23.2

16 10.3333 0.3 11.2333 15.8

17 11 6.9 31.7 234

18 11.6667 13.5 Excl.

19 12.3333 5.1 27.6333 23.6

20 13 11.7 Excl.

21 13.6667 3.3 23.5667 23.8

22 14.3333 9.9 Excl.

23 15 15 19.5 24

24 15.6667 8.1 Excl.
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Table 3 — Evaluation results of discrete PMOO using U*24(24°)
Ta6nuua 3 — Pe3ynbmamai oueHku duckpemHoz2o PMOO ¢ nomoubto U*24(24°)
Tabena 3 — Peaynmamu esarnyauuje duckpemHe PMOO nomohy U*24(24°)

Preferable probability
No Partial Total

Pr Pt Px103
1 0.0402 0.0877 3.5268
2 0.0830 0.0601 4.9936
3 0.0317 0.0870 2.7581
4 0.0745 0.0594 4.4280
5 0.0232 0.0862 2.0018
6 0.0660 0.0587 3.8749
7 0.0147 0.0855 1.2577
8 0.0575 0.0580 3.3340
10 0.0490 0.0572 2.8055
11 0.0918 0.0297 2.7277
12 0.0405 0.0565 2.2892
13 0.0833 0.0290 2.4146
14 0.0320 0.0558 1.7854
15 0.0748 0.0283 2.1139
16 0.0235 0.0551 1.2938
17 0.0663 0.0275 1.8255
19 0.0578 0.0268 1.5494
21 0.0493 0.0261 1.2857
23 0.0408 0.0254 1.0343

Table 4 shows the evaluation results of the successive deep
optimization using sequential uniform optimization, in which c(t) = (Max P{"
D — Max P")/Max P{? represents the relative error of the maximum total
preferable probability of the i-th sequential step. If we assume that the pre-
assignment of c® = 2%, the successive deep optimization can be
terminated in step 3. At this time, the final optimal results of this multi-
objective programming optimization problem are fiop. = 42.7625 ¥RMB,
foopt. = 14.4 unit, while the instant input variables of the successive deep
optimization in step 3 are x; = 0.125 and x> = 14.2125, respectively. Since
this is an integer programming problem, the solution for x; and x> must be
rounded to the nearest integers, so the values of x; and x, are 0 and 14,
respectively, and the optimal values of objective functions are thus fiop. =
42 ¥RMB yuan and foop. = 14 unit, individually. This result is much better
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than that given by Huang with a linear weighting algorithm (Huang et al,
2017).

Table 4 — Evaluation results of sequential optimization with U*24(24°) discrete sampling
Tabnuya 4 — Pe3ynbmambl OueHKuU rocriedosameribHol onmumu3ayuu ¢ OuckpemHou
8bI6opKol U*24(24°)

Tabena 4 — Peaynmamu esarsnyauuje cekeeHyujasaHe onmumu3ayuje nomony
OuckpemHoa y3opkosara U*24(24°)

Step | Range Instant input Optimal objective Max c®
variable Px103
X1 X2" fiopt. faopt.
[0, 16] x [0,
0 14.4] 1 12.9 39.7 14.4 4.9936
[0,8] x [7.2,
1 14.4] 0.5 13.65 41.45 14.4 4.4152
2 [104 j} X[08, | 25 | 14.025 | 42325 14.4 4.2855 0.0294
3 [104 421% x[12.6, 0.125 | 14.2125 | 42.7625 14.4 4.2034 0.0191

Il) Purchasing raw material for production

A factory needs to purchase certain raw material for production. There
are two kinds of raw materials in the market, A and B, with unit prices of 2
¥RMB yuan / kg and 1.5 ¥RMB yuan /kg, respectively. It is required that
the total cost now should not exceed 300 ¥RMB yuan, and the raw material
A should not be less than 60 kg. How to determine the best purchasing
plan, spend the least money and purchase the largest amount of raw
materials? The smallest weight unit is 1 kg.

Assuming that the two raw materials, A and B, are purchased in x;
and xz kg, respectively, then the total cost is:

fi(X) = 2x1 + 1.5x%z;

The total amount of the purchased raw materials is:

fz(X) = X1 + Xo.

Then the goal of our solution is to spend the least money to buy the
most raw materials, i.e. to minimize fi(x) while maximizing f2(x).

At the same time, it is necessary to meet the requirements that the
total cost should not exceed 300 ¥RMB yuan, and the raw materials A
should not be less than 60 kg, so the constraint conditions are as follows:

2X1 + 1.5%, 5300,

X1 > 60, X2 >0.
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Solution

Based on the above analysis, the following optimal mathematical
model is given:

Min fi(x) = 2X1 + 1.5x2;

Max f2(X) = X1 + Xz;

S. L.

2X1 + 1.5x2 <300;

X1 > 60, X2 >0.

Because this problem has two input variables x; and Xz, similarly, at
least 17 evenly distributed sampling points in the working domain are
needed (Zheng et al, 2022c; Zheng et al, 2023). Here, we try to use the
uniform test table Us7(37%?) conduct the discrete sampling (Fang, 1994;
Fang et al, 2018), and the results are shown in Table 5. It can be seen
from Table 5 that, due to the limitation of the constraint conditions, 18
sampling points are excluded, and, luckily, 19 sampling points are within
the scope of the constraint conditions, which meets the requirement of at
least 17 uniformly distributed sampling points within the scope of s. t.
condition. In this problem, the objective function fi(X) is the unbeneficial
indicator, and f2(x) is the beneficial indicator.

Table 6 shows the evaluation results of the partial preferable
probabilities of the functions f; and f, at the discrete sampling points, Pn
and Px, respectively; P; represents the total/overall preferable probability
of each sampling point. As it can be seen from Table 6, sampling point No
2 shows the maximum value of the total preferable probability. Therefore,
around the 2nd sampling point in Table 6, sequential optimization is
adopted for successive deep optimization. Table 7 shows the evaluation
results of the sequential optimization using the uniform design table
Us7(37?). Similarly, if a pre-specified value of 0.7% is set for ¢, then the
deep optimization can be terminated in step 3. At this point, the final
optimal results of this multi-objective programming optimization problem
are fiop. = 298.7635 ¥RMB yuan and foop. = 179.0270 kg, while the instant
input variables of the successive deep optimization at step 3 are x; =
60.4460 kg and x» = 118.5810 kg. Similarly, since this is an integer
programming problem, the solution for x; and x» must be rounded to the
nearest integers, so the values of x; and x; are 60 kg and 119 kg,
respectively, and the optimal values of objective functions are thus fiop. =
298.5 ¥RMB and foopt. = 179 kg, individually.
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Table 5 — Results of discretization with Uz7(37%?)

Tabnuuya 5 — Pesynbmamsi duckpemusayuu ¢ Us7(37%?)

Tabena 5 — Peaynmamu duckpemusayuje ca Us7(3712)

Input variable Objective
No Note
X1 X2 f1 f2
1 61.2162 53.5135 202.7027 114.7297
2 63.6487 108.6490 [290.2703 |172.2970
3 66.0811 43.7838 197.8378 |109.8649
4 68.5135 98.9189 285.4054 |167.4324
5 70.9459 34.0541 1929730 |105
6 73.3784 89.1892 280.5405 |162.5676
7 75.8108 24.3243 188.1081 |100.1351
8 78.2432 79.4595 275.6757 157.7027
9 80.6757 14.5946 183.2432 | 95.2703
10 83.1081 69.7297 270.8108 |152.8378
11 85.5405 4.8649 178.3784 |90.4054
12 87.9730 60 265.9459 | 147.9730
13 90.4054 115.1351 Excl.
14 92.8378 50.2703 261.0811 |143.1081
15 95.2703 105.4054 Excl.
16 97.7027 40.5405 256.2162 |138.2432
17 100.1351 95.6757 Excl.
18 102.5676 30.8108 251.3514 |133.3784
19 105 85.9460 Excl.
20 107.4324 21.0811 246.4865 |128.5135
21 109.8649 76.2162 Excl.
22 112.2973 11.3514 241.6216 |123.6486
23 114.7297 66.4865 Excl.
24 117.1622 1.6216 236.7568 |118.7838
25 119.5946 56.7568 Excl.
26 122.0270 111.8919 Excl.
27 124.4595 47.0270 Excl.
28 126.8919 102.1622 Excl.
29 129.3243 37.2973 Excl.
30 131.7568 92.4324 Excl.
31 134.1892 27.5676 Excl.
32 136.6216 82.7027 Excl.
33 139.0541 17.8378 Excl.
34 141.4865 72.9730 Excl.
35 143.9189 8.1081 300 152.027
36 146.3514 63.2432 Excl.
37 148.7838 118.3784 Excl.
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Table 6 — Evaluation results of PMOOQ discrete sampling with Us7(372)

Tabnuua 6 — Pe3aynbmamsl oueHKu duckpemHoli ebibopku PMOO ¢ U3z7(3712)
Tabena 6 — Peaynmamu esarsyauyuje duckpemHoe y3opkosara PMOO ca Us7(371?)

Preferable probability
No Partial Total

P Pr Pix103
1 0.0615 0.0456 2.8059
2 0.0420 0.0685 2.8754
3 0.0626 0.0437 2.7344
4 0.0430 0.0666 2.8664
5 0.0637 0.0418 2.6586
6 0.0441 0.0647 2.8533
7 0.0647 0.0398 2.5787
8 0.0452 0.0627 2.8360
9 0.0658 0.0379 2.4945
10 0.0463 0.0608 2.8145
11 0.0669 0.0360 2.4061
12 0.0474 0.0589 2.7887
14 0.0485 0.0569 2.7588
16 0.0495 0.0550 2.7247
18 0.0506 0.0531 2.6864
20 0.0517 0.0511 2.6439
22 0.0528 0.0492 2.5971
24 0.0539 0.0473 2.5462
35 0.0398 0.0605 2.4058

Table 7 — Evaluation results of sequential optimization with Us7(37*?) discrete sampling
Tabnuya 7 — Pe3ynbmama! oyeHKu nocriedosameribHOU onmumu3ayuu ¢ OUCKpemHou
eblbopkoli Us7(371?)
Tabena 7 — Pe3ynmamu esarsyauyuje cekgeHyujanHe onmumusayuje nomohy
OuckpemHoz y3opkoeara Uz7(371?)

Instant input variable | Objective Max
Step | Range " " 3 c®
X1 X2 fropt. faopt. Pix10
X
0 [[600’112500]] 63.6487 | 108.6490 | 290.2703 | 172.2970 | 2.8754
X
1 [[660(; 1]025(}] 61.8243 | 114.3240 | 295.1351 | 176.1490 | 2.8481 | 0.0095
X
2 [[690(; 8]22]0] 60.8919 | 117.1620 | 297.5270 | 178.0540 | 2.8102 | 0.0133
[60,71] X
3 (105, 120] 60.4460 | 118.5810 | 298.7635 | 179.0270 | 2.7909 | 0.0069
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Discussion

When solving multi - objective programming problems, the
approaches employed in the previous work of other methods include the
linear weighting method (Zheng et al, 2022c), i.e. the "additive" algorithm,
which transfers multi — objective problems into single objective ones.
However, from the perspective of the probability theory, this essentially
means a "union”, and some methods even take several objectives as
constraint conditions to solve multi-objective programming problems
(Zheng et al, 2022c), which is not realized to the intrinsic meaning of multi
- objective programming problems, while probabilistic multi-objective
optimization tries to deal with simultaneous optimization of multiple
objectives from the perspective of the probability theory, which is a rational
method of multi - objective optimization (Zheng et al, 2022c). Therefore,
the results obtained by other methods cannot be compared with the results
of probabilistic multi - objective optimization.

Conclusion

By using the combination of probabilistic multi - objective optimization,
discrete sampling by means of the good lattice points, and successive
sequential optimization to solve the multi - objective integer programming
problem, we establish a reasonable scheme for solving the multi - objective
programming problem. This method properly considers simultaneous
optimization of many objectives in the problem, which rationally reflects the
essence of simultaneous optimization of multiple objectives, and opens a
new approach to the relevant problem.
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HoBoe pelueHue ana MHorouenesblX 3a4ay LenovYncrneHHoro
nporpaMMmpoBaHns C NOMOLLIbIO BEPOATHOCTHOW MHOrOLIEeNeBon
onTumMmusauum

MaoweHe Yxana, Jxu Nio®

CeBepo-3anafHblil NONUTEXHUYECKUI YHUBEPCUTET,
r. Cnanb, HapogHas Pecny6nuka Kutai

@ dhakynbTET XMMNYECKOWN MHXEHEPUN, KOPPECNOAEHT
6 (hakynbTeT eCTECTBEHHbIX HayK
PYBPUKA TPHTW: 27.47.00 MaTemaTnyeckas knbepHeTuka,

27.47.19 VNccneposaHue onepauumn
BWO CTATbW: opurmHanbHasa Hay4yHas cTaTtbs

Peswome:

BeedeHue/yernb: B daHHOU cmambe rpedcmaesrieHo Hogoe peuleHue Ons
MHo20ueneabIx 3aday UesioHUCIEHHO20 MPoepaMmMupo8aHUs C MOMOUbIO
8eposimHocmHOU MHozouenesol onmumu3ayuu. Kpome moeo, 8 yesnsix
CYKUECCUBHO20 yripouwieHusi obpabomku u anybokol onmumusauyuu
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ucriorib3yromcs OUCermU3aL(Uﬂ C roMow|bro coomeemcemeyrouwiux y3r108
pewemku u rocriedosameribHasi OnMuUMU3auUsl.

Memodbi: B 8eposimHOCMHY0 MHO20UEe8y0 onmumu3ayuto esedeHa
Hoeasi KoHUenuusi npednoymumerbHoU eeposimHocmu Or1s1 OnucaHusl
cmereHu rnpedrnoYymeHust none3Hocmu Kaxdoz2o kaHOuGama. Kaxodas
fone3Hocmb  xapakmepucmuk  kaHOudama 8HOCUM  4acmuyHyro
MpednoymumerbHYy0 8epPOsIMHOCMb, a MPoU38eOeHUE 8CEX YaCMUYHbIX
npednoymumeribHbIX eeposimHocmel cocmaernsem obuwyto
rnpednoymumerbHyl0O  8eposimHocmb  KaHOudama. Takum 06pa3som,
obuwasi npednoymumeribHasi 8epOSIMHOCMb 1epesodum MHO20UEE8YH0
npobniemy 8 o0OHouenesyr. J[uckpemusayus no memody Y3108
udearnbHol pewemku rpumeHsemcs 0Onsi OuckpemHou 6bIbopKu, a
rnocriedoeamernbHass onmumu3ayusi — 01 anybokol onmumu3ayuu.
Takxe 6 uensix ynpoweHusi daHHOU rpoyedypbl MOXHO OmKa3ambsCsi om
uenoyucreHHbIx mpebosaHuli. B KoHue npouedypbl onmumaribHbie
peweHuss 88€0eHHbIX MEPEMEHHbIX HEe0bXxo0UMO OKpyenums 00
bnuwxaliweao uenoeo vucna.

Pesynbmamai: HaHHbil 100x00 ucrions3yemcsi Onisi peweHusi 08yx
rpou3sodcmeeHHbIx 3aday, a UMEHHO: Makcumusauuu npubbiau npu
MUHUMU3aUUU 3a2psi3HeHUsT U COCMaesieHUs niaHa 3aKyrnoK Kak MOXHO
6osibLUe20 Koruyecmea Cbipbsi Mpu HauMeHbLUx 3ampamax. C noMoLwbio
meopuu  8eposimHocmell  ebluieyKa3aHHble  3adayu  rokasanu
MHO200b6ewjarowjue  pesynbmambsl  00HOBPEMEHHOU  onmumu3auyuu
HecKosbKux yerned.

Bb1800bi: [JaHHOE peweHue y4umbigaem 0OHOBPEMEHHYH ONMuUMU3ayuro
HecKofbKUX uened npu  MHO20KpUmMepuarbHOM  UesloYUC/IeHHOM
npoepaMmMuposaHul,  4mo,  ECIMEeCcmBeHHO,  ompaxaem  cymb
MHO20KpUMepuasibHO20 Mpo2pamMMUupo8aHUs U memM caMbiM OMKpbieaem
HO8bIE BO3MOXHOCMU K peleHU0 MHO20KpumepuarsbHbIX 3adad.

Kniroueesnbie crnoea: MHoeaouenesas onmumu3auyusl, 3adaya

UesI04uCIeHHO20 rpoepamMmuposaHus, npednoymumersibHasi
8EPOSIMHOCMb, OuckpemHasi eblbopka, rnocnedosamersibHasi
onmumu3ayusi.

HoBo peluere npobnema BULLEKPUTEPUjYMCKOT LienodpojHOr
nporpamMmupata nomohy BULLEKPUTEPUjyMCKE ONTUMMU3aLmje
3acHoBaHe Ha BepoBaTHoONU

Maowere Llenr?, hau Jy®

YHuBepanutet CeBeposanag, CujaH, HapogHa Peny6nvka KuHa

a PaKkynTeT XeMUjCKOT MHXEH-EPCTBA, ayTop 3a NpPenucky

6 dakynTeT NPMpPoaHMX Hayka
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OBJIACT: matemaTuka, payyHapcke Hayke
KATEITOPWJA (TUIM) YIAHKA: opyruHanHm HayYyHu pag

Caxemak:

Yeod/yurb: Y pady ce c¢popmynuwe HOB0 pewere rpobrema
8ULLEKPUMEPUjyMCKO2 yenobpojHoz rpoepamuparb-a riomohy
npobabunucmuyke  suWeKpumepujymcke onmumusauyuje.  Takohe,
Kopucmu ce duckpemus3sayuja rnomohy 0obpux madaka pewemke, Kao u
CeKseHyujanHa onmumu3ayuja padu cykuyecusHoe riojeGHocmaesbugara
u OybuHcke onmumu3sayuje.

Memode: Y npobabunucmuyky uLEKPUMEPUjyMCKY onmumu3ayujy
yeedeH je HOBU KOHUenm roxesrbHe eeposamHohe kako bu ce onucao
cmereH rnoxesrbHoCMu ceake rojeduHaqyHe KopucHocmu riepghopmaHce
Hekoe kaHOuOGama. Ceaka mojeQuHa4YHa KopucHocm nepgopmaHce
kaHOuOama QonpuHocu napuyujasiHoj MoxesrbHOj eeposamHohu, a
rpou3eod ceux mux eeposamHoha YUHU YKYrHy MoXesrbHy eeposamHohy
KaHOuGama. Ha maj Ha4yuH yKyrHa roxerbHa eeposamHoha rpesodu
8ULLIEKPUMEPUjYMCKU rpobnem y JeOHOKpUMepUujyMCKU.
Huckpemu3zayujom rnomohy memoda 0obpux mavaka pewiemke epuiu ce
OUCKpemHO y30pKosar-e 3a KOHMUHyanHy GhyHKUUjy uyurba, a
cekgeHyujanHoM onmumu3ayujom OybuHcka onmumu3auyuja. Takohe,
Moxe ce odycmamu 00 3axmeea uenux bpojesa  padu
rojeGHocmasrbugar-a HagedeHoe nocmyrnka. Ha kpajy ce onmumanHa
pewera yHemux gapujabriu Mopajy 3aoKpy»kumu Ha Hajoruxu uesnu 6poj.

Pesynmamu: Oeaj npucmyn ce kopucmu 3a pewasar-e 08a rpobrema y
npou3sodbuU: 3a Makcumusauujy npuxoda y3 Hajmare moeyhe 3azalhere
U 3a Kpeuparse riaHa 3a Habasky Hajeehe konu4uHe perpomamepujana
no Hajmaroj yeHu. Obehaeajyhu pesynmamu cy OobujeHu 3a dea
HasedeHa rpobriema romohy meopuje eeposamHohe 3a UCMOBPEMEHY
onmumu3sauyujy suwe yurbeaa.

Sakrbyyak: 080 pewere y3uma y 063up ucmospemeHy onmumusauyujy
guwe yurbesa rpu sULLIEKpUMEPUSyMCKOM UeslobpojHOM rpospamuparby,
wmo  npupo0HO  o0cnukasa  CYyWMUHy  8UWeKpUmepujyMcKoa
fpoepamuparba U muMe omeapa Hoge [lymese Ka pewasary
guwIeKpUMepUjyMCKuUX rpobnema.

KmbyyHe pedyu: esuweKkpumepujymcka onmumusayuja, npobnem
uenobpojHoe npozpamupar-a, rnoxesrbHa eepogamHoha, OUCKPeMmMHO
y30pKoB8aH-e, CeKeeHyujariHa onmumu3ayuja.
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Abstract:

Introduction/purpose: An adequate selection of vehicles used for the
transport of goods is a very important factor that affects the economical and
rational use of vehicle fleets, as well as the quality and efficiency of carrying
out transport activities in the Serbian Armed Forces. The goal of this work
is to design a model that should be of help to the traffic service authorities
to select the vehicle that is best for the performance of the assigned
transport task based on the defined criteria.

Methods: This paper therefore proposes a model for the selection of
vehicles for the transport of goods using a fuzzy logic system, as a type of
artificial intelligence system. In order to solve the problem of choosing a
vehicle for the transport of goods, five criteria are defined in the work based
on a survey of the commanders of the transport lines, which represent the
input values in the fuzzy logic system.The vehicle is selected based on five
criteria. The input variables are represented by three membership
functions, while the output variable is defined by five membership functions.
All the rules in the fuzzy logic system are determined using the rule premise
weight aggregation method (ATPP), which enables the formation of a rule
base based on experience. By applying this method and based on the
number of input variables and the number of their membership functions, a
base of 243 rules was defined. The values of the weighting coefficients of
the membership functions were determined using the LMAW method. A
user "interface" program was created for the developed fuzzy logic system,
which enables the practical application of this model.

Results: The model was tested on the example of choosing the optimal
vehicle for goods transported to the IVP "Pasuljanske livade" in 2020. The
selection of the optimal means of transport was made among the transport
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motor vehicles that are most used in the Serbian Army, namely: TAM 150
T11, FAP 2026 and FAP 1118. After packing all three vehicles with these
goods in Cube 1Q and after performing calculation and evaluation of
individual vehicles in the user "interface" program, the values of the output
variable for each vehicle were obtained. The obtained values for each
vehicle were ranked and the optimal vehicle for the transport of defined
goods was shown to be the FAP 1118.

Conclusion: The significance of this study is that it is among the first ones
to demonstrate the application of a model based on artificial intelligence that
solves the problem of vehicle selection for the transportation of movable
assets. The study provides considerable opportunity for further research.

Key words: fuzzy logic, fuzzy set, ATPP, LMAW, cube IQ, Matlab.

Introduction

Economical use of means of transport in peacetime is of great
importance for the defense system of the Republic of Serbia. Transport
motor vehicles with different usage characteristics are the basis of unit
mobility. That is why it is important to choose the one that will best meet
the set requirements from the large number of different types of motor
vehicles that can be used to transport goods. A large number of different
types of means of transport means that for every transport it is necessary
to choose a motor vehicle that will perform a particular task best and most
easily. Proper evaluation and selection of the right vehicle ensure the
conditions for the efficient execution of the tasks set before the units of the
Serbian Armed Forces. Taking into account the above, the choice of the
optimal vehicle is of great importance for economical, successful and safe
transport of units. In order to determine the optimal vehicle for the transport
of goods for carrying out an assigned transport task, a choice must be
made between the motor vehicles used in the Serbian Armed Forces. In
order to facilitate the work of the traffic service authorities when choosing
the optimal vehicle for the transport of goods, a model based on artificial
intelligence is presented in the paper, in order to help solving that problem.
Until now, the Serbian Army has not developed such a model that solves
the problem of vehicle selection based on artificial intelligence.

Based on a survey of transport line commanders, several criteria were
defined to represent the input variables in the fuzzy logic system, namely:
number of transport vehicles, capacity utilization, motor vehicle reliability,
fuel consumption per 100 km, and suitability for transport manipulative
work. This is followed by the fuzzy system modeling through five stages:
problem analysis, definition of linguistic variables, selection of membership
functions, formation of the rule base, and selection of inference and
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defuzzification methods. For the developed fuzzy logic system, the user
"interface" of the program for the selection of vehicles for the transport of
goods was created in the Matlab 2017a program package.

The presented model was tested on the example of choosing the
optimal vehicle for goods that were transported to the IVP "Pasuljanske
livade" in 2020 for the needs of the Military Academy. The selection of the
optimal means of transport was made from among the transport motor
vehicles that are used the most in the Serbian Armed Forces, and these
are TAM 150, FAP 2026, and FAP 1118. After packing the off-road vehicle
TAM 150 with these goods in Cube IQ, we read the data from the software
on how many motor vehicles we need to transport that type of goods and
use the carrying capacity per vehicle. In order to unify the load capacity
and obtain only one value, the arithmetic mean of all obtained values of
the load capacity utilization of those vehicles was taken. In the same way,
the packaging and obtaining the data necessary for the input variables in
the fuzzy logic system is carried out for the off-road vehicles FAP 2026
and FAP 1118. The input value of fuel consumption per 100 km is obtained
from the technical instructions for the mentioned motor vehicles, while the
reliability of a motor vehicle and its suitability for transport manipulative
work are obtained on the basis of the processed data from the survey of
the commanders of the transport lines.

The defined input values are entered into the created user program
and by starting the fuzzy system, the output variables are obtained, that is,
the preference for the vehicle is obtained in the form of a numerical value
and a linguistic descriptor. Based on the obtained values for each vehicle,
a ranking was performed and the optimal vehicle for the transport of
defined goods is the one with the highest preference value.

The paper consists of five parts. In the second part, the means of
transport most commonly used in the army are mentioned. The third part
presents the description and the method of designing the fuzzy logic
system, as well as the display and the method of creating a user "interface"
program for the selection of vehicles for transporting goods. Then the
application of Cube IQ is defined. The fourth part deals with the data used
when testing the modeled fuzzy system, a presentation of the use of Cube
IQ and the method of obtaining the necessary parameters. Finally,
concluding remarks with further research proposals are given.

Means of transport in the Serbian Army

In accordance with the Rulebook on the use of military vehicles in the
Ministry of Defense and the Serbian Armed Forces, "a military vehicle is
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any combat and non-combat vehicle and any other vehicle that is
registered under special regulations of the Ministry of Defense, as well as
any other properly marked vehicle while performing material obligations in
use in the units and institutions of the Ministry of Defense and the Serbian
Army". According to this Rulebook, military vehicles are divided into:

— Non-combat motor vehicles of general purpose;

— Non-combat special purpose motor vehicles;

— Trailers;

— Combat vehicles;

— Engineering machines powered by liquid fuels;
Special purpose vessels;
Means of internal transport; and
Other vehicles.

A general-purpose non-combat motor vehicle is a vehicle that, in
accordance with its construction, devices and equipment, is intended for
transporting people and cargo, for performing certain works, as well as for
towing a trailer, while non-combat special-purpose vehicles represent
vehicles that, by design, devices and assemblies, are intended and
adapted for special purposes. Off-road non-combat vehicles, depending
on their purpose and technical characteristics, can be divided into
(StarCevi¢, 2020):

— All-terrain vehicles for transporting people; and

— All-terrain vehicles for towing and transport.

The basic purpose of all-terrain vehicles for towing and transport in
the Serbian Army is the transportation of people and cargo, towing tools
and attachments, as well as the application for special superstructures of
the cabin type. Constructive solutions of all-terrain vehicles allow the
transportation of 12 to 20 people, while the carrying capacity of the vehicle
ranges from 1.5 to 20 tons. All-terrain vehicles for towing and transport
were mainly created on the basis of commercial vehicles, where the basic
assemblies were modified to a greater or lesser extent for military use.
Drive formulas for these vehicles are 4x2, 4x4, 6x6 and 8x8, depending on
the total weight and load capacity of the vehicle. In the units of the Serbian
Army, the following are mostly used: TAM 150, FAP 2026 and FAP 1118.

Off-road vehicle TAM 150 B/BV

The off-road vehicle TAM 150 T11 is a multi-purpose vehicle with all-
wheel drive. This vehicle has great maneuverability and is designed so
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that it can be used in different weather, adverse road and terrain
conditions. It is produced in variants:

— TAM 150 T11 BV — with winch; and

— TAM 150 T11 B — without winch.

The off-road vehicle TAM 150 T11 is intended for the transportation
of personnel (18 + 2 persons), transport of loads up to 5t useful load on
roads and up to 3t useful load off-road. Also, it can be used for towing
tools, trailers, as well as for superstructures. This model of the off-road
vehicle is in use in all units and institutions of the Serbian Armed Forces
and its average age is over 30 years. Maintenance is difficult due to the
lack of adequate spare parts, and therefore the degree of reliability of using
the vehicle when performing daily tasks is reduced.

Figure 1 — All-terrain vehicle TAM 150 T11
Puc. 1 — KpynHomoHHaxHbil epy308ol asmomobusib TAM 150 T11
Cnuka 1 — TepeHcko gosuno TAM 150 T11

The dimensions of the off-road vehicle TAM 150 T11 are 6550mm x
2275mm x 2890mm, fuel consumption is 24 - 30 I/100km, while the
dimensions of the cargo box are 4170mm x 2120mm x 1560mm (500mm)
(Starc€evi¢, 2020).

Off-road vehicle FAP 2026

The all-terrain vehicle FAP 2026 is a domestically produced multi-
purpose vehicle intended for driving on impassable terrain, transporting
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people (20 + 2 persons) with complete equipment, transporting material
assets up to 10t useful load capacity on roads and up to 6t useful load
capacity off-road, as well as for towing tools. Its dimensions are 7720mm
X 2490mm x 3100mm, cargo box dimensions 4530mm x 2020mm X
1600mm (470mm), while fuel consumption is 33 1/100km (Starcevic,
2020).

Figure 2 — All-terrain vehicle FAP 2026
Puc. 2 — KpynHomoHHaxHbIU 2py30eol asmomoburis @Al 2026
Cnuka 2 — TepeHcko eosuno @Al 2026

This model of all-terrain vehicle is used in the artillery and logistics
units of the Serbian Army. The average age of the vehicle is over 20 years
and the maintenance of these vehicles is regular due to the fact that the
vehicle was produced in the Republic of Serbia and that the units of the
Serbian Armed Forces have trained personnel and the necessary spare
parts. It follows that the vehicles have an appropriate degree of reliability
of use in the execution of everyday tasks.

Off-road vehicle FAP 1118

The all-terrain vehicle for towing and transport FAP 1118 was
introduced to the Serbian Armed Forces in 2010 after successful
development and final tests, and has been serially produced since 2012.
This vehicle model was developed by a domestic manufacturer with the
aim of renewing the vehicle fleet in the units of the Serbian Armed Forces
and replacing the TAM 110 and TAM 150 vehicles. Its main purpose is to
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transport people with complete equipment (20 people), transport cargo up
to 4t payload, tow tools and connecting devices, as well as application for
special superstructures of the cabin type. The dimensions of the all-terrain
vehicle FAP 1118 are: 6414mm x 2500mm x 3310mm, and the cargo box
dimensions are 4000mm x 2440mm x 1720mm (550mm). Fuel
consumption per 100km is 17-30L.

Figure 3 — All-terrain vehicle FAP 1118
Puc. 3 — KpynHomoHHaxHbIl epy3o8ol asmomobuns ®PAl1 1118
Cnuka 3 — TepeHcko eosusno QAN 1118

In the units of the Serbian Armed Forces, this vehicle is the newest
and youngest all-terrain vehicle for towing and transport and is in use in
the largest number of units and institutions of the Serbian Armed Forces,
with a focus on logistics units. Vehicle maintenance is regular due to the
fact that the vehicle is manufactured in the Republic of Serbia and that the
units have trained personnel and the necessary spare parts, and therefore
the vehicles have an appropriate level of reliability when performing daily
tasks (Starcevi¢, 2020).

Criteria for choosing a vehicle for transporting goods

The analysis came to the conclusion that there is no software based
on artificial intelligence that is used for the selection of vehicles for the
transport of goods in the Serbian Army. As a result of the research, the
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paper proposed a decision-making model, based on artificial intelligence,
for the selection of vehicles for the transport of goods in the Serbian Armed
Forces, and developed software for its practical application. For the
selection of criteria for creating this model, the commanders of transport
lines were surveyed. Based on the obtained data, the criteria for the
selection of vehicles for the transport of goods were defined, which
represent the input variables in the software. The criteria and their
description are presented in the table.

Table 1 — Defined criteria for the selection of vehicles for the transport of goods in the

Serbian Army

Tabnuua 1 — OnpedeneHHbie Kpumepuu 8bibopa mpaHCcrnopmHbIX cpedcme Orns
rnepesosKu epy308 8 cepbckol apmMuu
Tabena 1 — JeguHucaHu kpumepujymu 3a u3bop eosusa 3a mpaHcriopm pobe y Bojcyu

Cpbuje
Criterion Description
1 Number of means of Required number of means of transport for
) transport transporting goods.
The coefficient of static utilization of the
vehicle's carrying capacity represents the ratio
2 Capacity utilization of the amount transported and the amount of
) pacily cargo that could be transported, if the vehicle's
carrying capacity were fully used while driving
with the load.
The ability of the vehicle to carry out transport
3 Motor vehicle reliability work, keeping its exploitation indicators at a
given level during a certain time (mileage
traveled) in given conditions of exploitation.
4. E;el consumption per 100 The amount of fuel used per 100 km of travel.
Adaptation of the vehicle to loading and
Suitability for transport and unload!ng processes, i.e., to enable Ioadmg or
5. . . unloading with the least expenditure of time and
manipulative work ; o
labor, as well as optimal conditions for the
goods.

A model for optimizing the choice of vehicles when
transporting goods in the Serbian Armed Forces
The scheme of the model for optimizing the choice of vehicles when

transporting goods in the Serbian Army is shown in Figure 4. In the first
phase, after analyzing the problem, when modeling the fuzzy logic system,
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linguistic values are defined as well as the choice of membership functions,
which allows us to form a rule base, and then select the inference and

defuzzification method.

FUZZY SYSTEM

h 4

MODELING OF FUZZY
SYSTEMS

h 4

Problem analysis

'

Defining linguistic variables

v

Selection of membership
functions

v

Formation of the rule base

v

Choice of inference and
defuzzification methods

v

USER "INTERFACE" OF THE
PROGRAM FOR SELECTING
— VEHICLES FOR
TRANSPORTING GOODS

<

CUBE IQ

v

Analysis of collected data on the
transport of goods to bean meadows
in 2020

v

Vehicle packing in Cube 1Q

INPUT VALUES OF
ALTERNATIVES

h 4

MODEL TESTING

Figure 4 — Scheme of the model for the optimization of vehicle selection
Puc. 4 — Cxema modleniu onmumu3auyuu ebibopa mpaHcrnopmHbix cpedcms
Cnuka 4 — lllema modena 3a onmumu3sayujy usbopa eosuna

After the completion of the first phase, in the next step, the user
"interface” of the program is created, which allows us to apply this model
in practice. In the second phase, by applying the Cube 1Q software, based
on the analysis of the collected data, the vehicle is packed, which allows
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us to define the input values of the alternatives that are inserted into the
user form which performs model testing.

FUZZY systems

Artificial intelligence is defined as the branch of computer science that
deals with the creation of computer programs capable of exhibiting
"intelligent” behavior, one that is typically considered a uniguely human
quality (Luger et al, 1994). The term "artificial intelligence" is widely used
as the name of the branch of computer science that studies the ways in
which computers can be made "smarter" (Raphael, 1976). Artificial
intelligence as a scientific discipline deals with the method of automating
intelligent behavior. It is based on learning from experimental data,
learning from different patterns and transferring human knowledge to
analytical models. The goal of this scientific discipline is the development
and application of algorithms that will enable the computer to perform tasks
in the way that the human brain performs them. Artificial intelligence
methods are widely applied in all areas of solving engineering problems
through (Zuber & Licen, 2011):

— Expert systems - systems based on knowledge bases;

— Fuzzy logic systems - based on the transfer of human knowledge
(experience) into the working system;

— Atrtificial neural networks - there are mathematical models behind
the learning process; and

— Hybrid artificial intelligence systems — computer systems that
integrate different intelligent techniques.

Words such as: vague, undefined, vague, imprecise, blurred,
ambiguous, hazy could be replaced by one word - fuzzy. The founder of
fuzzy logic is considered to be a professor of computer science at the
University of California, Berkeley, whose name is Lofty Zadeh (Zadeh,
1975a; 1975b; 1975c). He laid the foundations of this science in 1965, and
according to him, fuzzy logic can have two different meanings (Zadeh,
1965):

— In a broader sense, fuzzy logic is a synonym for the theory of
fuzzy sets, and it refers to objects with unclear boundaries whose
membership is measured by a certain degree; and

— In a narrower sense, fuzzy logic is a logical system that is an
extension of classical logic.
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The basis of his theory is that descriptions should be imprecise, which
he shows by the principle of incompatibility, where he claims that by
increasing the impreciseness of the statement, with which we describe the
phenomenon, we increase its importance. A historically important element
in the development and application of fuzzy logic is the first practical
application, i.e. the first fuzzy regulator for controlling a steam engine,
which was constructed by Mamandi and Assilian in 1974. In the 1990s, the
market saw many products whose operation was based on the application
of fuzzy logic. Today, it is a clear fact that fuzzy systems can be
successfully applied in many areas: traffic management, stock exchange
business, medical diagnostics, financial management, etc.

A set of elements with the same properties is called a classic discrete
set and each element of a discrete set belongs to that set 100%, i.e. with
a membership degree of 1 on a scale from 0 to 1. While fuzzy logic is
based on the theory of fuzzy sets where the basic elements for
representation and processing are imprecise, it represents an extension
and generalization of a discrete set, that is, it represents a set of elements
with similar characteristics where the membership of the elements can be
any real number in the interval [0-1] (Zadeh, 1975a; 1975b; 1975c). The
basic difference between these two types of sets is that classic sets always
have a unique membership function, while fuzzy sets can be described
with many different membership functions. A fuzzy set (A) can be defined
as a set of ordered pairs.

A= {(ua )X EX 0 < py(0) < 1} 0

X is the universal set or set of considerations on which the fuzzy set
A is defined, and pA (h) is the membership function of the element (h) of
the set A (Puska et al, 2023). Each fuzzy set is completely and uniquely
determined by its membership function. An element of a fuzzy set is every
element in a confidence interval with a certain degree of membership,
while the membership function is chosen based on the experience gained.

The confidence interval for each fuzzy variable is determined by the
designer based on experience, observation or measurement. A confidence
interval that is within the physical limits of the variable is most often
adopted. A standardized value is adopted or an abstract confidence
interval is defined (Bozani¢ & Pamucar, 2014).

One of the features of fuzzy logic is that it is based on natural
language where linguistic objects are words and not numbers. Linguistic
expressions represent the connection between the numerical
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representation of information in a computer and the human way of thinking
(TeSic et al, 2022).

So input and output variables can have different linguistic names
which are displayed with descriptive names. The transformation of
linguistic expressions into the form of a mathematical representation is
made possible by the theory of fuzzy sets. In order to define linguistic
variables more precisely, they should also have linguistic values, such as:
"very little", "small", "medium”, "large", "very large". These values can also
be assigned a numerical representation for the purpose of easier and
shorter marking.

Fuzzy relations are a natural extension of the concept of fuzzy sets
and are used to represent relationships between elements that hold to a
certain degree. In binary relations, two elements can either satisfy or not
satisfy the relation, while in non-binary relations, the strength of the relation
is expressed by expressions that express gradualness (Cirovi¢ et al,
2014). In fuzzy relations, elements can have a higher or lower degree of
belonging, which is expressed as a number from the interval [0,1].

Fuzzy proposition is a structure of the form "h is A", where the variable
h and the set A are compared, that is, it determines the degree of
belonging of the variable h to the fuzzy set A. Where variable h can be 0
or 1 or fuzzy 0.75. The combination of propositions and conjunctions
creates a fuzzy rule that can be presented in the following form:

IFxis A

THENvyis B

Where x and y represent linguistic variables, and A and B linguistic
values described by fuzzy sets with the confidence intervals X and Y. The
conjunctions AND, OR, NOT, IF - THEN are used to connect propositions,
which are quantified through T and S norms. The fuzzy rule describes a
cause-and-effect relationship between input and output variables, while
from the aspect of automation it represents a combination of sensor
information and control actions.

Models based on fuzzy logic consist of "If - Then" rules that are
connected by "Else" expressions. The first part of the If rule represents the
input state, and the fuzzy proposition represents the premise, while the
second part of the Then rule represents the output state, and the fuzzy
proposition in this part represents the conclusion. A set of rules in which
the solution to a problem is described in words is a rule base or expert
rules. The rules are written in a convenient order for easier understanding
and are connected by the conjunction Or (Else), which is often not stated
(Pamucar, 2010).
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In the relation, the input variables are most often represented by a
number, while the output values are also obtained in numerical notation.
Since the fuzzy system is described verbally (qualitatively) through
production rules, it is necessary to convert (fuzzify) numerical values using
fuzzy logical operations. After that, the mechanism of approximate
reasoning (inference) processes them in the fuzzy system through three
phases: aggregation, activation and accumulation (Pamucar et al, 2014).

The first step in solving a problem in fuzzy systems is fuzzification. It
is a process that converts each numeric input into a membership degree.
There is a degree of membership for each linguistic variable that applies
to a particular physical quantity (Bozani¢ et al, 2019).

Aggregation is the stage in which the process of associating a certain
value of the membership function with a measured numerical value is
carried out, that is, it is determined with what degree of confidence some
input numerical value belongs to a given fuzzy set. It is equivalent to
phasing if there is only one input.

Activation is an inference made in the Then part of the rule and
represents a deduction of the conclusion. The minimum and the algebraic
product are used as the activation operator, as the most common methods
of direct reasoning - Mamdani's method. In this type of reasoning, only true
premises are taken into account. By applying this method, fuzzy sets are
both input and output; this is important because another method is often
used - the Takagi-Sugeno-Kang method. The difference between these
two methods is in the structure of fuzzy rules, that is, in the conclusion,
instead of a fuzzy set, there is a linear function of input and output.

Accumulation consists of activating the conclusion, which is
accumulated by addition. The maximum or algebraic sum is used as an
accumulation operator.

Defuzzification means converting the resulting fuzzy set into a real
number. During mathematical defuzzification, information is reduced,
because different values of the linguistic variable can be mapped into the
same defuzzified real number. Therefore, it is necessary to be very careful
when choosing a defuzzification method, because there is no method that
is optimal for everyone. Also, one of the big problems is adjusting the fuzzy
rule parameters in order to get the desired output. The adjustment
methods are different and depend on the type of problem, because it is
impossible to define a general methodology by which it is possible to
perform the adjustment (Badi & Abdulshahed, 2021).

Models based on fuzzy logic generally require more iterations. In the
first step, a set of rules and corresponding membership functions are
defined, and then correction of individual rules and/or membership
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functions is performed, if necessary based on the observed results. Then
the model is tested again.

Modeling fuzzy logic system

Based on the described system, the foundations were created to
model the given system of interdependence of input criteria as a complex
fuzzy system for the selection of vehicles for transporting goods. The final
solution is reached through several stages, which in general modeling
represent system design, optimization and application. All those stages in
the fuzzy system can be specifically defined as:

— Problem analysis;

— Defining linguistic values;

— Selection of affiliation functions;

— Formation of the rule base;

— Choice of inference and defuzzification methods; and
— Application of fuzzy model.

Problem analysis

When modeling a fuzzy logic system, a detailed analysis of the
problem is performed in order to determine the number of variables and
their interdependence. If the problem is complex, the system is divided into
several smaller subsystems, the goal and purpose of each subsystem is
determined, and then the ways of connecting them and the priorities
among them are defined.

Defining linguistic values

Linguistic variables, as already explained, take values from spoken
language or are artificially synthesized. They are represented by fuzzy
sets. It is thought that the designed fuzzy system, for the selection of
vehicles for transporting goods, consists of five input linguistic variables:

— Number of means of transport;
— Utilization of carrying capacity;
— Reliability of the motor vehicle;
— Fuel consumption per 100 km;
— Suitability for transport and manipulative work;

and one output linguistic variable Vehicle Preference. The table shows the
interval of linguistic variables that was used when designing the fuzzy
system.
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Table 2 — Interval of the input and output linguistic variables
Tabnuya 2 — lHmepean 8x00HbIX U 8bIXOOHbIX [IUH28UCMUYECKUX NePeMeHHbIX
Tabena 2 — lumepean ynasHux U U3nasHux UH28UCMUYKUX MPOMEHbUBUX

Interval

Input linguistic variables
P 9 from to

Number of means of transport

1
Capacity utilization 0 1
Motor vehicle reliability 0 10
Fuel consumption per 100 km 0 40
Suitability for transport and manipulative work 0 10
Output linguistic variable Interval

from to
Vehicle preference 0 1

After defining and determining the interval of linguistic variables, it is
necessary to determine the number and type of membership functions for
all input and output variables. Setting up the system complicates a larger
number of membership functions, and, cosequently, a larger number of
rules, so it is recommended to start with reducing the number of
membership functions in accordance with the nature of the variable (Krstic,
2006). This reduction must not be done if there is a change in the quality
of the variable. Therefore, it is defined that in the model each input variable
has three membership functions, while the output variable has five
membership functions. The linguistic values of all input variables are:
Small, Medium, Large, while the output linguistic values are: Very Small,
Small, Medium, Large and Very Large.

Since it is a decision support system, a large number of linguistic
variables was not needed. With three linguistic values, a satisfactory
gradualness in changing the output values was achieved, which
maximized the number of rules to 243, which is within the range that an
expert can control.

Selection of membership functions

The choice of membership functions and their range is an important
stage when modeling a fuzzy logical system. In the fuzzy system,
Gaussian curves were used, since they describe the input and output
variables well and enable optimal sensitivity of the system (Veskovic et al,
2020). Figure 5 shows the membership functions of the input linguistic
variables, while Figure 6 shows the membership function of the output
variable.
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Figure 5 — Membership functions of the input linguistic variables
Puc. 5 — @yHKyuu npuHadnexxHocmu 8xX00HbIX JIUH28UCMUYECKUX NepeMeHHbIX
Cnuka 5 — @yHKyuje npunadHocmu ynasHUX JUH28UCMUYKUX MPOMEHIbUBUX

The values of membership functions of input and output variables are
shown in Table 3, where the first number in the interval represents the left
and right distribution of the Gaussian curve along the abscissa, and the
second number represents the value in which the Gaussian curve has a
value of 1 on the abscissa axis.
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Figure 6 — Membership functions of the output variable
Puc. 6 — @yHKyuu npuHadnexHocmu 8bIX00HOU nepemMeHHoU
Cnuka 6 — @yHKyuje npunadHocmu u3na3He nPoOMeHs/buse

Table 3 — Values of the membership functions of the input variables
Tabnuua 3 — 3HayeHus1 hyHKYUU MPUHAOIEXHOCMU 8XOOHbIX NMEPEeMeHHbIX
Tabena 3 — BpedHocmu ¢hyHKyuja npunadHOCMU yra3HUX npOMEeHIbUBUX

Membership function/ Input Small Medium Large

value

{\'“mber of means of [1.45 , 1] [1.66, 4.428] | [1.58 ,8.59]
ransport

Capacity utilization [0.232,0.1104] | [0.2119,0.5] | [0.236 , 0.8859]
Motor vehicle reliability [1.98, 0.5074] [2.1,5.169] [2.42 ,9.3]
Er‘:]e' consumption per 100 | rg 37 3 3g) [7.254,20] | [9.575, 38.8]
Suitability for transportand | 15 16 39741 | [2.136,5.95] | [1.728, 9.36]
manipulative work
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Formation of the rule base

The rule base is composed of a certain number of rules, expressed in
spoken or artificial language words, which represent the expert's
knowledge. A big problem with complex systems is that there is no
standard and systematic method for transforming engineering knowledge
or experience into fuzzy rules. As already mentioned, there is also no
general procedure for choosing the optimal number of rules, since many
factors influence such a decision.

At the beginning, for each combination of the input linguistic variable,
the expert suggests the corresponding output value. As already
mentioned, the system consists of five input linguistic variables (n=5) with
three linguistic values each (M=3) that can be combined in a database with
a total of M*"n=3"5=243 rules. In the paper, to determine the rules of the
fuzzy logical system, the "Method of Aggregation of Rule Premise
Weights" (ATPP) was used. The ATPP method for determining the rule
base consists of six steps (Cirovi¢ & Pamuéar, 2013):

— Determination of the weight coefficients of the input variables;

— Determination of the type (type) and function numbers of the input
- output variables;

— Determination of the weighting coefficients of the membership
functions of the input variables;

— Generation of the initial (incomplete) rule base with the maximum
number of combinations of input - output pairs;

— Generating a "complete" rule base by assigning appropriate

conclusions (y"” )to premises (xi(j)); and
— Optimization of rules.

At the beginning, the weighting coefficients of the relevance functions
(w,g)) of the input variables are determined, usually based on the

subjective assessment of the expert who models the fuzzy logic system.
In addition, the weight coefficients of the membership function can be
determined by group decision-making or aggregation of expert decisions
(Kiptum et al, 2022).

The distribution of weight coefficients can be even or uneven, but it
should reflect reality as much as possible. In the specific case, it was
defined with the help of the LMAW method based on a questionnaire. An
overview of the LMAW method is given in (Pamucar et al, 2021). The value
of the weight coefficients is given in Table 4.
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Table 4 — Weighting coefficients of criteria
Tabnuua4 — Becosbie KoaghchuyueHmbI Kpumepueea
Tabena 4 — TexuHcKu KoeguyujeHmu Kpumepujyma

Weight
Criterion coefficient of 6} @) ©)

criteria Wx; W, Wz,
K1 (number of means of transport) 0.229 0.229 0.114 0.05
K2 (capacity utilization) 0.207 0.05 0.103 0.207
K3 (motor vehicle reliability) 0.247 0.06 0.123 0.247
K4 (fuel consumption per 100 km) 0.178 0.178 0.11 0.04
K5 (s_unab_lllty for transport and 0138 0.03 0.09 0.138
manipulative work)

An initial "incomplete” rule base is then generated with the maximum
number of combinations that can combine the membership functions. The
initial base of rules contains only premises (the "If" part of the rule), that is,
combinations of all membership functions of the input variables of the fuzzy
logic system (xl.(])). The initial "incomplete" rule base (R) is displayed in a
matrix form as:

Xl X2 Xn
O I )
i (e A @)
R< R\ x¥ X% X
RAx™ x™ o x™
where xfp), ,x,(f’) is the membership function of the input variables Xi,...,

Xn.
Then the matrix R' is constructed in which the combinations of input

pairs are replaced by the weight coefficients (w(j)).

i

O WO @ @

woow o w W,

wd W@ w? W -
=@ W@ w® ®
Ri=lw” w’ w’ .. w

W™ wm

After forming the matrix R’, the elements of the matrix are summed up
by rows:
wy =3, wdyt vt eyt & 4
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where y* represents the upper limit of the confidence interval [y~,y*] of
the output variable Y. Then it is necessary to determine the degree of the
membership of the real number w; to the membership function y™ of the
output variable Y.

y(r) = maX(Wy n .Uy(r)) (5)
in order to generate the rule base, it is necessary at the beginning that
each pair of the membership function (x") of the input variables (X;) is
associated with the corresponding membership function (y™) of the output
variable (Y). That is why redundant rules are eliminated in order not to
burden the system, especially when there are several rules that have
similar or the same combinations of the membership functions of
input/output variables. When this happens, the rule that has the largest
sum of the weight coefficients of the membership functions contained in
the rule is left, namely:

R = maxZw)((i}z ,i=1,2,..,n (6)
If we define that:
— A - number of means of transport
— B - capacity utilization;
— C - motor vehicle reliability;
— D - fuel consumption per 100 km;
— E - suitability for transport and manipulative work; and
— F —vehicle preference;

then an example rule reads:

IF (A is Small) AND (B is Small) AND (C is Medium) AND (D is Small)
AND (E is Large) THEN (F is Very Small).

By entering numerical values into the fuzzy system, different values
of the input variables are set and the value of the output variable
Preference according to the vehicle is controlled.

Choice of inference and defuzzification method

The most frequently used methods in direct inference are MIN-MAX
and PROD-SUM (Mamdani method). At the beginning of this phase, the
MIN-MAX method was used and it is used when it is not important to
manage the entire confidence interval of the output variable. In a large
number of system simulations, this method proved unsuitable. One of the
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basic requirements was to achieve a satisfactory level of system
sensitivity, which cannot be achieved using this method. The desired
shape could not be obtained with the settings, and even if it was achieved,
it would only be valid for certain values of the input variables. By changing
the parameters, the surface would appear even less acceptable, and
therefore the system would be even less sensitive (MiloSevic¢ et al, 2021).
Therefore, the method of direct inference was used - PROD-SUM as the
best one offered by the Matlab program package.
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Figure 7 — Interdependence of the solution and two input variables by the PROD-SUM
method

Puc. 7 — Bsaumosasucumocmp peweHusi U 08yx 8XO0HbIX NePEeMEHHbIX Mpu MPUMEeHeHUU
memoda PROD-SUM

Cnuka 7 — MehysagucHocm pelwera u 0ge yra3sHe MpoOMeH/bUBE NMPUMEHOM Memoode
rnrPoa-cym
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Vehicle preference
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00

Motor vehicje reliability Capacity utiiization

Figure 8 — Interdependence of the solution and two input variables by the PROD-SUM
method
Puc. 8 — Bzaumo3zasucumocms peweHusi U 08yx 8X00HbIX NepeMeHHbIX NpuU MpUMeEHeHUU
memoda PROD-SUM
Cnuka 8 — MehysasucHocm pewera u 0ge yrnasHe rpoMeH/bU8e NpuMeHOM mMemoode
rnPog-cym

The difference between the MIN-MAX and PROD-SUM methods is
that in the activation phase of the fuzzy rule according to the MIN-MAX
method, cutting is performed, in fact only the activated parts of the fuzzy
sets are taken into account, and with the PROD-SUM method, scaling is
performed - proportionally reduction. Activation of the conclusion by the
MAX method accumulates the union of two phase sets, while the
accumulation contours by the SUM method are obtained as an algebraic
sum. At the beginning of the inference process, the values of the input
variables are phased. During the fuzzification process, the membership
functions defined for the input variables are applied to the actual value of
the input variable to determine the degree of membership for the premise
of each of the rules in the database. After this, the expert system performs
an analysis in accordance with the previously defined limits, which
represent the membership functions of individual variables. Each linguistic
variable consists of multiple fuzzy sets and the goal of fuzzification is to
determine which fuzzy set "belongs" to each input variable and to
represent that membership with a numerical value located in the interval
[0,1]. After phasing the input variables, those values are analyzed and
compared with the sets of premise values from the rule base. In order for
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all conditions to be satisfied, a smaller value is taken, i.e. the intersection
of fuzzy sets, due to the use of the operator "and" between the elements.
Then the obtained value is transferred to the fuzzy set which represents
the conclusion.

User "interface" of the program for selecting vehicles for
transporting goods

For the developed fuzzy logic system, the user "interface" of the
program for the selection of vehicles for the transport of goods was created
in the Matlab 2017a program package. By entering "T" in the command
line of the program package, the home page of the user program for the
selection of vehicles for the transport of goods in the Serbian Armed
Forces is launched.

-«

Selection of vehicles for transporting goods

RUN END

Ivama Burick, 142t dass
Department of Loglstic, Taffic and Transport module
Belgrade 2021,

Figure 9 — Home page of the user form
Puc. 9 — NasHasi cmpaHuua rosib308amesnibckoll (hopMbl
Cnuka 9 — NoyemHa cmpaHa KOpUCHUYKe ghopme
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Pressing the "RUN" button opens the fuzzy logic model. In the "Entry
to fuzzy system" part of the user form, the user enters the desired values
in the empty field below the defined criteria, while the interval values are
below the empty field.

-«

Input to the fuzzy system
Number of means of transport Capacity utilization Motor vehicle reliability
ci(18) c2(0,1] €3(0.,10)
Suitability for transport
Fuel consumption per 100 km and manipulative work

C4 [0.40] €5 {010}

Output from the fuzzy system

Vehide preference Numerical value of preference RUN

END

Figure 10 — A model for entering input values into the system and displaying output
values from the fuzzy logic system.
Puc. 10 — Modernb 8800a 8x00HbIX 3Ha4YeHuUl 8 cucmemy U 0mobpaxxeHus1 8bIXOOHbIX
3Ha4yeHuUl u3 cucmemb! He4YemkKoU 102UKU.
Cnuka 10 — Moden 3a yHowere ynasHux epedHoCmu y cucmem U rnpuka3s usnasHux
epedHocmu u3 fuzzy noeu4koe cucmema

Upon completion of identification, the user closes the user form by
pressing the "END" button, after which the program returns him to the initial
page of the user interface for vehicle selection, and closing the interface is
also done by pressing the "END" button.
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Cube I1Q

Cube IQ is software designed for optimal packing of containers,
trucks, pallets, crates and boxes. This software is unique in that, in addition
to regular shaped containers, it can also pack irregularly shaped
containers, such as air containers (ULD - Unit Load Device). It can also
determine the position of the center of gravity, pack loads in the form of
rolls, and optimize multiple containers/trucks at the same time. The great
advantage of this software is that there is no limit to the number of trucks
during optimization, as well as the possibility of obtaining certain
parameters (capacity utilization coefficient, volume utilization coefficient)
when packing vehicles with goods of different sizes. How to use Cube IQ
software is covered in (MagicLogic Optimization Inc, 2004)

The work uses Cube 1Q software for packing off-road vehicles TAM
150, FAP 2026, and FAP 1118. From the software, we get data on the
number of vehicles and utilization of payload and use these values for input
variables in the fuzzy logic system. In the next chapter, the application of
Cube 1Q, as well as the designed fuzzy system, will be described.

Model testing

Practical application is a logical phase in the life cycle of the model.
The model should be applied and, if necessary, certain corrections,
changes, and improvements should be made again, which is relatively
easy in the fuzzy system (Pamucar at al, 2016). The confidence intervals
of the input variables as well as the output variables can be changed and
adapted to the circumstances in which the program will be used. The
interval [0,1] was taken for the confidence interval of the output variable
Preference towards the vehicle.

To test the described model, data were used on the goods transported
in 2020 to the Intervidov Polygon (IVP) of "Pasuljanske livade" for the
needs of the Military Academy. For the transport of these goods, the
vehicle optimal for the task is selected using the designed fuzzy logic
system. During the selection process, three vehicle types used in the
Serbian Armed Forces, already mentioned in the paper, were considered.
The input values for Number of transport means and Capacity utilization
are obtained from Cube IQ, Fuel consumption per 100 km is obtained from
the technical manual for the mentioned motor vehicles, while Motor vehicle
reliability and Suitability for transport manipulative work are obtained
based on the data processed from the survey.

281

Burici¢, |., Application of Cube 1Q software and multicriteria optimization models for the selection of vehicles for the transport of goods in the Serbian Armed Forces, pp.257-295



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 2

Data analysis

Data were collected on dangerous goods transported to the IVP
"Pasuljanske livade" in 2020 for the needs of the Military Academy. These
data represent the input values to Cube 1Q software, after which the
vehicle to be packed is selected. At the same time, how this software works
is shown and data are obtained to be used when testing the fuzzy system,
i.e. for the selection of vehicles that would be optimal to use when
transporting dangerous goods to the IVP "Pasuljanske livade" in 2020.

Table 5 — Data on goods transported in 2020 at the IVP "Pasuljanske livade"
Tabnuua 5 — [aHHbie 0 moeapax, nepeseseHHbix 8 2020 200y Ha MBI "lNacynsaHcke
nueade”
Tabena 5 — Nodayu o pobu koja je mpaHcrnopmosaHa 2020. 200uHe Ha UBI

L 1acyrbaHcke nueade”
IVP "Pasuljanske livade" 2020. Box dimensions Esr:g::lirzg 'g‘rrgtcé l;nt of
years I(m) | b(m) |h(m) |Ofthe transported

crate (kg)

Bullet 12, 7mm regular grain M09 | 0.37 0.33 0.21 | 34 11
Eﬂlgge;ﬁﬁﬂgr;_"l"ggoord'”aw grain | 9555 | 0.315 | 0.14 | 285 60
Bullet 7.62mm, T.Z. M30 MCH P- 0.5 0.3 0.18 | 38 40
1200
sr“;!ﬁtl\; QBOZSTZH;Z Tgkord'”ary 044 [029 |02 |40 40
E;:”ser:i;.e?nrqi% UNIV.Z.MC.PB-900 0.44 0.36 022 | a5 15
RBR 64 mm M80 -Zolja- 0.965 | 0.32 0.27 | 25 1
Bullet 7.62mm marking grain T-46 | 0.48 0.35 0.16 | 26 27
gl;;l:(elt/llZ.?mm MC BZT (S) P288 0.5 0.315 | 0.2 48 1
Signal bullet 26mm 0.49 0.33 0.39 | 48
Mine 120mm LTF 0.71 0.35 0.22 | 43 1
Bullet 152mm TFP 0.95 0.46 0.24 | 95 169
Mine 82mm M74 0.55 0.52 0.27 | 46 4
Capsule No. 8 0.44 0.21 0.03 | 20 1
Caps ek 40-69 0.38 0.3 0.29 | 18 1
Detonating stick, PVC insulated 0.78 0.24 0.24 | 22 1
Slow-burning stick 0.61 0.3 0.33 | 22 1
Bullet TM-200 B.G. 0.57 0.25 0.19 | 27 1
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Cube-IQ 5.0.1.79 [C:\ProgramData\Cube-1Q5\Data] -0

| LoadSetup
[ Select Containers -u

Select Products

@ ¢ > »

First Prev Next Last

s = = & m =

Copy | Load Plan SaveFile Other | Vert. LoadList Detals | Diagnostis

- v X

Delete Save Cancel

x

New Load Optimize
Load Creation n Load Navigation n Reports n View 5 Hep
= ‘Sample Load ‘
Il ‘ Container Type | 5CAC [ Seq. | Qty [ used | Dimensions [~
14 w
Product & Seq. Qty Mot Loaded Loaded Length Width Height Weight Desaription Color Config
Kapisla br. & 1 1] 1] 0 0.44, 0.21 0.03! 0.02. | ]
Kapisla =k 40-68 1 1 1 0 0.38 0.3 0.28 0.02/ [ ]
Metzk TM— 200B.G. 1 1 1 0 0.57 0.25 0.19 0.03 [ ]
Metak 12,7 mm obicno z... 1 1 u 0 0.37 0.33 0.21) 0.03 ]
Metak 12.7 mm MC BZT 1 1 1 0 0.5 0.32 0.2 0.05 1
Metak 152 mm TFP 1 169 159 0 0.95 0.4 0.24) 0.1 .
Metzk 5,56mm sa obicni... 1 &0 &0 0 0.56 0.32| 0.14 0.03 1
Metek 7.62mm T.3. 1 40 40 0 05 0.3, 0.18 0.04 [ ]
Metak 7.62mm abeleza... 1 7 27 0 0.48 0.35 018 0.03 ]
Metzk 7.62mm za PKT o... 1 “ E 0 0.4 0.2 0.2 0.04 ]
Metzk 7.9 mm UNIV.Z. 1 15 15 0 0.4 0.3 0.22 0.05 [ ]
Metak signalni 1 E) B 0 0.49 0.33] 0.39 0.05 [ ]
Mina 120 mm LTF 1 1 1 0 0.71] 0.3 0.22) 0.04 1
Mina 82 mm M74 1 4 4 0 0.55 0.52 0.27) 0.05 1
RBR 654 mm M0 1 1 1 0 0.97, 0.32 0.27, 0.03] 1
Stapin detonirajud pvci... 1 1 1 0 0.78 0.24, 0.24 0.02 [
» |5tapin sporogared 1] 1 1 0 0.61] 0.3 0.3 0.02. [ ]

Figure 11 — Entry of goods input into Cube 1Q
Puc. 11 — Beod moeapHbix daHHbIx 8 Cube IQ
Cruka 11 — YHoc yna3Hux nogataka o pobu y Cube 1Q

Before selecting a vehicle, it is necessary to enter the basic vehicle
data into the software and these data are shown in Table 6, while Figure
12 shows how the data entry in Cube 1Q looks like.
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Figure 12 — Entering vehicle data into Cube 1Q
Puc. 12 — Beod daHHbIx 0 mpaHcriopmeix cpedcmeax 8 Cube 1Q
Cnuka 12 — YHoc nodamaka o eosusnuma y Cube 1Q
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Table 6 — Basic data about vehicles that are entered into Cube 1Q

Tabnuuya 6 — OcHo8Hble OaHHbIE O MPaHCMIOPMHbIX cpedcmeax, Komopble 88005IMCS 8
Cube IQ

Tabena 6 — OcHosHU nodayu o so3unuma Koju ce yHoce y Cube 1Q

. Dimensions of the cargo box of the vehicle | vehicle load capacity
Off-road vehicle
L (m) B (m) H (m) (®)
TAM 150 T11 4.17 2.12 0.5 5
FAP 2026 4.53 2.02 0.47 10
FAP 1118 4 2.44 0.55 4

Vehicle packing

After entering all the necessary data, the packing of the off-road
vehicle TAM 150 T11 was carried out, by selecting the vehicle from the
database and by calling the "Optimize" option, the packing of the vehicle
begins, while at the end the packing plan of the vehicle is obtained.

Figure 13 shows the entire process in Cube I1Q.

Once the vehicle packing plan has been obtained, the required data
are read. Thus, 6 TAM 150 T11 all-terrain vehicles are needed for the
transport of goods, while the capacity utilization is shown per vehicle. In
order to unify it and obtain only one value, the arithmetic mean of all
obtained values of the load capacity utilization of those vehicles was taken.

y = 2t (7)

n

In the same way, the packaging and obtaining the data, necessary for
the input variables in the fuzzy logic system, are carried out for the off-road
vehicles FAP 2026 and FAP 1118. So, 7 FAP 2026 vehicles and 6 FAP
1118 vehicles are needed.

Table 7 shows utilization of carrying capacity by vehicles, as well as
the final value obtained on the basis of formula (7).
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Figure 13 — Procedures for selecting a vehicle and packing it in Cube 1Q
Puc. 13 — lNpouedypsbi 8bibopa mpaHCrnopmHozo cpedcmeaa u e2o rnozpysku 8 Cube I1Q

Cnuka 13 — NocTynuu npunukom nsbopa Bo3vna un werosor nakosamwa y Cube IQ
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Table 7 — Utilization of the vehicle's carrying capacity
Tabnuya 7 — Ycnonb3oeaHue epy30no0beMHOCMU mMpaHCriopmHo20 cpedcmea
Tabena 7 — Uckopuwhere Hocugocmu go3usna

Off-road vehicle

A0 FAP 2026 | FAP 1118

Number of means of 6 7 6

transport (n)

Vehicle 1 (y1) 0.787 0.4313 0.9985

Vehicle 2 (y2) 0.7508 0.44 0.9985
s Vehicle 3 (ys) 0.7508 0.361 0.999
ﬁ Vehicle 4 (ya) 0.7508 0.361 0.999
S | Vehicle 5 (ys) 0.9396 0.361 0.999
)
‘S | Vehicle 6 (ve) 0.7224 0.3647 0.8815
Q.
§ | Vehicle 7 (y7) / 0.317 /

Final value of payload

utilization (7) 0.78 0.38 0.98

Table 8 summarizes the defined values of the input variables in the
fuzzy logic system for each vehicle and these parameters are entered into
the user program.

Table 8 — Values of the input variables in the fuzzy system
Tabnuua 8 — 3HayeHus1 8X00HbIX NePeMeHHbIX 8 HeYemkKoU cucmeme
Tabena 8 — BpedHocmu yna3sHux npomeHsbusux y fuzzy cucmemy

Number of . Motor Fuel Suitability for
Capacity : . transport and
means of S vehicle consumption ; ;
utilization o manipulative
transport reliability per 100 km
work
TAM
150 T11 6 0.78 6 24 7
®Ar
2026 7 0.38 8 33 8
®Ar
1118 6 0.98 9 235 9
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After entering the values into the user program and starting the fuzzy
system, the output values shown in Figure 14 are obtained, after which
they are entered in Table 9.

24 7 33 8

b of preomncs RUN merics e of geference RUN

END END

235 9

Numertcal value of preference RUN

END

Figure 14 — Display of the output values from the fuzzy system
Puc. 14 — OmobpasxeHue 8bIXO0HbIX 3Ha4YeHuUl U3 Heyemkol cucmembl
Cnuka 14 — lNpukas uznasHux epedHocmu u3 fuzzy cucmema

Table 9 — Output values from the fuzzy system - Vehicle preference
Tabnuua 9 — BbixoOHble 3HaYeHUs1 u3 Hedemkoli cucmemsi - [lpednoymeHue
mpaHcrnopm+ozo cpedcmea
Tabena 9 — NsnasHe epedHocmu u3 fuzzy cucmema — npegepeHyuja npema 8o3usy

VEHICLE PREFERENCE
VEHICLES
The numeric value of
Preference
the preference
TAM 150 T11 Medium preference 0.57
FAP 2026 Medium preference 0.48
FAP 1118 Large preference 0.71
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Based on the results obtained, the optimal vehicle for carrying out the
transportation of goods to the IVP "Pasuljanske livade" is FAP 1118. The
vehicle ranking can be shown as FAP 1118 > TAM 150 T11 > FAP 2026.

Conclusion

In the life and work of the units, there are daily needs to transport
large quantities of various goods. For the execution of these tasks, military
vehicle fleets are used, mainly for transport on shorter distances, while for
longer distances, the vehicles of transport organizations are used most
often. In this regard, more and more attention is being paid to the
economical, that is, rational use of the vehicle fleet. One of such methods
is centralized transport, which has not yet been fully implemented in the
Serbian Army. This paper presents a proposal for choosing the optimal
motor vehicle for the transport of mobile assets in the Serbian Army, all
with the aim of facilitating the work of the traffic service authorities in
planning the transport of mobile assets.

The selection of vehicles for the transport of movable assets was
carried out using a fuzzy logic system, which belongs to the group of
models based on artificial intelligence.

There are a large number of different types of motor vehicles in the
Serbian Army, and it is not easy to define which type of vehicle is optimal
for the delivery of mobile assets. Each unit and institution of the Ministry of
Defense and the Armed Forces has a different organizational and
formation structure, and therefore different needs related to support.

The basis for solving the problem of choosing a vehicle for
transporting goods is the correct definition of the criteria and their relative
importance. By surveying the commanders of transport lines, five criteria
were defined in this paper, which represent the input values of the fuzzy
logic system. The selected criteria are: number of means of transport,
capacity utilization, motor vehicle reliability, fuel consumption per 100 km
and suitability for transport manipulative work. To date, ho motor vehicle
has been made that can satisfy all criteria simultaneously in their optimal
sizes, but overall, based on all these criteria, the most favorable should be
selected with the help of a fuzzy system. The output variable is
represented as vehicle preference.

The input variables are represented by three membership functions,
while the output variable is defined by five membership functions. For the
membership functions of the input and output variables, Gaussian bell
functions were used, due to the requirement that there is a certain degree
of sensitivity of the system. All the rules in the fuzzy logic system are
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determined by applying the rule premise weight aggregation method
(ATPP), which enables the formation of a rule base based on experience.
By applying this method and based on the number of input variables and
the number of their membership functions, a base of 243 rules was
defined. The values of the weighting coefficients of the membership
functions were determined using the LMAW method. In order to increase
the sensitivity of the system as an inference method, the PROD-SUM
method was used.

The presented model was tested on the example of choosing the
optimal vehicle for the goods transported to the IVP "Pasuljanske livade"
in 2020. The selection of the optimal means of transport was made
between the transport motor vehicles that are most used in the Serbian
Army, namely: TAM 150 T11, FAP 2026 and FAP 1118.

After packing all three vehicles with these goods in Cube 1Q, the
values of the input parameters for the fuzzy logic system were obtained,
for the criteria of the number of means of transport and the utilization of
carrying capacity. After the calculation and evaluation of the individual
vehicles, the values of the output variable of the fuzzy logic system were
obtained in the user "interface" program, that is, the preference for the
vehicle was obtained, in the form of a numerical value and a linguistic
descriptor. The obtained values for each vehicle were ranked and the
optimal vehicle for the transport of defined goods was shown to be the FAP
1118.

The significance of this work is that it is among the first ones to
demonstrate the application of a model based on artificial intelligence that
solves the problem of vehicle selection for the transportation of movable
assets. The work provides great opportunities for further research.

In this sense, further research is needed to establish the criteria that
are crucial for the transport of goods in the army. Next, one should
determine the intervals that the input variables will cover and properly
divide them into the required number of parameters. In this way, the
number of criteria and the interval values of the input variables would be
adapted to a real situation and this model could be included in the daily
work of the traffic service authorities.
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MprmeHeHue nporpaMmmHoro obecneyeHusi Cube Iq n
MHOFOKpUTEPManbHOW MOAENN ONTUMMU3aLMmn nNpu Beibope
TPaHCMNOPTHbIX CPEACTB A5 NEPEBO3KN rPY30B B
Boopy»xeHHbIx cunax Pecnybnukn Cepbus

Usara [. Oxypuuny
BoopyxeHHble cunbl Pecnybnuku Cepbusi, YnpaBneHue TblnoBoro

obecneveHuns, LeHTpanbHasa 6a3a TbiNnoBoro obecneyeHus,
MepBbIi cknaackon 6aTansboH, r. FopHu MunaHosau, Pecny6nuka Cepbus

PYBPUKA TPHTW: 27.47.19 VccnepoBaHne onepauun,
28.17.31 MogenvnpoBaHue NpoLeccoB yrnpaBneHus,
73.47.12 OpraHu3aums ynpasneHus 1
aBTOMAaTU3MPOBaHHbIE CUCTEMbI YNpaBeHUS
TpaHCNopTOM,
81.88.00 MaTepumanbHO-TEXHNYECKOE CHabXeHMe.
Jloructuka
BWO CTATbW: opurmHanbHasa Hay4yHas cTatbs

Pe3swome:

Beederue/uenb: [llpasurnbHbili  8bI60p  MPaHCIOPMHbIX  cpedcms,
ucrornb3yembix 0711 MEPEBO3KU epy308, SI8MSIemMCcsi 8aXXHbIM (haKImopoM,
BMIUSIIOWUM ~ Ha SKOHOMUYHOE U  payuoHaribHOe  UCOoJb308aHUe
asmorapkos, a MmaKke Ha Kadecmeo U  3¢hchekmusHocmb
ocywecmeneHusi mpaHcropmHoul dessmenbHOCMU 8 BoopyXeHHbIX cunax
Pecrniybnuku Cepbus. Lenbto daHHOU cmambu siensiemcs paspabomka
modenu Ha OCHO8aHUU OrnpederieHHbIX Kpumepues, Komopasi noMoxem
opz2aHaM mpaHcrnopmHoU cryxbbl ebibpamb Hauboree mnodxodsuwee
mpaHcriopmHoe  cpedcmeo  Orii  8bIMOMHEeHUsST  M0CMaesieHHoU
mpaHcrnopmHou 3adayu.

Memodbi: B 0daHHOU cmambe npednazaemcsi Modesnb ebibopa
mpaHcropmHbIx cpedcme Orsi nepeso3ku 2py308 C UCMOoIbL308aHUEM
cucmemMbl  He4YemKkoU  JI02UKU  KaKk  pa3HosudHocmu  cucmemsl
UCKYCCMBeHHO20 UHmernnekma. [ns moeo 4ymobb! pewums rpobrnemy
8bibopa mpaHcropmHozo cpedcmea Oris IEPeso3KU 2py308, 8 cmambe Ha
OCHO8€ 0ripoca KOMaHAUPO8 MPaHCMOPMHbIX 8360008 bbiru orpederneHb!
name  Kpumepues, Komopble pedcmassisiom 6XO0HblIe 3Ha4YeHusi 8
cucmeme Hevdemkol fio2uku. TpaHcriopmHoe cpedcmeo ebibupaemcs Ha
OCHoee nsimu Kpumepues. BxoOHble nepemeHHbie npedcmassieHb! mpemsi
QyHKUUAMU NPUHaOIeXXHOCMU, 8 MO 8peMsi KaK 8bIXOOHasi nepeMeHHasi
onpedernisiemcs nAmMbio OyHKUUSMU fpuHadnexHocmu. Bce npasuna 8
cucmeme He4yemkol JI02UKU 0rpedernsomecss ¢ MOMOWbio Memoda
azpeauposaHusi rodycrioguli 8 He4YemKux rpasunax, Komopbil
rosgonsiem cghopmuposamp 6a3y npasusi Ha OCHOBaHUU Orlbima.
brazolapsi daHHOMy Memody, a makxke Kosudecmsy 6XO00HbIX
repeMeHHbIX U OyHKUUU npuHadnexHocmu K HuM, bbina onpedeneHa
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6aza u3 243 npasun. 3Ha4YeHUs1 8eco8bix KOaghehulyueHmos yHKUUU
npuHadnexHocmu bbiru orpederieHbl ¢ nomMouwbio memoda LMAW. [ns
pa3spabomaHHoU cucmembl HeYemkou noauku bbina co3daHa rpoepamma
r1o1b308aMesibCKo20 UHMepgelica, Komopas ro3eornssem npuMeHsImb
amy moderib Ha npaKmuke.

Pesynbmamei: Modesnb 6bia rnpomecmupogaHa Ha rfpumepe ebibopa
onmumasibHO20 MpaHCopmHo20 cpedcmea Ofisi Nepeso3Ku epy308 Ha
UBI "lMacynsHcke nueade" 6 2020 eody. Bbibop onmumasibHO20
mpaHcrnopmHozao cpedcmea bbin coenaH Ha OCHO8aHUU MPaHCIOPMHbIX
cpedcme, kKomopable Hauboree Yacmo ucronb3yrmcesi 8 cepbckol apmuu,
a umeHHo: TAM 150 T11, FAP 2026 u FAP 1118. lNocne nozpy3ku 2py308
80 8ce mpu suda mpaHcriopmHbix cpedcme e Cube IQ u nocne
8bIMNOTHEHUS pacyema U OUeHKU 0mOeribHbIX MPaHCopmMHbIX cpedcms 8
rnonb3oeamersibckoll "uHmepdgbelic” npozpamme Obiru rosyYeHb! 3Ha4eHUsI
8bIXOOHOU repeMeHHOU Mo KaxdoMy mpaHcropmHoMmy cpedcmsy. Ha
OCHOBaHUU  PaH)XUpPOBaHUSl  IOJIyHEHHbIX 3Ha4YeHUl ecex 8udos
mpaHCropmHbIx ~ cpedcme  8bIsIBIIEHO, 4mo  onMmuMarsbHbIM
mpaHCcropmHbIM cpedcmeom Orid 1epeso3ku OrpederieHHbIX 2py308
sensemcsi FAP 1118.

Bbi800bI: 3Hayumocmb 0aHHO20 Uucciedo8aHUsi 3aKroHaemcesl 8 Mmom,
4Ymo OHO OOHUM U3 NepP8bIX MPoOeMOHCMPUPO8asio rnpuMeHeHUe Modoersu,
OCHOBaHHOU Ha UCKYCCMBEHHOM UHMeiekme, Komopasi pewaem
npobriemy ebibopa MmpaHCropmHoao cpedcmea Onisi  Mepesosku
dswxumo20 umyujecmea. [aHHasi cmambsi MOXem OKa3ambCsl eecbMa
riornesHou 8 OanbHeluwux uccriedo8aHUsIX.

Kniroueesbie crnosa: Heyemkasi rioauka, Hedemkoe MHoxxecmeo, ATPP,
LMAW, cube 1Q, Matlab.

lMpumeHa Cube Iq codpTBEpa 1 Mogena BULLEKpUTEPUjyMCKE
onTMMuM3aumje 3a usbop Bosuna 3a TpaHcnopT pobe y Bojcuun Cpbuje

UeaHa [. Hypnunh

Bojcka Cpbuje, YnpaBa 3a noructuky, LleHtpanHa noructuuka 6asa,
MpBu cknaamwHmn 6aTtarsoH, Nopwy MunaHoBsau, Peny6nuvka Cpbuja

OBJIACT: matematuka, caobpahaj, noructuka
BPCTA UJIAHKA: oprvHanHu Hay4Hu pag

Caxemak:

Yeod/uurb: AdekeamaH u360p 803usia KOju ce Kopucmu 3a mpaHcriopm
pobe je seoma saxkaH ghakmop. OH ymu4e Ha eKOHOMUYHY U pauyUOHarHy
yriompeby 803H02 napka, Kao U Ha keasiumem u echukacHocm obaerbar-a
mpaHcrnopm+e denamHocmu y Bojcyu Cpbuje. [lpojekam osoz modesna
Moxe Oa rMoMosHe opzaHuMma caobpahajHe crnyxbe Oa, Ha OCHO8y
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OegbuHucaHuUx Kpumepujyma, odabepy 803uUN0 Koje je Hajborbe 3a
ussplieH-e rnocmasr/beHo2 mpaHcropmHoe 3adamka.

Memode: lNpednaxe ce modesn 3a u3bop eo3uria 3a mpaHcriopm pobe
rnpumeHom fuzzy rnosu4ko2 cucmema, Kao jeOHe epcme cucmema
sewmayke uHmersnueeHyuje. 3a pewasarse rpobnema usbopa eosuna 3a
mpaHcriopm pobe OegbuHucaHo je nem Kpumepujyma, Ha OCHO8Y
aHKkemuparba KoMaHoupa mpaHcropmHux e8odosa, Koju npedcmasrbajy
ynasHe epedHocmu y fuzzy moeuuyku cucmem. YnasHe MPOMEH/bUse
npedcmasrbeHe cy ca Mo mpu ¢yHKkyuje rpurnadHocmu, OOK je u3rnasHa
npomeHsbuea dechuHucaHa ca nem ¢pyHkyuja npunadHocmu. Cea
npasuna y fuzzy noaudkom cucmemy odpeheHa cy npumeHom memode
agpezayuje mexuHe npemuca npasuna (ATII), koja omozyhaea
gopmuparbe base rpsurna Ha ocHosy uckycmea. [pumeHom ose Mmemode,
Kao U Ha ocHo8y 6poja yra3Hux rnpoMeHsbUsUX U b6poja Huxosux ¢hyHKYuja
npunadHocmu, OegbuHucaHa je 6aza 00 243 npaesuna. BpedHocmu
MEXUHCKUX KoegbuyujeHama @yHKuuja npurnadHocmu odpeheHe cy
npumeHom LMAW memode. 3a passujeHu fuzzy nosuyku cucmem uspaheH
Jje KOpUCHUYKU ,uHmepgbejc” rnpoepam Koju omoeayhaea npakmuyHy
rpumeHy ogoe moderna.

Pesynmamu: Moden je mecmupaH Ha nipumepy usbopa ornmumarsHoe
so3ursia 3a poby Koja je mpaHcriopmosaHa Ha UBI ,[lacyrbaHcke nusade”
2020. eoduHe. N360p onmumariHo2 mpaHCcropmHoe cpedcmasa 8pLIEH je
usmMeRy mpaHCropmHUX MOIMOPHUX 803uUra Koja ce Hajeuwie Kkopucme y
Bojecyu Cpbuje, a mo cy: TAM 150 T11, @Al 2026 N ®AlT 1118. HakoH
rnakosara ce8a mpu e8o3una osom pobom y Cube IQ u usepweHom
npopayyHy u eeanyauuju rojeduHayHoz 8o3una Yy KOPUCHUYKOM
L2UHmMepaghejc” npoepamy dobujeHe cy gpedHOCmuU u3rasHe MPOMEHIbUBEe
3a ceako 803urio. Te epedHocmu 3a c8aK0 803USIO Cy paHaupaHe, na ce
rokasasno 0a je onmumMasiHO 803UJI0 3@ mpaHcrnopm deghuHucaHe pobe
QAN 1118.

Sakrbyuak: Osaj pad jedaH je 00 npsux Koju dokasyje npumeHy modena
3acHOB8aHO2 Ha 6eWmayvykoj UHMesNu2eHyuju Koju pewasa npobrem
usbopa eosuna 3a mpaHcriopm MfokpemHux cpedcmaea. Takohe, pad
npyxa eenuxke mo2yhHocmu 3a dasba UCmpaxusaHa.

KrbyuHe pequ: fuzzy noeuka, fuzzy ckyn, AT, LMAW, Cube IQ,
Matlab.
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Abstract:

Introduction/purpose: This paper provides an overview of research on
computer system vulnerabilities caused by compromised electromagnetic
radiation by wireless keyboards. Wireless devices that use event-triggered
communication have been shown to have critical privacy issues due to the
inherent leakage associated with radio frequency emissions. Wireless
connectivity technology is a source of signal emanation that must be
protected in terms of performance and security.

Methods: Wireless device vulnerabilities and side-channel attacks are
observed, along with electromagnetic emission of radio waves.

Results: The findings highlight a specific wireless keyboard's security and
encryption flaws. The results of penetration testing reveal vulnerabilities of
targeted wireless keyboards in terms of outdated firmware, encryption,
wireless reliability, and connection strength.

Conclusion: Wireless keyboards have security flaws that disrupt radio
communication, giving a malicious user complete access to the computer
to which the keyboard is connected. An attacker can steal sensitive data
by observing how the system works using compromised electromagnetic
emissions.
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Introduction

Manipulation and compromise of wireless devices are not new
concepts. Wireless devices that use event-triggered communication have
been shown to have critical privacy issues due to the inherent leakage
associated with radio frequency (RF) emissions (Oligeri et al, 2020,
pp.231-241). Wireless keyboards allow users to move keyboards to a
more comfortable or visually pleasing position, resulting in a mess-free
workspace. These keyboards, on the other hand, are not typically
selected or used with security in mind, and a surprising number of
wireless keyboards affected by multiple vulnerabilities can allow
malicious users to completely compromise the computers to which these
devices are connected.

This paper advances the attack frontier by reviewing inexpensive,
easy-to-implement, efficient, and effective attacks capable of detecting
typing on a wireless keyboard. Such attacks are particularly harmful
because they succeed even when an eavesdropping antenna is several
meters away from the target keyboard, regardless of the encryption
scheme, communication protocol, radio noise, or physical obstacles. We
also discuss attacks on wireless capabilities, such as wireless access
points, routers, mice, and keyboards. However, it is critical to understand
that of all wireless risks, not just those associated with network
connectivity must be considered (Sheimo, 2021). In terms of
performance and security, wireless connectivity technology is also a
source of signal emanation and must be protected (Logitech, 2023).
Furthermore, we offer some recommendations for mitigating attacks.

This paper is organized as follows. Wireless keyboard layouts and
standards are covered in the second chapter. The third chapter
discusses wireless security, vulnerabilities, and threats. The fourth
chapter is about penetration testing. The final chapter concludes the

paper.
Computer keyboards

The computer keyboard is a primary component needed while
working on desktops. There are various types of keyboards available in
the market, and choosing the best one is dependent on the user’s
requirements. Selecting a layout such as QWERTY, QWERTZ or
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AZERTY can influence the decision on what type of keyboard should be
used for a specific purpose.

Computer keyboard layout

A keyboard is a type of input, a peripheral device that allows users
to enter text into another electronic device and communicate with a
computer in the simplest way possible. It is made up of a number of
buttons that generate numbers, symbols, letters, and special keys. The
design of the keyboard is inspired by typewriter keyboards, and the
arrangement of numbers and letters on the keyboard aids in typing
speed. Table 1 shows the most commonly used keyboard layouts.

Table 1 — Keyboard layouts (WebNots, 2022)
Tabnuya 1 — Packnadka knasuamyps! (WebNots, 2022)
Tabena 1 — Tacmamypa (WebNots, 2022)

Keyboard layouts Description

Designed to reduce wrist and arm pain. Curvy to accommodate palms|

Ergonomic - :
9 and provide a comfortable experience.

Foldable and portable. Made of rubber-like material resistant to water
Flexible and dust. Bluetooth keyboards with a connector. Require a hard
surface to be placed on and typed on.

Designed for heavier usage. Keys are placed on spring-activated
switches. An electric circuit sends signals to the computer based on the
pressed keys. Produces more noise than rubber membrane keyboards,
but they reduce the possibility of accidentally pressing a different key.

Mechanical

Keys tightly packed and occasionally protected by a transparent
Membrane |membrane. Lightweight and resistant to dust. Error-prone nature when

typing.

Include multimedia keys for play, pause rewind, forward, and volume
adjustments. May be useful if the user frequently watches videos or|
listens to music. The keyboard replaces the controls on a computer’s
\video/audio player apps. Some may include gaming controls.

Multimedia

Come with a default onscreen or touchscreen monitors. Eliminates
need for a physical keyboard. Lack physical components in the layout
Projection  |section. Necessitates use of a small handheld device connected to the
computer via Bluetooth or USB cable. When turned on, the device
displays a laser projection of the keyboard layout.

. Connect to computers via Bluetooth or USB RF. To use it, customer|
Wireless

should insert a small connector into the USB port and turn on Bluetooth

Keyboard standards

The keyboard is primarily used to enter the alphabet, numbers,
commands, and other data into a computer (see Table 2). It has over 100

298




keys (see Figure 1) (Chauhan, 2020). Most keyboards today use one of
three different physical layouts by the (1) worldwide International
Standard  Organization/International  Electrotechnical Commission
ISO/IEC 9995-2 standard, (2) American National Standard Institute
ANSI-INCITS 154-1988 standard, and (3) Japanese Industrial Standard
(JIS) X 6002-1980 (ANSI webstore, 1999).

Table 2 — Key type description (Chauhan, 2020)
Tabnuya 2 — OnucaHue knasuw (Chauhan, 2020)
Tabena 2 — Onuc macmepa (Chauhan, 2020)

Keyboard keys Description

Turn the page up and down (arrows, Home, End, Insert, Delete, Page

Navigation Up, Page Down)

Function Used to perform specific tasks (F1-F12)

Mostly used in combination with other keys to perform specific tasks

Control (Citrl, Alt, Windows key, Esc)
Typing Alphanumeric keys, symbols and punctuation marks
Numeric Equal to calculator keys, at the right side of the keyboard
Special Used to perform special functions related to the computer system
P (Shift, Enter, Alt, Ctrl, Esc)
FU”Ct Keys Spial Keys Numaric Keys
qm:awenw‘vuno
Gml ) A 8 ] FT I e. L
Capital ] YpTe v

Lock omn z kK B F BN MO

Control Keys

Navigation Keys

Figure 1 — Keyboard keys (Chauhan, 2020)
Puc. 1— Knasuwu (Chauhan, 2020)
Cnuka 1 — Tacmepu (Chauhan, 2020)

Figure 2 shows physical division and a reference grid defined by
ISO/IEC 9995 standard series. The sections are further subdivided into
zones as follows:

¢ alphanumeric section:

o alphanumeric zone (green),
o function zone (blue),
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e numeric section:
o humeric (dark red),
o function (lighter red),
¢ editing/function section:
o cursor keys (darker grey),
o editing function zone (lighter grey).

i 1
v w8
e W W AVAVOWLWAY | e
[ N w0
A

L
EuuEEEEE S :

Figure 2 — ISO/IEC keyboard (ISO, 2009)
Puc. 2 — Knasuwu ISO/IEC (1SO, 2009)
Cnuka 2 —Tacmamypa ISO/IEC (1SO, 2009)

Each key can be identified using the reference grid by a unique
combination of a letter (indicating the row) and a two-digit sequence
(indicating the column). The labelling rules allow for function keys to be
arranged in rows other than above the alphanumeric section (thus, an AT
keyboard is compliant with the standard):

* Columns containing editing/function keys should be numbered
from 60 onwards if they are placed beyond a right numeric section, or
from 80 onwards if they are placed left of the alphanumeric section.

* Rows above the alphanumeric section should be labelled
beginning with K, and rows below the space key should be labelled
beginning with Z.

* The grid can be angled or squared.

The characters that can be entered using the keys in the
alphanumeric section are organized in levels. Level 1 contains lower-
case letters, while Level 2 contains capital letters (e.g. unshifted/shifted).
There are no rules governing the distribution of non-letter characters,
while digits are most commonly found in Level 1. The standard allows for
a third level (characters are selected by the means of an AltGr key). If the
three-level organization of the keyboard is insufficient to accommodate
all characters to be contained in a specific layout, “groups” may be
defined as a higher hierarchical unit than levels. The Japanese keyboard
layout, as well as the Canadian Quebec layout and the German T2
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layout, are common examples of layouts that allow characters from
different scripts to be input (ISO/IEC 9995-1, 2009).

ANSI-INCITS 154-1988 standard describes the layout of the 48
keyboard basic keys as well as the upper- and lower-case characters
that can appear on the keys (ANSI webstore, 1999). In recognition of the
various graphic character requirements of each application, the character
assignments are divided into five application areas.

The Japanese Industrial Standard specifies the layout of a keyboard
used for information processing with both hands that implements the JIS
X 0201 7-bit alphanumeric-katakana code (JSAJIS, 2018). This standard
specifies the relative positions of keys on a keyboard but does not
specify key spacing, keyboard inclination, keytop and space bare
shapes, or else. This standard makes no mention of character
representation on keytops.

Keyboard prevalence

The QWERTY keyboard is widely used in the Americas and parts of
Europe. In German-speaking countries, the QWERTZ keyboard, also
known as the Swiss keyboard, is used, whereas in France and Belgium,
the AZERTY keyboard is standard. American keyboards used to be
alphabetically organized. This layout, while logical, presented some
technical challenges. Some of the most commonly used keys were
placed near one another, their mechanisms too close next to each other.
As a result, the letters and the QWERTY keyboard had to be rearranged.
Because the most commonly used characters vary from language to
language, a slightly different layout was chosen in certain non-English-
speaking areas. German speakers adopted the QWERTZ keyboard
because the letter Z is more common than the letter Y. New keys have
also been added in several countries. For example, the keys needed to
enter French accents were added to the traditional English QWERTY
layout. QWERTY was retained in Spain and Latin America, but with the
addition of N, a commonly used character in Spanish.

Wireless keyboard security

Because wireless signals travel through the air and can be
intercepted and read by a skilled attacker, wireless devices are almost
always a security risk. The wireless link is usually encrypted with an
encryption algorithm such as the Advanced Encryption Standard - AES
(NIST, 2001), which is widely used to protect the majority of wireless
keyboards. However, using a Software Defined Radio (SDR), for
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example, encrypted signals can be recorded. Wireless Universal Serial
Bus (USB) dongles are also at risk. Unencrypted input can still be sent to
the dongle and used to access the attached computer and send signals
while the keyboard is connected to the dongle in an encrypted session
(Weiss, 2023).

Wireless communication

Wireless communications are globally regulated, but certain bands
are reserved for unlicensed users. The industrial, scientific, and medical
(ISM) bands which range from 2.4 GHz to 2.5 GHz and are defined as
such by the International Telecommunication Union Radio Regulation are
one example. Wireless keyboards also use the ISM band (Tomsic, 2022).
Analog RFs are used to transmit digital data using various modulation
techniques such as frequency shift keying (FSK). Because the use of two
distinct discrete frequencies allows for the transmission of either zero or
one, binary data can be transmitted over an analogue channel. The
digital data transmitted by a radio transceiver will have limitations on how
frequently a new symbol can be sent, which will affect the data rate. To
convey the correct data, a transmitter and a receiver must use the same
data rate and be synchronized. A protocol must be used to structure the
data transmitted between devices. The protocol stack typically defines a
logical link frame as a preamble (a series of bits) to allow the receiver's
clock to be synchronized with that of the transmitter, a destination
address, and data. Some protocols make use of other fields, and the
exact protocol specifications vary greatly between manufacturers and
devices (Pohl & Noack, 2019). Because software-defined radios are
devices in which many radio components are replaced with software
variations of them, it is possible to control the radio flexibly through
software and adapt it to a wide range of applications and scenarios. This,
however, makes it useful in debugging and research situations where the
system under investigation by a malicious user is not completely known
(Sadiku & Akujuobi, 2004, pp.14-15).

Wireless keyboard security vulnerabilities, threats, and
countermeasures

Every wireless device has weaknesses that malicious users can
take advantage of. The top ten sources of vulnerability, as identified by
Bastille Networks in 2020 and presented by de Jesus Rugeles Uribe in
2022, include, among other things, wireless peripherals that are open to
Keystroke injection attacks on keyboards without data encryption. A
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hacked wireless keyboard could reveal sensitive information because of
the wireless keyboard flaws such as:

* Flaws in encryption: the signal travels unprotected through the air
and is easily intercepted.

* Firmware flaws: even if a wireless keyboard is encrypted,
firmware bugs can be used to read the wireless signal.

+ Keylogger: a type of spyware that records every keystroke and
sends the stolen information back to the attackers.

+ Keysniffer: a set of security flaws affecting non-Bluetooth wireless
keyboards from eight different vendors (Anger, EagleTec, General
Electric, Hewlett-Packard, Insignia, Kensington, Radio Shack and
Toshiba) since they use unencrypted radio communication protocols
enabling an attacker to eavesdrop on all the keystroke typed (Bastille
Networks Internet Security, 2023).

* A compromised access point: cybercriminals can install rogue
access points in public places with the intent of stealing data from
unsuspecting users who connect to them.

To help in the prevention of wireless keyboard attacks, the
connections must be as secure as possible. The first step is to ensure
that the firmware of the keyboard is up to date and that the connections it
establishes are encrypted. Bluetooth devices should also use the Secure
Connection only mode, which is compliant with the Federal Information
Processing Standard (FIPS) developed by the National Institute of
Standards and Technology (NIST). Furthermore, an anti-rollback feature
for security-based device firmware upgrades should be considered for
keyboards that connect via a USB dongle. This prevents critical security
patches from being unintentionally removed while still allowing non-
security-related updates to be rolled back. Third, the encryption
algorithms, such as AES which is the most known symmetric algorithm
today, should be used (FIPS, 2001). When two devices connect, a key is
generated and shared between them. The key is then used by the
devices to encrypt and decrypt the data they transmit and receive
(Griskenas, 2023).

Side channel attacks over USB connection

The most common standard used to connect wired peripheral
devices to a main host and transmit data is the USB standard. The
standard has evolved over the years, going from version 1.1 to the most
recent version 4.0, which supports a transmission rate of up to 40 Gbps
(Liu et al, 2021). Different plugs, transmission speeds, and power
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delivery capacities define each standard. The ability to power or recharge
standalone devices is just one example of the new features that could be
integrated thanks to the evolution of the USB standard over time. As a
result, the USB standard is now used for a variety of purposes,
expanding the range of peripheral devices that are mutually compatible,
while also exposing brand-new vulnerabilities. Malicious users today take
advantage of the default trust on USB ports to extract sensitive data from
wireless devices. Despite efforts by security experts and manufacturers
to detect and block threats to a wireless keyboard, an even more
subversive approach to compromising user privacy relies on a USB side-
channel attack (Liu et al, 2021).

According to Barthe et al (2018, pp.328-343), side-channel attacks
are typically physical intrusions in which malicious parties steal protected
and confidential data by observing how the system operates physically.
To defeat a cryptographic system, these attacks use specific factors like
electromagnetic (EM) radiation, timing, and power consumption
(Mangard et al, 2007). The goal of every side-channel attack is to exploit
an unintentional emission (Sayakkara et al, 2018; Grdovi¢ et al, 2022,
pp.836-855). This problem is also related to Compromising EM radiation
(CER), which is primarily associated with devices protected by some of
the cryptographic methods (Markagi¢, 2018, pp.143-153). In general,
attacks on user information can be either passive or active, with the
former having no effect on the sender, the receiver, or the data
transmitted over a communication channel, and the latter involving a
malicious user engaging in an attack and affecting one of these. Side-
channel attacks are a type of passive attack that involves “listening” to
devices, equipment and transmission to monitor communication between
two (or more) parties while leaving no traces. As a result of these factors,
users are frequently unaware of the attack.

A malicious user can passively and covertly record everything typed
on the wireless keyboard from several meters away using an antenna, a
wireless dongle, and a few lines of software code in a side-channel
attack to USB. It is a difficult-to-prevent attack that almost no one sees
coming. Due to several flaws, low-cost wireless keyboards enable a
malicious user to listen in from afar. Though not all wireless keyboards
are created equal, and many are not vulnerable to eavesdropping, there
is a simple solution to the problems caused by malicious attacks on the
wireless keyboard - make use of a wired keyboard (Whittaker, 2016).
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Electromagnetic emission and electromagnetic signal
acquisition

Electromagnetic compatibility (EMC) is a property of electric
equipment that allows it to operate as expected in the presence of other
electric/electronic equipment while not interfering with it (ETSI, 2023).
EMC is focused on the analysis of EM interferences of RF interferences
in electric devices, to reduce the unintentional generation, propagation,
and reception of EM energy. Unwanted emissions can be categorized
into two groups: conductive coupling and radiative coupling. Through
transmit interferences through the system, conductive coupling requires
physical support (such as wires). Radiative coupling, on the other hand,
occurs when an internal circuit component acts as an antenna and
transmits unwanted EM waves. EMC also distinguishes two types of EM
emissions based on the type of radiation source: differential mode
(generated by loops) and common mode (the result of internal voltage
drops) (Vuagnoux & Pasini, 2009). There are several standards, two of
which are specifically related to RF, telecommunication network
equipment, radio equipment and services, EN 300 386 V16.1, EN 301
489-1 V1.9.2 (ETSI, 2011; ETSI, 2012).

There are two techniques for detecting compromising EM radiation.
Standard techniques include using a spectral analyser to detect signal
carriers (compromised emanation is composed of peaks) or a wide-band
receiver tuned to a specific frequency (scanning a receiver’'s entire
frequency range of the receiver to demodulate the signal based on its
amplitude or frequency modulation). Unfortunately, some direct and
indirect EM emanations may go undetected using standard techniques,
especially if the signal contains irregular peaks or erratic frequency
carriers. Indeed, spectral analysers rely heavily on static carrier signals.
Similarly, the scanning process of wide-band receivers is not
instantaneous and takes a long time to cover the entire frequency range.
Demodulation may also conceal some intriguing compromising
emanations (Vuagnoux & Pasini, 2009). Novel approaches detect
compromising EM emanation by directly collecting raw signals from the
antenna and processing the entire captured EM spectrum, which is
extremely useful for detecting EM emanations from the keyboards (both
wired and wireless).

Software defined radio

SDR is a dynamic radio transmitter and/or receiver, capable of
changing operational characteristics, setting or changing RF operating
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parameters such as frequency range, modulation type, output power, and
coding rate, allowing a single hardware platform to be adapted to be a
transmitter or a receiver under different technologies, based on software
configuration for any type of signal through software or firmware
functions (Natase et al, 2018; Chamran et al, 2019; Molina-Tenorio et al,
2021; de Jesus Rugeles Uribe, 2022). In SDR, software modules execute
in real-time on microprocessor platforms. The main operational
characteristics of the system can be modified or changed while running,
allowing SDR to be easily reconfigured to perform different functions
(Garcia Reis et al, 2012). As a result of this, as well as due to relatively
low-cost technology, SDR platforms are now frequently used for side-
channel attacks.

An ideal SDR has very little hardware at the RF front end, consisting
of only an antenna and a very fast sampler capable of capturing and
digitizing wideband radio signals. However, relatively long coverage
distances may be achieved only by employing amplifiers before both
analogue-to-digital and digital-to-analogue conversion (ADC/DAC) stages
(see Figure 3). LNA, PA, FPGA, and DSP are acronyms for Low-Noise
Amplifier, Power-Amplifier, Fast Programmable Gate Array, and Digital
Signal Processor, respectively (Stewart et al, 2015; Duarte et al, 2019,
p.1490).

Transceiver

Antenna
3

y

‘ > > > : - DSPs, GPP_S
I
LNA ADC FPGA
- < Digital signal Processing
PA DAC Resources

Hardware Radio
" Software radio

Figure 3 — Software defined radio (Duarte et al, 2019)
Puc. 3 — lNpoepammHo-onpedensemoe paduo (Duarte et al, 2019)
Cnuka 3 — Cogpmeepcku OegpuHucaHu paduo (Duarte et al, 2019)

Rugeles Uribe et al (2022) compare 19 commercially available SDR
platforms in terms of ADC/DAC, Tx/Rx, Fmin-Fmax, Max RF Bandwidth,
signal processing platforms (MATLAB, Labview), and GNU radio (free
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open-source toolkit available for low-cost external RF hardware to create
SDRs). The following devices are classified as low-cost hardware:
FUNCube, RTL, RSPduo, AirSpy, HackRF, BladeRF, LimeRF, and Pluto.
These SDR platforms, together with open-source software and signal
processing platforms, have enabled the global advancement of SDR
technology. At the same time, the possibility of side-channel attacks
increased exponentially. As a result, SDR is now opening up entirely new
pathways for penetration testing and security research even though EMC
standards and regulations address emerging threats from side-channel
attacks. When considering the EMC requirements of devices, the
International Organization for Standardization (ISO) advisory notice
K.841 states that information leakage from EMC must be considered
(ITU, 2014).

Penetration testing

Liu et al (2021) presented the findings of a survey on vulnerabilities
and side-channel attacks related to, among other things, wireless devices
and the EM emission of radio waves. The results show vulnerabilities of
the targeted wireless keyboard in terms of keystrokes as targeted
information. Vuganoux and Pasini (2009) conducted a comprehensive
study on this type of attack, testing its feasibility on various keyboard
technologies, including wireless. The authors specifically rate the Matrix
Scan Technique (MST) as the most effective method for keystroke
interference  over a USB cable. The authors propose three
countermeasures against side-channel attacks: (1) shielded cables and
wired keyboards to reduce EM emanations (effective but costly), (2)
signal-shielded areas (low cost, effective, but valid only within a certain
range), and (3) encrypted USB communication (improves communication
security but encryption can be cracked). In similar circumstances, a brief
study by Sim et al. (2016, pp.518-520) aims to infer keystrokes from
wired keyboards solely through signal processing.

Wireless keyboards, on the other hand, have many advantages, but
they also have some critical flaws that allow malicious users to take
complete control of connected devices. Throughout the years, numerous
test methods have been developed and implemented to identify
vulnerabilities and improve the security of wireless keyboards.

Goodin (2019) shows that keystrokes can be recorded, replayed and
injected into Fujitsu wireless model. Researchers from the penetration-
testing firm SySS created a proof-of-concept attack that takes advantage
of the insecure design. They were able to send commands to vulnerable
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Fujitsu keyboard set LX901 receiver dongles within the range using a
small hardware device. The researchers were able to send input that was
automatically routed to the connected computer. The distance was about
10 meters.

Gatlan (2019) discovered in 2018 four novel vulnerabilities of the
Logitech Unifying USB receivers that allow users to connect wireless
keyboards to the same computer via a 2.4 GHz radio connection. The
flaws are caused by Logitech’s outdated firmware that allowed physical
access to the target computer to exploit the bugs and launch keystroke
injection attacks, record keystrokes, and take control of the compromised
system. Logitech fixed two of them with patches in 2019.

Logitech introduced Logi Bolt, a new standard for secure, robust
wireless connections in terms of both security and encryption, in 2022
(Logitech, 2022). Logi Bolt is the next-generation wireless connectivity
protocol that ensures compatibility with multiple operating systems while
also improving security, wireless reliability, and connection strength. It
reduces the risk of cyber-attacks while also addressing the growing
security concerns brought on by more mobile workforce. The Logi Bolt
provides security through encryption using Elliptic Curve Diffie-Hellman
P-256 and AES-128.

Wadell (2016) discusses wireless keyboards that are vulnerable to
KeySniffer, all of which are low-end, inexpensive models. Anker,
EagleTec, General Electric, Hewlett-Packard, Insignia, Kensington,
Radio Shack and Toshiba are among the companies affected (Bastille
Networks Internet Security, 2023). Note that, although Bastille Networks
has tested these products, the results should not be interpreted as an
exhaustive list of all vulnerable keyboards.

Deeg and Klostermeier (2019) present security concerns about
wireless keyboards that use 2.4GHz radio communication that they have
collected over two years. They began opening keyboards, identifying
chips, reading documentation, locating testing points, and analysing data
communication with a logic analyser. Then they used SDR (HackRF
one), a wireless development platform (Ubertooth One), research
firmware (Crazy Radio PA) and GNU radio to record and analyze radio
communication to identify used transceivers and communication
protocols, among other things. The findings on two Fujitsu wireless
keyboard sets (LX901 and LX390) and Cherry B.Unilimited 3.0 (all of
which include wireless keyboards and mice) reveal the following flaws:
no protection against Replay attacks, no encryption of sensitive data
(KeyStroke sniffing attack), and insufficient verification of data
authenticity (KeyStroke injection attack).
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Tomsic (2022) describes seven steps of penetration testing: (1) pre-
engagement (communication with the client about the scope, approvals,
and terms), (2) information gathering (post scanning and gathering open
source intelligence), (3) threat modelling (threat a plan how to attack
targeting system, based on gathered information), (4) vulnerability
analysis (developed threat model is used to discover vulnerabilities if
any), (5) exploitation (attacking vulnerabilities), (6) post-exploitation
(determining the actual impact of the exploit), and (7) reporting (the
findings of the penetration test). He used HackRF SDR connected to the
computer via high-speed USB 2.0 to conduct the research. Following the
SDR analysis, a Crazy Radio PA was used to capture and send data.
Furthermore, 10 wireless keyboards from nine different manufacturers
(Clas Ohlson, Corsair, Deltaco, Exibel, Siglo, Logitech, Plexgear, Rapoo,
and Razer) were subjected to penetration testing. Penetration testing
revealed that the majority of protocols contained flaws that allowed for
keystroke injection or key sniffing. Eight of the keyboards were found to
have previously unknown vulnerabilities that could give an attacker
complete control of the computer to which the keyboard was connected.
Furthermore, only one of the keyboards promised any type of encryption.

Conclusion

Wireless keyboards have security flaws that disrupt radio
communication, giving a malicious user complete access to the computer
to which the keyboard is connected. Because malicious users can easily
either passively or actively attack the sender, the receiver, or the data
transmitted over a communication channel, secure connections and
secure communications are required to aid in the prevention of wireless
keyboard attacks. Side-channel attacks are physical intrusions in which
the attacker steals sensitive data by observing how the system works
using compromised electromagnetic emissions. The results of
penetration testing presented in this article reveal vulnerabilities of the
targeted wireless keyboard in terms of outdated firmware, encryption,
wireless reliability, and connection strength.
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Pestome:

BseedeHue/uernb: B daHHoU cmambe npedcmasrieH 0630p uccriedosaHuli
YSI36UMOCIIU ~ KOMITbIOMEPHbBIX ~ CUCMEM,  8bI38aHHbIX  MOOOYHbLIM
M1eKmMpoOMagHUMHbIM  U3fTydeHueM 6ecripogodHbIX Kiaguamyp. bbuio
rnokasaHo, 4mo 6ecrpog8oOHbIe ycmpolicmea, UCMOoMb3yrUUe Ces3b,
UHUUUUDYeMYyO  mpuaaepamMu, Cmarkuearomcsi C  Cepbe3HbIMU
npobremamu KoHQUOeHUUaIbHOCMU e8criedcmaue ymeydKku, cesi3aHHOU ¢
paduoyacmomHbIM  u3rydeHueMm. TexHoroausi 6ecripoeodHol  cesi3u
58/15€MCSsl  UCMOYHUKOM U3/1y4eHUsl cuaHarna, Komopbili HeobxoOumo
3awuuwams ¢ moYKU 3peHusi npoussodumeribHocmu u 6esonacHocmu.

Memodebl: Habnrodaromesi ysissumocmu 6ecripog8odHbIX ycmpolicme u
amaku [0 CMOPOHHUM KaHanaM, a maKxe 9fieKmpoMagHUmHoe
ussydeHue paduosoriH.

Pesynbmamsi: B pe3dynbmame uccriedogaHusi 8bisierieHbl Hedocmamku
besonacHocmu U wugposaHusi KOHKPemHbIX 6ecrpo8OOHbIX Kriaguamyp.
Pesynbmambi  mecmuposaHusi Ha  MNPOHUKHOBEHUE  rokasasnu
ysi38uMocmb 6ecrpo8oOHOU Kriasuamypbl, cesi3aHHOU C ycmapesuwium
B8CMPOEHHLIM  MpoepaMMHbIM — obecrieyeHueM,  wughposaHuem U
HadexxHocmbto 6ecripo8odHOU Ces3u.

Bbigodbl: Hedocmamku 6e3onacHocmu 6ecripog8odHbIX  Krnasuamyp
npusodsim K HapyweHur paduocessu, npedocmaensis
3/10YMbIWIIEHHUKaM OfIHbIG 0ocmyn K KOMIbOMepy, K KOmopomy
rnodkrroyeHa knasuamypa. Takum obpasom, 61aeodapsi HabrrodeHuro 3a
pabomoli cucmembl, y 3/10YMbIUIEHHUKO8 10518/159emMCcsi 803MOXHOCIb
yKkpacmb  KOHpuOeHUuarsnbHble  OaHHble,  ucronb3ys  MoboYyHoe
3/16KMPOMagHUMHOE U3/Ty4HeHue.

Knwouesble cnoea: becripogodHasi Kraguamypa, paduodyacmoma,
3/1eKmpomMazHUMHoe usry4eHue, npospamMmMHo-onpedesssiemoe paduo.

Be3beaHocT 6EXUYHMX TactaTtypa: npeTkhe, pakbuBOCTU N Mepe
3auTuTte
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Beorpan, Penybnuka Cpbuja

OBJIACT: pauyHapcke Hayke, eNeKTPOHMKa, TeNeKoMyHUKaumje,

WHMOPMaLMOHE TEeXHOorornje, MalMHCTBO
KATETOPWJA (TUIM) YIAHKA: opyruHanHu Hay4Hu paa
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Caxxemak:

Yeod/yurb:  Pamusocm  padvyHapCcKux cucmema  y3pokoeaHa  je
Komnpomumyjyhum — efiekmpomMagHemcKuM 3paderseM ca  BexudyHUX
macmamypa. [lokazaHo je Oa 6exudHu ypehaju Koju Kopucme
KoMyHUKayujy 6a3upaHy Ha mpuzepuma umajy rnpobreme Koju ce oOHoce
Ha fpueamHoCcm, WMO je y3POKOBaHO  efIeKIMpPOMagHEemcKUM
omuyareM roee3aHUM ca emucujom paduo-manaca. TexHonoauja
beXxXuYHUX 8e3a U380p je eMaHauuje cueHana Koju mopa bumu 3awmuheH
y noanedy nepghopmaHcu u bezbedHocmu.

Memode: Youaegajy ce pamusocmu bexudHux ypehaja u Hanadu Ha
b6o4yHe KaHase, yropedo ca erflekKmpoMasHemCcKoM emucujoM paduo-
cueHarna.

Pesynmamu: Yka3aHO je Ha epewke y 6e3beOHocmuU U eHKpunyuju 3a
odpeheHe bexudyHe macmamype. Pesynmamu  neHempayuoHUX
mecmosa Omkpueajy parueocmu uurbaHe bexuyHe macmamype y
noenedy 3acmapersnioa ghupmeepa, eHKpunyuje u rnoysdaHocmu bexudHe
Mpexe.

Sakrbyyak: bexuyHe macmamype umajy 6e36edoHocHe nporycme Koju
omoayhyjy omemarse paduo-KomyHukauyuje, Oajyhu  3r10HamepHOM
KOPUCHUKY romiryH rpucmyr padyHapy Ha Koju je macmamypa
nosezaHa. Cmoza OH Moxe Oa yKkpade ocemsbuge rodamke
rnocmampajyhu pad cucmema u Kopucmehu erieKmpomMazHemcKy
emucujy.

KmmyuyHe  peyu: bexuyHa macmamypa,  paduo-gpekseHuuje,
efiekmpomMazgHemcKa emMmucuja, cogpomeepcku dechuHucaHu paduo.
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Abstract:

Introduction/purpose: The paper presents the theory and design issues of
a discrete-time communication system used for discrete-time pulse
transmission with and without filtering. Signals are analyzed in both the time
domain and the frequency domain.

Methods: The system is theoretically analyzed using block schematics

expressed in terms of mathematic operators and the system simulation is
performed to confirm the theoretical findings.

Results: Discrete-time signals are presented in the time domain and the
frequency domain as well as confirmed by a simulation designed in Matlab.

Conclusion: The results of the paper contribute to the theoretical modeling
and design of modern discrete communication systems.

Keywords: discrete communication system, system design, discrete
pulse transceiver, filtering, correlation receiver.

Introduction

Most of the analyses of modern telecommunication systems are
based on the presentation of signals in the continuous-time domain, i.e.,
as continuous functions of time. Consequently, these systems are known
under the name of digital communications systems (Haykin, 2001; Proakis,

However, signals of modern communication systems are

represented by discrete-time functions and are known under the name of
discrete communication systems (Rice, 2009; Berber, 2021; Abramowitz
& Stegun, 1972).

This paper aims to present the theoretical base of a discrete
communication system assuming that the modulating signal is a
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rectangular discrete-time pulse. The content of the paper will include the
issues of mathematical modeling and design of a discrete communication
system that includes a transmitter, a transmission channel, and a receiver.
The signals processed in the system will be presented in the discrete-time
domain represented by functions of the discrete-time variable. The system
operating in the continuous time domain is named the digital system, while
the system operating in the discrete-time domain is hamed the discrete
system (Miao, 2007; Benvenuto et al, 2007).

Modern designs of transmitters and receivers in a communication
system are based on digital technology, primarily on FPGA and DSP
platforms. These technologies are in extensive use replacing the analog
technologies that are used to implement signal processing functions inside
both the baseband and intermediate frequency transceiver blocks. These
trends in the design of communication systems became possible due to
advances in the theory of discrete-time signal processing, and particularly
by the development of the mathematical theory of discrete-time
deterministic and stochastic processes (Manolakis et al, 2005; Berber,
2009).

In this paper, all signals inside the transmitter and receiver blocks are
analyzed in both the discrete-time domain and the frequency domain. Two
different structures of the receiver are analyzed; the first with a low-pass
filter and the second with a correlator receiver. To understand the
consequences of signal filtering, the transceiver is separately analyzed for
the case when a filter is used to reduce the spectrum of the modulating
signal, and, consequently, to limit the bandwidth of the modulated signal.
The presented system structures are expressed in terms of mathematical
operators and their operations are explained using exact mathematical
expressions. The designed system is simulated to confirm the theoretical
model (Quyen et al, 2015; Ingle & Proakis, 2012).

The related powers and energies of the related signals are precisely
calculated for an ideal transmission of signals in the noiseless channel and
their filtering. These calculations allowed a clear understanding of the
transceiver operation and possible losses in signal power caused by signal
processing in the transmitter and receiver blocks.

The theory of discrete-time communication systems is of vital
importance for researchers, practicing engineers, and designers of
communications devices because the design of these devices is
impossible without a deep understanding of the theoretical principles and
concepts related to their operation in the discrete-time domain (Rice, 2009;
Berber, 2021). Modern communication devices, like wireless and cable
modems, TV modems, consumer entertainment systems, and satellite
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modems are based on the use of digital processing technology and the
principles of the discrete-time signal processing theory.

Discrete-time communication system structure and
operation

A discrete-time communication system, including the basic operation
of signals, is presented in Figure 1. The system is composed of a
transmitter, a band-pass noise generator, and two types of receivers. The
first receiver will demodulate the received band-pass (BP) signal using a
low-pass filter (LPF). The second receiver will use a correlator to
demodulate the received discrete pulse and generate binary zero (0) or
binary one (1) at the output. These two receivers will be separately
analyzed. In the case of the system simulation, a band-pass noise
generator should be used to generate BP discrete-time noise that will be
added to the modulated discrete-time signal. The BP noise generation and
application for the system investigation is a separate topic.

BP Noise
Generator
s.(n) =cos(£2n) s.(n) =cos(£2n)
s(n)=m(n)-cos(2n)| é sn(n) [Cpr] | Ma(n)
m(n) —aé :{} > > *) >
M@ | S{(Q)  S(Q) S(Q)  Sm(@) Me(2)
Transmitter Receiver

s, (n) = cos(42n)

DC
sm(Nn) mq(N) Bit
— > Z >0 ——»1, 0

SQ) Sn@ T py) L5°

Correlation Receiver

Figure 1 — Discrete communication system
Puc. 1 - [duckpemHas cucmema ces3u
Cnuka 1 — [JuckpemHu menekoMyHUKalyuoHU cucmem
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Transmitter operation

Suppose the output of the transmitter is a product of a modulating
discrete-time (dt) rectangular pulse m(n) and the discrete-time carrier

S.(N) =cos£2n resulting in a dt modulated signal s(n), expressed in this
form

s(n) =m(n)cos.2n, 1)

as shown in Figure 1. We are to find the expression in the time domain
and in the frequency domain of the modulated signal and all signals
involved in signal processing, assuming that the dt rectangular pulse is of
an amplitude A and a duration N while the frequency of the carrier is (2c.

The rectangular pulse in the time domain and the frequency domain.
The graphs of the dt rectangular pulse in the discrete-time domain are
presented in Figure 2. The rectangular pulse in the time domain can be
expressed in terms of Koronecker’s delta function as a convolution of the
signal and the delta functions, i.e.,

A 0<n<N-1 0 N-1
m(n) = {0 eraice }= 37 m93() = 3 m)5(0-) (2

for its amplitude A = 2 and duration N = 8 as shown in Figure 2. The pulse
values are defined for each whole number n and have no values in the
intervals between neighboring numbers. We can say that the signal does
not exist in these intervals. The intervals are used to process the discrete
signal values.

m(n)

0 N

Figure 2 - Discrete-time modulating signal for N =8 and A = 2.
Puc. 2 — Modynupyrouwutl cueHan ¢ duckpemHbim epemeHem O N =8 u A =2
Cnuka 2 — Modynuwyhu cueran duckpemHoea epemeHa 3aN=8 u A =2
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To find the amplitude and magnitude spectral densities of the pulse,
we need to find the discrete-time Fourier transform (DTFT) of the
modulating signal which is a discrete-time rectangular pulse. Based on the
property of Kronecker’s delta function, the DTFT of the dt pulse that has A
values in the interval from 0 to (N-1) can be expressed in the following
form (Berber, 2021)

o0 o0

M(2)=> mnye’"=> Elm(k)é(n-k)e‘m”

n=—o0 n=—c0 k=0

N-1 o _ Nl NI NP €)
= mKk) D sn-k)e " =D Ae M = ' Ae I

k=0 —s k=0 k=" 2o

Then, the amplitude spectral density can be calculated as
M (_Q) :NZ_lAe’jgk _ &P Aeion _ Al—e_j_QN _ AeiaN-D2 sin(2N / 2)
e~ k=n & 1-e @ sin(2/2)
AN Q=+2kz,k=0,1,2,3.. -(4)
T Agriemnr SIn(2N /2) otherwise
sin(£2/2)

Having the amplitude spectral density, we can calculate the
magnitude spectral density expressed as

AN 0Q=+42kr,k=0,12,3,...
M .Q == i ’ 5
| ( )| A w otherwise ®)
sin(£2/2)
and the phase spectral density is expressed as

L2

argM (2) = 5 (N —1)+argM

sin(2/2)
which are presented in Figure 3 for the case of N = 8 and A = 2. Note that
the amplitude value of M (£2) for 2= 0 is equal to AN, which can be easily

(6)

obtained by calculating this value from the defining expression for the
DTFT. The magnitude spectral density M(£) is a periodic function with a
period of 27. The zeros crossings in this function occur for the condition
sin(QN/2)=0, i.e., for &N/2 =kz, k=1, 2, ..., N-1. For N = 8, we may

have £ = +2kz/N = tk#/4, and k =1, 2, ..., N-1. The phase discontinuities
of zradians occur at the same frequencies.
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IM(Q)/AN
1

- A4 0 dd g2 344 x
ZM(Q)]

78

\l-ﬁ\l ~N \—7z7’4 0 ﬂfN \l \lﬁ

-178

Figure 3 — Magnitude and phase spectral densities of the modulating signal
Puc. 3 — CnekmparnbHasi nomHocms KonebaHull u ¢hadbl MOOYIUPYOUEe20 cusHana
Cnuka 3 — CnekmparHa eycmuHa mazHumyoe u ¢ghase modynuwyhee cueHana

The power and energy of the pulse can be calculated in the time
domain and in the frequency domain. In the time domain, the power is

N-1 n=7
Pm:—ZmZ(n):EZAZ:AZ, @)
N n=0 8 n=0
and the related energy is calculated as
N-1 n=7
Em:PmN :Zmz(n)ZZAZZSAZ (8)
n=0 n=0

The modulating signal m(n) is an energy signal. Therefore, its energy
spectral density can be calculated as

sin(2N /2)[° o
sin(2/2) |
This function can be calculated as the DTFT of its autocorrelation

function (Berber, 2019). The energy is the integral of the energy spectral
density calculated as (Integral calculator, 2023)

7r 2z : 2
Em:ijEm(Q)dQ:iJM
2r 7 2 ¢ |sin(€2/2)

E,(2)=|M(2) =A°

A2

dQ=—
27

167 =8A% | (10)
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and the power of the pulse is

E

2
LIrvala (11)
The energy inside the first arcade (Figure 3) can be calculated as
2 xl4 - 2 2
A | SN2 o A 45 6449550604908, (12)
2r 2,Isin(2/2) 27

and the energy inside both the first and second arcades is

A2 72| sinaq2 | A’
=— S— dQ =—48.29464599062311, (13)
2z Y,|sin(2/2) 2r
which corresponds to 90.81% and 96.08% of the total signal energy,
respectively. Therefore, if we are filtering the first arcade of the signal, we
will use only 90.81% of the signal power.

Em1—2

Discrete-time carrier in the time domain and the frequency domain.
Suppose the discrete-time carrier has a unit amplitude, i.e., it is expressed

as sc(n) =C0S£2Nn. Suppose the carrier has only N. = 4 samples per

oscillation. Therefore, we  can calculate its  frequency

Q=2xf 1 f,=2z/N,=x/2, and express it in the discrete-time domain as
s.(n)=cos2n=cos2zn/N_=coszn/2, (14)

which is shown in the graphical form in Figure 4. The carrier in the
frequency domain can be directly found for any N. simply applying Euler’s
formula on the time domain signal as

1, i 1, i 1, i _
S (n)z_[echn+e JQCn]Z_[ejZﬂ'n/Nc +e J27Tn/NC]=_[e127rn/Nc _|_e127m(Nc l)/NC].
¢ 2 2 2

For the case analyzed N; = 4 and {2 =12, we may express the
carrier in the time domain as

1. . _
Sc (n) — E[eymlz + ejzzn3/2] , (15)
and in the frequency domain as

SC(Q)z227”5(_(2+k-.Qc)=7z5(.(2+.(2c)+7r5(_(2—[%). (16)
k=+1

Because this signal is a periodic function of the continuous frequency
Q with a period of 217, it can be represented by a periodic stream of Dirac’s
delta functions (Papoulis & Pillai, 2002), as presented in Figure 4.
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Sc(n)

$4(Q)
27/2 y
b) I
& 72 -4dd O dd 2344 1 342 144 2x

Figure 4 - a) Waveshape of the carrier, b) related amplitude spectral density
Puc. 4 — a) ®opma Hecyujeli 80rHbI, b) omHocumesibHasi criekmparsbHasi 10MmHOCMb
KkonebaHuti
Cnuka 4 — a) TanacHu obnuk Hocuouya, 6) 0OHOCHa criekmparsnHa 2ycmuHa amraumyoe

Based on (14), the power of the carrier can be calculated in the time
domain as
n=3 n=3 n=3
|3C=12C032(7rn/2)=1 1(1+cos7zn)=l 1.1 (17)
4 n=0 4 n=0 2 4 n=0 2 2

The carrier is a power signal (Cavicchi, 2000; Berber, 2021).
Therefore, its average power is to be calculated in an infinite interval,

according to this expression

o1 1 &1 . 12a 1
P =lim— ) cos’(2n)=lim— Y =(1+coszn) =lim—=—==, (18
¢ aeooZaZ ( C) aawZazz( ) a0 g 2 ( )

n=-a n=-a 2
resulting in the same value as in (17). Because the carrier is a power

signal, its energy is expected to be infinite. We can confirm that by
calculating the energy of the signal in the frequency domain as

323

Berber, S., Mathematical modeling and simulation of a rectangular pulse transceiver operating in the discrete-time domain, pp.316-344



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 2

2
1 % 1 % 27
E =— | 1S%(0Q)|do=— —0(02+kn dR
‘ 27[_'[0| ()] 27[_‘[0(1;12 ( C)]

:%T(52(Q+QC)+2§(Q+QC)§(Q_QC)+§2(Q_QC))dQ
P = » (19)

=% [ 5(Q+QC)5(Q+QC)dQ+0+%ja(g—gc)é(g—gc)dg

- %(5(—90 +02)+6(0Q,-Q,)) = 75(0) = o

because the integral of the product of the two delta functions is zero and
the integral of the delta function squared can be considered infinity. The
infinite energy value can be confirmed by its calculation in the time domain
as
e ) o1 . 2a
E, =lim > cos’(&2,n) =lim > §(1+ cos zn) = IIm?:oo . (20)
a—w a—w
n=-a n=-a

a—oo

Modulated signal in the time domain and the
frequency domain

Plot the graphs of all signals in the frequency domain assuming that
the number of samples of the rectangular pulse is N = 8 and there are two
oscillations of the carrier inside the pulse, i.e., one oscillation of the carrier
is represented by N. =4 samples. The rectangular pulse in the discrete-
time domain has already been expressed by (2). With a precise definition
of the modulating signal m(n) in the time domain, the modulated signal can
be expressed in terms of Kronecker delta functions as

N-1 N-1
s(n) =m(n)cos 2n =cos 2n > m(k)S5(n-k) = > m(k)S5(n-k) cos 2n
k=0 k=0 y (21)
N-1
=AY S5(nk)cos2n
k=0
and graphically presented as in Figure 5. We may get the amplitude
spectral density of that signal as the convolution of the modulating signal

and the carrier in the frequency domain (Berber, 2021), which will give the
modulated signal as
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S(.Q):M(Q)*SC(Q)zziT M(A)-S,(2-2)dA=

7[—00

=iT M(/1).2_”5(Q+Q -A)dA +i]g |\/|(,1).2_”5(_Q_Q ~2)dA-(22)
272'_Oo 2 ¢ 27[_Oc 2 ¢

:%M(Q+_QC)+%M(.Q—QC)

Based on the expression for the amplitude spectral density of m(n)
(5), the required frequency-shifted components in (22) can be expressed
as

EM (.Qi‘.(%) :ée*i([)*-@)(’\‘*l)/z Sln((QiQ)N /2)
2 2 sin((2+2)/2) 03
AN /2 Q+Q =+2kr,k=0,12.3,..] (23)
=)Ao siry((!)i.q) N/2) otherwise
2 sin((2+Q2)/2)

The magnitude spectral density of the modulated signal is presented
in Figure 5.

s(n)=m(n)-sc(n)

a)

2|S(Q)I/AN

b)

-7 -2 -md4 O A4 A2 344 7 54 372
'QC QC
Figure 5 - a) Discrete-time waveshape, and b) magnitude spectral density of the
modulated signal
Puc. 5 — a) ®opma 805HbI ¢ duckpemHbIM epemeHeM U b) criekmparibHasi nr0mHOCMb
MOOYNuUpPO8aHHO20 cu2gHara o 8eNlu4uUHe
Cnuka 5 — a) TanacHu obnuk y duckpemHoM epeMeHy, 6) criekmpasiHa 2ycmuHa
MacHumyde mModyrnucaHo2 cueHana
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The magnitude spectrum is a periodic function with a period of 2.
The two-sided spectrum of the sighal can be investigated inside the
bandwidth around the carrier frequency of #/2. We can calculate the signal
energy and power in the time domain

N-1 n=7
E, =P -N=)s°(n)=>) s*(n) =4A (24)
n=0 n=0
and the power is

P,=E,/N=4A%/8=A"/2. (25)

The energy calculated in the frequency domain confirms calculations
in the time domain, i.e.,

17 NP | ~ )
Es=§j|3<a)| d2=2- [15M@-2)+M(2+Q)IF d2
T T ) (26)
z A? T sm Q+Q | A )
j||v|(g 2)F d.Q_4—j”‘5m (2:9)] ‘dQ_ 167 = 4A

The modulated signal is an energy signal having finite energy. The
power calculated in the signal interval is finite.

However, if the average power is calculated in the infinite interval, it
would be of zero value which complies with the definition of the power
signals.

Simulation of the transmitter operation

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

The signals are generated in the time domain and the frequency
domain.

The modulating signal and the carrier obtained by simulation in the
time domain and the frequency domain are presented in Figure 6.

They are equivalent to the signals obtained by calculations and
presented in Figures 3 and 4, respectively.
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Figure 6 — Magnitude and phase spectra: a) the modulating signal, b) the carrier
Puc. 6 — AMnnumyOdHbIl u ¢ha3oebil criekmpbi: @) MOOynupyroweao cueHana, b)
Hecyueli 8071HbI
Cnuka 6 — Cnekmpu mazHumyOe u ¢hase: a) modynuwyhu cueHarn, 6) Hocunay,
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A simulated modulated signal in the time domain and the frequency
domain is presented in Figure 7. The presentations are equivalent to the
graphs obtained by calculations and shown in Figure 5.

Modulated signal
26— :

0 20 40 60 80
n
FT of modulated signal

0.57

|S{omg)|/8

0
-4 -2 0 2 4

OMEGA

Figure 7 = Magnitude spectral density of the modulated signal in the time domain and in
the frequency domain
Puc. 7 — CnekmparbHasi nomHocme KonebaHul Modyiupo8aHHO20 cugHasa 80
8peMeHHOU U YyacmomHou obracmsix
Cnuka 7 — CnekmparsiHa eycmuHa mazHumyde MoOynucaHo2 cugHasa y 8peMEHCKOj U
pekseHyujcKoj OoMeHU

Receiver operation with the implementation of a low-
pass filter

The demodulation of the discrete modulate signal results in the
discovery of a modulating signal that is in the form of a rectangular pulse.
The procedure of demodulation takes place inside the receiver as
presented in Figure 1. We will first analyze the case when a low-pass filter
is used to demodulate the modulated signal. We use a coherent receiver
in this case. Firstly, the received signal is multiplied by the carrier to get
the multiplied signal

328



1
s (n) =m(n)cos? 2n = EA(l+cosZQn) 0<n<N-1 @

0 otherwise

The wave shape of this signal is shown in Figure 8. The signal is
represented by 4 discrete amplitude A values. The dashed graph notifies
what the shape of the corresponding continuous-time signal would look
like. The DC component of the signal having amplitude A/2 is also
presented in Figure 8. The double frequency term of the discrete time

signal is C0s202n=cos4zn/N_ =cos4zn/4=coszn.

sm(n)=m(n)-sc(n)

Figure 8 — The output of the signal multiplier
Puc. 8 — BbixoGHOU cueHar yMHOXUMess cuzHana
Cnuka 8 — M3na3 mHOXa4a cueHana

The DTFT of this signal gives its amplitude spectral density of the form

S, (£2)= % FT {m(n)(1+cos22n)} = % FT {m(n)+m(n)cos22n}

, (28)
:%M (.Q)+%[M (2-22)+M(2+20Q)]
where the amplitude spectral density of the low-frequency part is
1 AN /2 Q2=+2kr,k=0,12,3,...
—M(02)= i i : .
2 (2) Agrionr —S”,](“QN /2) otherwise (29)
2 sin(«2/2)
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The amplitude spectral density of the LF signal part is shown in Figure
9. This spectrum has the same waveshape as the spectrum of the
modulating signal in Figure 3, but all of its amplitudes are two times smaller
due to the processing inside the demodulator.

2IM(Q)[/AN
1

- -4 0 A4 2 344 T

Figure 9 — Magnitude spectral density of the demodulated pulse
Puc. 9 — AmMnnumyo0OHas criekmparsibHasi miomHocmbs 0eMoOYyIUupPO8aHHO20 UMMYIbCa
Cnuka 9 — CnekmparsHa 2ycmuHa MazHuUmyoe demodynucaHoa rnyrca

Also, the shifted components of the signal are

EM (.QiZ.Q): Ae—j(QiZQ)(N—l)IZ Sin((QiZ-(%)N /2)
4 4 sin((2+20)/2)
AN /4 Q+20 =+2kr,k=0,1,2,3,...| (30)
= ée—j(QiZQ)(N—l)IZ Sir_] ((.QiZ.(%)N /2) otherwise
4 sin((2+20)/2)

and the spectrum of the signal at the output of the multiplier is presented
in Figure 10.

2IM(Q)VAN, 4ISsm(Q)I/AN

7z N
/ \
/ \
/ \
Ha ' \
== ¥ y "‘.A.}:\#I/‘\u \‘i,‘\‘r’\‘f’_ﬁ‘
- -2 -dd 0 o4 2 34 7 574 342 TA4 2n
-2 -Qc Qc 28

Figure 10 — The spectrum of the signal at the output of the multiplier
Puc. 10 — Cnekmp cuzHana Ha 8bixode yMHOXumerss
Cnuka 10 — Criekmap cuaHana Ha usnasy MHoxada
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The power and energy of the demodulated signal can be calculated
in both the time domain and the frequency domain. With expression (27),
the energy calculated in the time domain can be calculated as
n=7 1 n=7 1 1 n=7 1 1
E, = Z(E A(l+cos202n))? = ZZ A% + Zz A? (§+ Ecos4(%n)
n=0 n=0

n=0

n=7 n=7 (31)
=) ZAT+ ) AP =3A°
23" 52
and the power is
E 2
e ©

Using the magnitude spectral density (28), we can find the energy
spectral density. Then, the energy is calculated as the integral value of the
energy spectral density, i.e.,

171 1 1 ,
Sm=Z_j”|§|v|(Q)+ZM(Q—2Q)+ZM(Q+2Q)| do

1

: (33)
=(2+—4jA2 = 3A2
4

which also confirms the value of the signal power expressed in (32).

LPF operation in time and frequency domain. If the LP filter with the
cut-off frequency (2 =714 and the gain Hq is used to eliminate the HF

components at the double carrier frequency, as shown in Figure 10, the
demodulated pulse at the output of the LPF, as shown in Figure 1, can be
obtained and expressed in the frequency domain as

(34)

Md(Q)=sm(g)Hd(Q)z{Hd'M(Q)/Z IlerzF:M}

0 otherwise

We also assume that the double carrier frequency components in the
LP filter bandwidth are negligibly small. We intend to find the signal at the
output of the LPF in the time domain. For that purpose, we can perform a
convolution of the LPF input signal and the impulse response of the filter.
Therefore, we need to calculate first the impulse response of the filter h(n).
The LPF here is considered an LTI system. Then, the impulse response of
the filter is the DTFT of the filter impulse response, i.e.,
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T

V4 O
h(n) = — [ Hy(@ed 0 -1 [ Hed =MsianFn
2 * 27 o, @35

= msinc;m /4
O =rl4 4

for the assumed cut-off frequency of the LP filter of Qr = 11/4, as shown in
Figure 10. The zero crossings are calculated as: SIN(zn/2)=0,

(7n/2) =Kz and n = 2K . The demodulated pulse in the time domain

can be obtained as the convolution of the input signal sm(n) and the
impulse response h(n), i.e.,

1=n

| =00 |=00
m,(n)= > h(n-Ns, () =>_s,(n-Hh()= > s,(n-Hh(1). 36)
|=—00 |=—00 I=n—(N-1)
The procedure of doing the convolution is presented in Figure 11. For
a fixed position of the demodulated signal on the n-axis, the time-inverted
impulse response is shifted from minus infinity to plus infinity, and the
corresponding products are added for every n value, as notified in Figure

11.
sm(n), h(n)

Hd/4

Sm(n)

il i 1 A
() () O
e Al2

! 1

\
\

N

Figure 11 — Convolution of the signals
Puc. 11 — Ceepmka cueHasios
Cnuka 11 — KoHeonyuyuja cueHana

The energy of the received rectangular pulse is expressed as (34),

sin(@N/2)[" (37

H2 Hi
E,o(2) =M (2)f =|H, -M(2)/2] =Td|M(Q)|2 = A Sin(2/2)
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The energy is the integral of the energy spectral density calculated as

2

T 2 2 H 2
Eps =~ | Eyg (Q)d!hiij _Sind@ | o Hig _onzar, (38)
27 °. 4 21 °. Sln(_Q/Z) 4
and the power of the pulse is
2 2
p _Em HiE, Hi, (39)

Comparing relation (39) with expression (11), we can see that the
power of the modulating signal at the transmitter side is attenuated Hj /4

times. If we assume that the filter is defined by Hd = 1, the power will be
attenuated 4 times, or 6.02 dB as it can be seen from this simple
calculation.

a=10log,,(P,,/P,)=10log,,(4/HZ)=10log,, 4 = 6.02 dB. (40)

In a real system, we will have additional attenuation of the signal due
to the propagation and the influence of noise and fading, which will further
complicate the procedures of signal processing inside both the transmitter
and the receiver.

Simulation of the receiver
We performed a simulation of the receiver presented in Figure 1.
The signals are generated in the time domain and the frequency

domain. The demodulated signal obtained by simulation in the time
domain and the frequency domain is presented in Figure 12.

The waveshapes of this signal are equivalent to the signals obtained
by calculations and presented in Figure 8 and Figure 10.
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signal sm(n)
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n
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Figure 12 — a) The demodulated signal, b) the impulse response of the LP filter for N = 8,

Q =rld4dandHs=1
Puc. 12 — a) JemodynuposaHHsbIli cueHas, b) umnynscHas xapakmepucmuka LP-
unbmpa dnaN=8, Q =x/4 uHa=1
Cnuka 12 — a) [JemodynucaHu cueHars, 6) umrysicHU 003U HUCKOMPOIyCHoz ghurimepa
3aN=8, Q =7/4 uHi=1
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Md(n)
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Figure 13 — a) Convolution procedure of the demodulated signal and the impulse
response, b) the output signal obtained by convolution
Puc. 13 — a) lNpouedypa ceepmxu deMoOynuposaHHO20 cueHana U UMMysibCHO20
omkiruka, b) ebIx0OHOU cueHar, Mosy4YeHHbIU nymem ceepmku
Cnuka 13 — a) lNocmynak KoH8onyyuje 0emModyriucaHoe cueHasa u umryscHoe od3usa, 6)
U3/1a3HU CU2Hasl HaKOH KOH8OoITyyuje

The impulse response of the LP filter is presented in Figure 12b). The

procedure of the correlation is presented in Figure 13a) while the
waveshape of the LP filter output is presented in Figure 13b).
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Correlation receiver implementation and operation

As we have seen, the demodulation of the discrete modulated signal
using the LPF results in the discovery of the modulating signal that is in a
form of a rectangular pulse. Based on the sign of the pulse received, the
Decision Circuit decides on the binary value of the transmitted signal. For
the positive pulse, it is said that 1 was transmitted and for the negative
pulse, it is said that 0 was transmitted.

For the same structure of the transmitter, the procedure of
demodulation takes place inside the correlation receiver as presented in
Figure 1 (lower block on the right). The received signal is first multiplied by
the carrier to get the signal sm(n) as in (27). This signal in the frequency
domain is given by expression (28). The wave shape of this signal is shown
in Figure 8. The samples of the signal are accumulated inside the

correlator adder to get
N-1 N

m,(N) = NZ‘ism(n) = Z%A(H cos2.2n) =

n=0

1 1 N-1 1
EA+Zcos2@n=§AN . (41)

=0 n=0

>

The Decision Circuit decides on the mg(N) value and generates, at its
output, 1 or 0 according to this decision rule

o [T m=o
“ =10 m,(N)<0[ (42)

If we send a stream of bits 1 and 0 (by changing the sense of the
amplitude A inside m(n)) at the transmitter side, the receiver will generate
the same stream at its output. Each bit will be generated at the time
instants i-N, where i is a set of natural numbers and N is the number of
samplers in each discrete pulse m(n). This is the case when noise is not
present in the channel, i.e., the channel is noiseless. Therefore, in the
system with a noiseless channel, the decision will always be correct in the
Decision Circuit. Namely, if a positive pulse is transferred, meaning that
the amplitude A is positive, the product (41) will be positive and the
Decision Circuit will generate bit 1 (one) at the output. If a negative pulse
is transmitted, the product (41) will be negative and the Decision Circuit
will generate bit O (zero) at the output. We design transceiver blocks and
use the noiseless channel to investigate the operation of the transceiver
blocks only. When we are sure the blocks are operating properly, we add
the channel simulator to investigate the properties of the whole system in
real conditions. In the presence of noise, the sign of the product (41) can
be changed due to the noise level and the wrong decision can be made.
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Discrete communication system for the transmission
of a filtered pulse

To reduce interference between communication systems, we can use
filtering inside the transmitter. That filtering limits the spectrum of the
transmitted signal. We will analyze the case when the modulating signal is
filtered by an LPF and then transmitted through the transmitter circuits and
received by the receiver circuits in the same way as explained in the
previous sections. The block scheme of the transmitter with the LP filter is
presented in Figure 14.

h(n) s. () =cos(L2.n)

m(n)ﬂé me (") :é}»sF(n): m. (n) - cos(L2.n)

MQ) H©@) MeQ=ME@QH©Q) S{Q)  SHQ)

Figure 14 — Discrete-filtered pulse modulator
Puc. 14 — UmnynbcHbil Modynsmop ¢ OuckpemHoul ¢unbmpauyuel
Cnuka 14 — Modynamop duckpemHoa u ghunmpupaHoe ryrnca

At the input of the transmitter, there is a discrete rectangular pulse as
in the previously analyzed transmitter. The pulse is already presented in
the time domain and the frequency domain in the previous sections. At the
output of the transmitter, there is the modulated signal sg(n) that
corresponds to the modulated signal s(n) in Figure 1.

The LP Filter operation. To limit the bandwidth of the signal, we will
use an LPF of the gain H, which will filter out the first two arcades of the

rectangular pulse defined by the cut-off frequency {2, as shown in Figure

15. In this case, we will limit the power of the filtered pulse to 96.08 % of
the pulse total power as calculated in (13). The filter transfer characteristic
in the frequency domain is defined as

H(Q):{H |Q|S[%=7Z'/2}- 43)

0 otherwise
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IM(Q)/AN

1

AN

——— Ke;
- -2 -7dd 0 4 o2 34 Vs
QF QF

Figure 15 — Spectra of the rectangular pulse and the impulse response of the LP filter
Puc. 15 — Cnekmpbl NpsiMOy2071bHO20 UMIY/Ibca U UMMySibCHasi Xxapakmepucmuka LP-
¢unbmpa
Cnuka 15 — Cnekmap rnpagoyzaoHoe rnysica U UMyJICHOo2 003u8a HUCKOMNPOMYCHO2
¢unmepa

LPF output signal. The output of the filter is a bandlimited signal
having the spectrum defined as

ANH 02=0
2 SIN(2N 1 2) . (44)

M (2)=M(£2)-H(2)=
( ) ( ( ) sin(£2/2) 213

AHg 1™

as presented in Figure 15 between the cut-off frequencies -Qr and +Q¢.

Analysis of the filter operation in the time domain and the frequency
domain. The filtering process is presented in the frequency domain as the
multiplication of the amplitude spectral densities of the input signal m(n)
and the impulse response h(n). This multiplication in the frequency domain
corresponds to the convolution of the signals in the time domain.

Therefore, the filter output signal in the time domain meg(n) is the
convolution of the filter impulse response h(n), which is the sinc function
obtained as the discrete-time inverse Fourier transform (DTIFT) of the
spectrum H(¢2), and the input signal m(n). The impulse response of the LP
filter is calculated as
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7 ) 2 ) +jon |
h(n)=in(Q)e*lﬂ“dQ=i j He'id =1 &
2r <. 27 2 n |,

-0 -

+J2en _ A-jn
_He ° L sing2.n = ALE: sinc2:n | (45
n 2] N2 T ’

= ﬂsinc;zn /2
Qe=rl2 )

having the zero crossings calculated as: Sin(zn/2)=0,
(zn/2) =Kz, n=2K as shown in Figure 16.
h(n), m(n)

H/2 :_Q‘:

Figure 16 — Impulse response and the output of the ideal LP filter
Puc. 16 — UmnynscHas xapakmepucmuka u 8bIXx00HoU cuzHas udearnsHo2o LP-
¢unbmpa
Cnuka 16 — UmnyncHu 0d3ug u u3na3s udeasiHo2 HUCKOMPOMycHo2 ¢hunmepa

The energy of the impulse response in the time domain can be
calculated as

© © 2
E,= > h’(n)=>] [%sinwnlz} , (46)
and in the frequency domain
1 T ) H2 /2 H2
E.=— | H(Q2) dR2=— | dQ2=— 47
" 27zU () 2;;!,2 2 7

339

Berber, S., Mathematical modeling and simulation of a rectangular pulse transceiver operating in the discrete-time domain, pp.316-344



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 2

The filtered signal in the time domain is the convolution of the
rectangular pulse m(n) and the impulse response h(n), i.e.,

=00 |=0
m:(n) = Z m(n—1Dh(l) = Z h(n—1)m(l) . (48)
|=—0 |=—o0
This convolution can be calculated if the values of the sinc function
are calculated and represented by a series of numbers (sufficiently long)
and then convolved with the values of m(n) represented by a finite series
of ones. Since the discrete-time Fourier transform of the filtered signal is

ANH £2=0
M. (2)= AHeij(N—l)/Zw | Q< |
sin(2/2) B

the energy of the signal can be very accurately calculated as it has been
already done in (13), i.e.,

(49)

2

17 2 A2 "2 llsin(2N /2) 2
Ee *— | M (2) d2="- | [>——| d@2==48.295. (50
M 2;:_{[‘ () 2;;_,!,2 sin(42/2) ~ (0)

Having in mind that the carrier is expressed as S,(N) =C€0sS£2N and

that it has 4 samples per oscillation, the spectrum of the modulated signal
is a shifted version of the spectrum of the filtered rectangular pulse, i.e.,

Se (2) = FT{m_(n)cos 2n} = % FT {mF (n)(e'?" +e—jqﬂ)}

1 (51)
:E[MF(Q_-(%)"'MF(-Q"'!%)]
where
. ANH /2 (2-2)=0
_MF('Q_'(%): ﬂ —j(Q—Q)(N—l)/ZSin((‘Q_‘(%)N/2) 3 , (52)
2 2 ¢ sn((@—qyiz) |CTRES
and
. ANH /2 (Q+2)=0
M (2+Q) =1 AH oo SIN((2+2)N/2) , (53)
2 2 ° sin((2+)/2) (2l Q

which is presented in Figure 17.
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Figure 17 — Magnitude spectral density of the modulated filtered pulse
Puc. 17 — CnekmparnbHasi nromHocme MO0y IUpO8aHHO20 0MguUIbMpPO8aHHO20
umnysnsca
Cnuka 17 — CnekmparHa 2ycmuHa mazHumyde bunmpupaHoa MooynucaHoe nysca

The spectrum of the modulated pulse, as a function of the angular
frequency, is shown in Figure 17. The filtered modulated pulse in the time
domain is a product of the filtered pulse and the carrier, i.e.,

|=c0
Se (N) =s,(n)-m.(n)=coszn/2- > h(n-m() (54)
I=—0
This is the modulated signal which has a limited bandwidth. This
signal is transmitted through the channel and processed in the receiver as
presented in the previous sections.

Conclusions

This paper presented a theoretical model and the simulation results
of a discrete-time communication system. The block schematic of the
system’s transmitter and receiver is presented in the form of mathematical
operators and all input-output signals are presented in both the time
domain and the frequency domain. The powers and energies of the signals
are calculated and the attenuation of the signals is analyzed.

Two types of transmitters are synthesized: one with an ideal
rectangular discrete time pulse and one with a filtered rectangular pulse. It
is shown that the application of a filter inside the transmitter reduces the
modulating signal spectrum thus causing the reduction of the modulated
signal bandwidth. Furthermore, two receivers are analyzed: a receiver that
uses a low-pass filter for demodulation and a receiver that uses a
correlator for received signal demodulation. All theoretical results are
confirmed by simulations.
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MaTtemaTtnyeckoe mMmoaenunposaHune n ntMMTauua nepegatymnka
NPAMOYTrOJibHbIX UMNYJbCOB B AUCKPETOM BpEMEHU

CmesaH M. Bepbep

YHusepcuteT OkneHaa,
Kadbenpa anekTpoTexHUKX, BbIYUCINTENBHOM TEXHWUKU U MPOrPaMMHOro
obecneyeHus, r. Okneng, Hosas 3enangus

PYBPUKA T'PHTW: 50.07.03 Teopus u MogennupoBaHne BblMUCINTENBHbIX
cpef, CUcTeMm, KOMIMIEKCOB U ceTel
BWO CTATbW: opurmHanbHasa Hay4yHas cTaTbs

Pe3swome:

Beederue/yenb: B daHHOU cmambe 0b6Cyx0aromcsi 80rpochi meopuu u
pa3pabomku cucmembi C853U 8 OUCKDEMHOM 8PEMEHU, UCMOIb3yemol
011 nepedayu umryribCco8 OUCKPEMHO20 8peMeHU ¢ hunbmpauvuet u bes
Hee. CueHaribl aHanu3upyrmces Kak 80 8PEMEHHOU, MakK U 8 4YacmomHoU
obriacmsix.

Memodsi: Cucmema meopemuyecku rnpoaHanu3upoeaHa Ha 0CHoge bI1oK-
cxembl, Komopasi bbina npedcmasnieHa 8 8ude MameMamu4ecKux
orliepamopos, o KoOmopbiM 8bINO/IHEHO ModenupogaHue cucmemsi Orist
nodmeepx0eHuUs1 meopemu4ecKuUx 8b180008.

Pesynbmamsi: CueHarbl OUCKPEMHO20 8peMeHU npedcmassieHbl 60
8peMeHHOU U YacmommHol obnacmsix, U rno0meepxoeHbl Memodom
UMumauyUoHHo20 ModenuposaHusi, paspabomarHHozo e Matlab.

Bbigodbi: Pesynbmambl OGaHHO20 uccriedogaHusi eHocsim eknad e
meopemuyveckoe  ModenuposaHue U  pas3pabomKy  CO8PEMEHHbIX
OUCKpPeMHbIX cucmem cesi3u.

Knwouesble crnosa: OdQuckpemHasi cucmema ces3u, pa3pabomka
cucmembl, nepedamyuk OUCKPEMHbIX UMMYIbCo8, ubmpayus,
KOppensayuoHHbIU MPUEMHUK.

MaTtemaTtuyko MmogenoBaxe U cumynauuja npumonpeaajHuka
npaBoyraoHMX UMmMynca 3a pag y AMCKPETHOM BpeMEHY
CmesaH M. Bepbep

YHuBep3auteT y OknaHay,
KaTeapa 3a enekTpoTeXHUKY, padyHapCcKy U coTBEPCKY TEXHMKY,
OknaHa, Hosu 3enaHa

OBJACT: TenekoMyHuKauuje
KATETOPWJA (TUIM) UNAHKA: opyruHanHu Hay4yHu pag

Caxemak:

Yeod/yurs: Y pady cy npuka3saHu meopuja u Ou3ajH mernekoMyHUKayUOHo2
cycmema Koju padu y duckpemHom epemeHy. OH ce Kopucmu 3a rpeHoc
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gunmpupaHoz U HegunmpupaHoz OuckpemHoz nyrnca. CueHanu cy
aHannu3upaHu y 8PEMEHCKOM U (hPEKBEHUUJCKOM OOMEHY.

Memode: Cucmem je meopujcKku aHanu3upaH Ha OCHo8y bJIOK-weMe Koja
Je npukasaHa y ¢bopmu MamemamudKux oriepamopa, fpema Kojoj je
u3spwieHa U cumMyrayuja cucmema Kako bu ce rnomepdusiu meopujcKu
Hanasu.

Pesynmamu: CueHanu OuCKpemHO2 epemeHa npe3eHmupaHu cy y
B8PEMEHCKOM U (bpekseHUujckomM OOMeHy U rnomepheHu cumyrnauyujom y
Mamrnaby.

Sakrbyuak: Pesynmamu ogoe pada GorpuHoce meopujcKkoM MoOesiogarsy
u Au3sajHy ModepHUX OUCKPEeMHUX KOMYHUKaUUOHUX cucmema.

KrbyyHe peyqu: QucKpemHu KOMyHUKayuoHU cucmem, Qu3ajH cucmema,
npumonpedajHuk duckpemHoe ryrnca, uampupare, KopesrauyuoHu

rPUjeMHUK.
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Abstract:

Introduction/purpose: This paper presents initial development of the
procedure for electric field estimation in the vicinity of 5G base stations.

Methods: The procedure allows determination of future radiation levels
before traffic is established over applied antenna systems on the basis of
measured values of electric field levels caused by the signal forming
Synchronization Signal Block. It is possible to perform necessary
calculations for a very accurate estimation even if some important
parameters of the radiation characteristics (such as the frequency span
between the frequency carriers on the radio interface) are not a priori
known. In this way, communication with mobile system operators before
measurement is significantly simplified because operators do not need to
know system technical details.

Results: The developed formula for electric field estimation is verified
comparing the calculated values by its implementation to the practical
results obtained by intensive measurements on a great number of 5G
base stations in a highly developed country. The formula gives a
pessimistic result, i.e. a higher electric field level than it is obtained by all
such performed measurements.

Conclusion:; This estimation allows mobile system operators to predict
whether the electromagnetic field around base stations could be
dangerous for human health when systems come to full operation while
considering national and international recommendations dealing with
radiation levels.

Key words: 5G electric field estimation, base station, Synchronization
Signal Block, traffic beam, frequency subcarriers.
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Introduction

Today mobile telephony becomes an unavoidable part of everyday
life. It is hard to imagine everyday life and communication between
people without mobile phones. People are exposed to electromagnetic
radiation of mobile telephony base stations even when they do not use
mobile phones. The number of mobile telephony base stations (BS)
which are responsible for this radiation is constantly increasing. The final
result of this increase is a growth of harmful effects of the
electromagnetic radiation produced on all living beings (people). There is
a consensus in science about some effects (first of all, when considering
thermal effects) while the other, often much dangerous effects, are still in
an investigation phase. This is a reason why electromagnetic field
measurement according to international recommendations is often a
research subject in the whole world. It is important to predict
electromagnetic field levels before traffic is established, especially in the
case of 5G systems implementation.

After this short introduction, Section Il is a survey of the state of the
art when considering already realized measurements for all system
generations from 2G to 5G. This section also includes contributions and
practical results in the same field which are the direct knowledge base for
the presented investigation. Section Il presents the procedure for
determining the electric field in 5G systems. A formula for the electric
field estimation which is developed in the Section Ill is then verified
according to practical independent measurement results presented in the
Section IV. Finally, the conclusions are in Section V.

State of the art

Measurements on different generations of mobile systems are
numerous and the contributions presented in this paper are only a small
part of them. It is important to notice that such measurements have been
defined and realized in Serbia for a long time (lli¢ et al, 2002). The main
concept of frequency selective measurement based on the application of
a spectrum analyzer which allows access to all existing frequency
channels for measurements is presented in (lli¢ et al, 2002). The same
measurement principle is used also in (Hamid et al, 2003) where the
results obtained by collecting data about GSM base stations radiation
using directional and isotropic antennas are mutually compared. In other
words, these two measurements are performed on the basis of an
analysis based on a spectrum analyzer and a meter with a measuring
probe. The results presented in (Gonzélez & Infante Moreira, 2018) are
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based on a specific limited set of measurements on two traffic channels
of the GSM system at 850MHz and 1900MHz which allowed estimation
of total radiation levels for complete GSM systems using statistical
analysis on the basis of the measured mean value and the standard
deviation of the electromagnetic field deviation.

Broadband measurements of base station electromagnetic radiation
are applied besides frequency selective measurements (Biehkowski et al,
2015). Broadband measurements are more rarely applied than frequency
selective measurements, but the obtained measurement results are less
exposed to the risk of statistical uncertainty. The authors in (Kurmaz et
al, 2018) have developed a calculation model to estimate the total
electric field on the basis of six frequency bands with the highest level
with the accuracy of at least 95% to avoid broadband measurements.

Statistical uncertainty of the obtained results by frequency selective
measurements is manifested both in the sense of space where a
measurement is performed and in the sense of measurement time. Such
investigations are the subject of analysis in (Watanabe & Hamada,
2017). It has been proven that measurement results, when considering
spatial uncertainty for W-CDMA and LTE systems, do not depend on the
surroundings (urban or rural) or the analyzed frequency band. The spatial
uncertainty depending on the height from the ground level where a
measurement is performed is also analyzed in (Watanabe & Hamada,
2017). When considering time uncertainty, it is shown that a
measurement in shorter time intervals of only 10s does not significantly
degrade the accuracy of the results comparing to a measurement in time
intervals of 6 minutes according to international requests and this is very
important to speed up the measurement procedure. Estimation of
measurement uncertainty is also the subject of analysis in (Koprivica,
2016).

The coexistence of different mobile system generations at one
location is typical nowadays; nevertheless, their base stations are on the
same pillar or are placed at a short distance from each other (not greater
than 20m). The main directives to realise measurements in such a case
are emphasized in (Telecommunication Engineering Centre, 2021) when
considering the coexistence of 2G, 3G and 4G systems. Additionally,
discussions about malicious effects of new 5G systems on human health
are very frequent today. However, the results of the measurements in
(Ofcom, 2020) prove that levels of electromagnetic fields in the vicinity of
5G base stations are significantly lower than when considering previous
generation systems and, also, that these levels for 5G are lower than it is
allowed according to the international recommendations. A
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comprehensive analysis in (Huang et al, 2022) further illustrates that
there are sites which have even lower levels of electric fields, magnetic
fields or power density after 5G system installation than before. The
explanation may be that users of mobile systems of generations lower
than 5G have switched to 5G systems where radiation is lower. The
authors of (Huang et al, 2022) conclude that it is not sufficient to assume
that 5G is a health hazard without epidemiological findings. When
combining the results from (Huang et al, 2022) and the conclusion from
(Sahin et al, 2013) that the safety distance from a base station is only
10m, we can conclude that radiation caused by base station operation is
dangerous only in a high proximity to the base station which is further
improved by the fact that radiation antennas are usually at the height
greater than 10m thus decreasing the radius of health risk at the ground
level.

Development of calculation methods to estimate electric field levels,
especially in indoor conditions, is a major problem. The authors in
(Lehmann et al, 2002) prove that a simple free space model gives very
poor results when analyzing such indoor conditions. The free space
model overestimates the real measured results. Besides, a disadvantage
of the free space model is very low reproducibility and low standard
deviation of the measured results comparing to a real situation.

The contributions (Mati¢ & Paunovi¢, 1995; Mati¢ & Paunovi¢, 1997;
Mati¢ et al, 2000; Lebl et al, 2017) dealing with the prediction of
electromagnetic fields are the direct base which preceded the
investigation presented in this paper. These fundamental considerations
have included both a theoretical analysis to find an optimal selection
procedure for prediction (Mati¢ & Paunovi¢, 1995; Mati¢ & Paunovic,
1997) and practical realization on the basis of digital signal processing
algorithms (Mati¢ et al, 2000). In the recent past, the contribution (Lebl et
al, 2017) included the role of real telecommunication traffic processes in
electric field level estimation in the vicinity of base stations. Practical
realizations of measurement procedures are presented in (TuSup et al,
2022).

Electric field determination for 5G systems

Frequency selective measurement makes it possible to
approximately determine the maximum electromagnetic radiation of base
stations when all traffic channels are busy. One possible principle in the
case that this method is applied is to measure the electromagnetic field
only in channels where emission power is always constant and, for
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systems from 2G to 4G, maximal. After this field level is measured, the
total radiation is further determined by calculation. Very similar formulas
are used for calculation in the case of GSM (2G), UMTS (3G) and LTE
(4G) systems (European Committee for Electrotechnical Standardization,
2014). For GSM systems, the following formula is used:

E =yNrx - Egccn (1)

where Egccn is the electric field level which originates from always active
channels on the first carrier (Broadcast Control Channel — BCCH) and
nrx is the number of available frequency carriers. Similar formulas for
UMTS systems and LTE systems are presented in (European Committee
for Electrotechnical Standardization, 2014; RATEL, 2018) where the
power coefficient (np) is used instead of ntrx for other types of mobile
systems instead of GSM. Typical maximum values of coefficients under
the square root in equations as (1) are presented in (W-Line, 2021). The
formulas in these three emphasized cases imply that power control in
traffic channels as a function of mutual distance between a base station
and mobile stations is not applied and that all traffic channels are always
busy. In such a way, it is achieved that the final result is directed to the
safe side: the calculated field is higher than it will be in reality.

The expected forms of the electromagnetic field when 5G systems
are applied are shown based on the analysis given in (Franci et al,
2020a; Franci et al, 2020b). Before showing the shape of the signal itself,
the basic characteristics of the 5G signal that affect the shape of the
signal will be mentioned.

In the time domain, the duration of the basic frame of the 5G signal
is 10ms (as is also the case when 4G signals are implemented). This
frame is divided to 10 subframes of 1ms duration. Each of these
subframes is split to 2* slots where it is y=0, 1, 2, 3 or 4. Each slot
consists of 14 or, in some cases, 12 Orthogonal Frequency Division
Multiplexing (OFDM) symbols. The applied modulation types correspond
to those ones at 4G systems: Binary Phase Shift Keying - BPSK,
Quadrature Phase Shift Keying — QPSK, Quadrature Amplitude of order
16, 64, 256 — 16QAM, 64QAM, 256QAM.

There are two ranges in the frequency domain dedicated to 5G
signals. The first one (Frequency Range 1 — FR1) covers the frequency
range 450MHz — 7125MHz and the second one (Frequency Range 2 —
FR2) covers the frequency range 24GHz-50GHz. The further analysis will
deal with FR1 as in Serbia the frequency range reserved for 5G systems
is 3.4-3.8GHz.
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The frequency bandwidth intended for one 5G system is 100MHz.
This available frequency range is separated to a number of frequency
subcarriers whose number depends on the frequency span between the
defined subcarriers. This span is directly proportional to the symbol
transmission rate in a subframe. That is why it may be expressed as
2V.15kHz. Considering the already emphasized values of u in the range 0
to 4, the total number of subcarriers would be between Nscmax=6660 (When
it is u=0) and nsmin=408 (when it is y=4). The subcarriers are grouped into
groups of 12 adjacent ones which form one Resource Block — RB.

It is very important to perform the first electromagnetic field
measurements for 5G systems before their operation start-up. In such
situations, only a signal in the Synchronization Signal/Physical Broadcast
Channel (SS/PBCH) may be expected to exist. This signal is also called
the Synchronization Signal Block (SSB). It consists of the
Synchronization Signal (SS), the Physical Broadcast Channel (PBCH),
and the Physical Broadcast Channel Demodulation Reference Signal
(PBCH-DMRS) which is used as a reference signal for decoding the
PBCH. This signal takes four symbols in the time domain and nscssg=240
mutually adjacent subcarriers (or 20 RB) in the frequency domain.

Fng 0 dBrn
0
dBm

Loghkdag

10
dE
fdie

=100

dBm
Span 100 MHz
Tirnelen 2 mSec

Figure 1 — SSB signal in the frequency domain, i.e. a 5G signal when there is no traffic
Puc. 1 — CueHan SSB e yacmommHoui obnacmu, m.e. cueHan 5G npu omcymcmeuu
mpadgpuka
Cnuka 1 — SSB cueHan y ¢ppekseHyujckom domeHy, 00HoCcHO 5G cueHan rpe
ycriocmaesbarba caobpahaja

350



The specific shape of the SSB signal in the frequency domain is
presented in Figure 1 (Franci et al, 2020b). This is also the shape when
there is no traffic because the SSB signal is the only signal which then
exists in the 5G subframe. Such a signal is also obtained when electric
field intensity is recorded. The total frequency bandwidth where
significant frequency components are registered is 7.2MHz (in relation to
the whole bandwidth 100MHz for one 5G system). It, further, means that
the total frequency span between two adjacent frequency subcarriers is
7.2MHz/240=30kHz or, in other words, it is p=1. The frequency
bandwidth of the SSB signal for other values of y will be different.

If the value of y is thus determined, this also determines the total
number of frequency subcarriers which are used to calculate the value of
the total electric field on the basis of the measured electric field with no
traffic. This number is =3330, in accordance with the previous
considerations. It is necessary first to measure the signal in the
frequency band which corresponds to the SSB signal.

Starting from (1), the maximum value of the electric field for 5G
systems only on the basis of the measured field caused by the SSB
signal in a general case of any value of y may be expressed as

n
Esg =Ks - % "Essp (2)
scSSB

275
Esg =k \/2—# "Essp (3)

In these equations, Essg is the value of the electric field caused only
by the SSB signal and ks is the coefficient which has to be applied to
multiply the obtained field value because traffic channels do not have the
same power at the receiving point as the SSB channels. Among all
available SSB channels, the one which causes the maximum electric
field is selected. The concrete value under the square root in (3) follows
from the previous consideration that 240 subcarriers form one SSB signal
and the maximum electric field at the place of reception would appear in
a very unreal traffic situation that all available 6660/2" subcarriers are
transmitted to only one user. Equations (2) and (3) are based on the
analyses and formulas from (Migliore, 2022). A more accurate (but very
approximate) value of the number under the square root may be found
according to (Malaysian Technical Standards Forum Bhd, 2021).

or, in other words,
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There is also another important characteristic which has to be
emphasized when 5G signals are transmitted: implementation of
antennas whose radiation pattern is variable (not fixed). The optimal
beamforming for different signals in the 5G subframe is achieved in this
way. When the SSB signal is considered, it is transmitted using several
radiation beams in fixed, a priori defined directions to allow all users in
the area around the base station to detect some of these signals in an
adequate way. When traffic channels are the subject of analysis, a
radiation beam is separately formed for each user (in a direction towards
him) to allow optimal signal detection. The beams for SSB signals are
considerably wide to allow for greater space to be covered by one beam.
On the contrary, traffic beams are very narrow to decrease interference
from other traffic channels at the receiving side as much as possible.
This whole analysis is illustrated by Figure 2.

mobile
phone
antenna

traffic
beam

mobile
phone
antenna

b)

Figure 2 — Beamforming in the case of: a) SSB signals; b) traffic channel compared to
SSB signals
Puc. 2 — ®opmuposaHue ryqka ussy4eHus 8 criyqasix: a) cueHanoe SSB; 6) kaHana
mpadgpuka no cpasHeHuro ¢ cueHanamu SSB
Cnuka 2 — ®opmupar-e cHomna 3padetba y criyyajy: a) SSB cuzHana; 6) caobpahajHoe
KaHana y nopehery ca SSB cueHanom
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Figure 2a) presents the radiation pattern for SSB signals which is
formed, for example, when a 4-fold beam (SSB1 ... SSB4) is transmitted
and when each of these 4 beams is transmitted in a different period of
time. The maximum number of SSB beams is 8 for the frequency band 3-
6GHz, which is used in Serbia for 5G systems (Migliore, 2022). After that,
Figure 2b) presents the relation of two beams: the SSB signal beam and
the traffic channel signal beam. As the beam corresponding to the traffic
signal is directed directly towards a user, in the case without the applied
power control, its level at the receiving side will be higher than the level
of the SSB signal. The other important consequence of high directivity of
traffic beams is that the electric field level is significantly lower when
there is traffic to more than one user and thus distant users have very
small influence on the electric field at the place of the considered user.
This is the reason why the value of ks in equations (2) and (3) calculated
for some specific user depends primarily on (besides traffic) the antenna
radiation pattern for SSB signals, i.e. on the angle between the direction
of the maximum SSB signal from a BS and the direction of a BS towards
a user. The value of ks also depends on the ratio of the maximum
radiation signals (at 0° of the radiation pattern) for SSB signals and traffic
signals. The data about the radiation pattern of active antennas applied
for 5G systems are limited or often even not supplied (Migliore, 2022). In
such conditions, the antenna characteristics from (Biscontini, 2021),
presented in Figure 3, could be incorporated in the procedure of ks
calculation.

0 l /_/
AN

Radiation pattern (dB)

10 :
=90 =60 —30° (= a0 (110 ane

o or & ()

Figure 3 — Example of the radiation pattern of SSB signals (Biscontini, 2021)
Puc. 3 — lNpumep duazpammbl HanpasneHHocmu cueHasioe SSB (Biscontini, 2021)
Cnuka 3 — lNpumep dujaepama 3paderba SSB cuzHana (Biscontini, 2021)
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The maximum value of ks depends on the antenna radiation pattern
attenuation at the amax angle (ammax) Where the SSB signal has the
maximum attenuation and the ratio of the traffic signal beam amplitude
and the SSB signal beam amplitude (risseb), i.€. their values at the angle
0° of the radiation pattern. Or, in other words,

Ks =2, max “ftssab 4)

The implemented SSB beams must cover the whole area around a
BS to allow all users to receive some of SSB signals. When considering
the azimuth (@), it is 360° and when considering the elevation (6), it is
180°. This space is in this analysis covered by only four antennas. The
beams of these four antennas are directed from the BS tower down at
the angle of 45° in relation to the horizontal plane. In such a case, the
maximum angle between the highest radiation direction and the user
position towards the BS for the nearest SSB signal iS amax=~60°
(OnlineMSchool, 2023). If the radiation pattern such as the one from
Figure 3 is applied, the maximum BSS signal attenuation comparing to its
peak would be about 10dB (asmax=3.16). With the maximum number of 8
beams, this angle would be even lower, but a further calculation will
include the worst situation of four antennas.

When dealing with the rssep factor, its estimation is very complex
(Adda et al, 2020). The factors which have influence on rsssp are
reflections, scattering objects around the measurement point, the fact
that considered point may be in a Not Line of Sight (NLOS), implemented
propagation model, etc. However, the analysis performed in (Adda et al,
2020)] (Figure 7) pointed out that it is rissers<10dB, or again rissgp<3.16.
This analysis presented by Figure 7 in (Adda et al, 2020) is limited to free
space (Figure 7a) and to the case of free space with added one
conducting plane at a significant distance (Figure 7b).

The influence of reflection as a very important factor which increases
the electric field should be further modelled. One possibility is to increase
the value of rissep by its multiplication with the factor 1+I:

lisser = rtsssb'(1+r) (5)

where [ is the coefficient of surface reflection (W-Line, 2021) and rissgsr
is the ratio of the traffic signal beam amplitude to the SSB signal beam
amplitude modified by the influence of the reflection coefficient.
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The value of I is 0.3 in urban surroundings or 0.6 in rural
surroundings. Practical importance of the influence of reflection is
illustrated in (Conil & Agnani, 2020). Now, taking the value '=0.6, the
estimated value of the factor ks is ks<16. Formula (3) may be simplified
to:

84.29
Esg < ﬁ Esse (6)

Comment about the estimation results reliability on
the basis of measurement results

The reliability of formula (6) may be verified on the basis of the
results presented in (Agence nationale des fréquences, 2020). The value
of the coefficient ks used to multiply the measured electric field (Esss)
before traffic is established in order to predict the maximum electric field
after traffic is established is determined according to the measurement
results presented in (Agence nationale des fréquences, 2020) and
compared to the corresponding value in (6).

It is emphasized in (Agence nationale des fréquences, 2020) that
the applied systems have y=1, i.e. the frequency gap between carriers is
30 kHz. The value of ks for such a case in (6) is 59.78. The
corresponding values according to the table in the Executive summary of
(Agence nationale des fréquences, 2020) are 45 maximum. This means
that this paper's estimation is oriented towards the “safe side” i.e. it gives
a higher electric field than it is in reality.

Conclusions

The main contribution of this paper is the development of a formula
to calculate the maximum electric field for 5G mobile systems. The
formula is implementable first of all to predict the field level in the phase
before traffic is established. The prediction is based on the measured
value of the electric field caused by the SSB signal which is the only
signal that exists when there is no traffic. The formula development for
5G systems is based on similar known formulas for other generation
systems and it is developed on similar principles. The obtained formula is
verified on the basis of the measurement results performed in a highly
developed country (Agence nationale des fréquences, 2020; Conil &
Agnani, 2020) following a similar procedure as the one presented in this
investigation. The analysis is performed in the theoretical sense but it is
intended for future practical estimation of measurement results.
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OueHKa MakcMMarnbHOro aMneKTpu4eckoro nomns B6nunsun 6asoBbix
cTaHuuin 5G 0o BBOAA B 3KCNNyaTaLuio

AnexcaHdap B. le6bn?, [Jxypadx Byanmmp®

a AO ,MPUTEIJT», oTaeneHne pagnocenasu,
r. benrpag, Pecnybnuka Cepbusi, koppecnoHaeHT

6 BeCTMMHCTEPCKUI yHUBEPCUTET, T. JToHAoH, BenukobpuTanus

PYBPUKA TPHTWU: 49.33.29 CeTu cBa3n
BWO CTATbW: opurmHanbHasa Hay4yHas ctaTtbs

Pesrome:

Beederue/uyenb: B OaHHOU cmambe npedcmasrnieHa repeoHaqaribHasi
paspabomka npouedypbl OUEHKU 3JIEKMPUYECKO20 rons  ebnusu
6a3o06bix cmaHuutl 5G.

Memodei: [lNpouedypa nosesonsem onpedensms 6ydywull ypoBeHb
usrnydeHusi 4o ycmaHoesnieHuUsi mpaghuka no fMpuUMeHsIEMbIM aHMEeHHbIM
cucmemaM, Ha  OCHOBaHUU  U3BMEPEHHbIX  3Ha4YeHul  yposHel
3/IeKMPUYECKO20 [10/1, 8bl38aHHbIX CU2Hanamu, 0bpa308aHHbIMU
6riokoM cuzHarnoe CcuHxpoHu3ayuu. Takol rnodxod daem 603MOXHOCMb
8bINOHAMb HeobXo0uMble 8blHUCIeHUs Ol C8EePXMOYHOU OUEHKU,
Oaxe Koz20a BaxHble MapaMempbl U XapakmepucmuKku U3/yqYeHusi
(makue kKak OQuara3oH 4Yacmom Mex0y Hecywumu Yacmomamu Ha
paduouHmepcgbelice) HeuzsecmHbl. Takum  obpa3oMm, ces3b C
orniepamopamu MobusnbHOU cucmeMbl neped UsMepeHUeM 3HaqumesibHO
yrpowiaemcsi, OCKO/IbKy  orepamopaM HeobsisamesisHO — 3Hamb
mexHu4yeckue demarsu cucmeMai.

Pesynbmamsi: Bepugpukauyusi paspabomarHol ¢opmyrbl Onsi OUEeHKU
3/1IeKMPUYECKO20 1107151 rpou3eedeHa rymeM CpasHeHUs! 8bIHUC/IEHHBIX
3HavyeHUl rpu ee BHEOPeHUU C [PaKMUYeCKUMU pe3yrbmamamu,
MOly4YeHHBbIMU 8 pe3yfibmame UHMEHCUBHbIX U3MepeHUl Ha 6071bwom
Komudecmee b6a306bix cmaHuyuli 5G 6 ebicokopa3eumoll cmpaHe.
Qopmyna OGaem neccuMUCMUYHbIU pe3yfibmam, m.e. [oKasblieaem

359

Lebl, A. et al, Maximum electric field estimation in the vicinity of 5G base stations before their start-up, pp.345-361



Q VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 2

bornee @abicokull YPOBEHb J3JIeKMmMpU4YeCKoe0 T[10JI4, 4YeM T[pu 8cex
B8bIlNOJIHeHHbIX USMEPEHUSIX.

Bbi600dkbi: briazoOapsi OaHHOU OUeHKe oriepamopbl MOBUSbHLIX cUCmeM
Mo2ym npoeHo3uposams, 6ydem fu 371eKMpPOMacHUMHOE osie 80KpYe
6a3oebix cmaHuyuli  fpu  MofHOM esedeHuUU 8  JKCrTyamayuro
npedcmassisimes y2po3y 300p0BbI0 YE0BEKA, C YyHEMOM HaUUOHasbHbIX U
MexxOyHapOOHbIX pekomeHdayul, KacaroujUXCsl YPOBHST U3ITyHeHUS.

Knwyesble criosa: oueHKka anekmpuyeckoz2o rnonsa 5G, 6asosas
cmaHyusi, 650K cu2Haro8 CUHXPOHU3auuu, [My40K U3/Ty4YeHUs,
yacmomeHble nodHecyuue.

MpoueHa MakcUMarHe jaunHe enekTpuUYHor norba y 6nmavnHu 6asHe
cTaHuue 5G TexHonoruje npe keHor nywTaka y paa

AnexcaHdap B. lebn?, hypah Byoummp®
aNPUTEN a.a., Ogerberse 3a paguo-komyHukaumje,
Beorpap, Penybnvka Cpbuja, ayTop 3a npenucky
6 YuusepanteT BecTMuHcTep, JloHaoH, YjeamweHo KparbescTeo

OBJACT: TenekomyHukauuje
KATETOPWJA (TWIM) UNAHKA: opyruHanHu Hay4yHu pag

Caxemak:

Yeod/yurb: Y pady je npukasaH noyemHu pa3eoj npouyedype 3a rnpoueHy
JaqyuHe enekmpu4Hoz rosba y 6nusuHu 6asHe cmaHuye 5G mexHoroauje.

Memode: lNpoyedypa omoeyhasa odpefusar-e bydyhez HU8oa 3payera
Ha OCHOBY U3MEPeHO2 Hueoa efleKmpuYyHo2 [o/ba Y3POKO8AHOR
CuzgHanom Koju ¢hopmupa bJIOK CUHXPOHU3AUUOHUX Cu2Hasia rpe Heao
wmo ce ycrnocmasu caobpahaj npeko npuMereHo2 aHMeHCKo2
cucmema. Moayhe je usepwumu rompebHe mnpopadvyyHe padu epsio
mayHe rnpoueHe, Yak U ako HeKU 8aXHU rnapamMempu Kapakmepucmuke
3payerba (Kao WMo je pasmak cbpekeeHuuja usmehy bpeKkeeHUUjCKUX
Hocunaya Ha paduo-uHmepagbejcy) Hucy yHarped nos3Hamu. Ha maj Ha4yuH
Je, npe camoe Meper-a, 3HamHo fojeGHocmaess/beH fpouec KoMyHuKayuje
ca ornepamopomMm MobusiHoz cucmema jep OH He Mopa ro3Hasamu
Oemarbe mexHU4KUx nodamaka o cucmemy.

Pesynmamu: WseedeHa ¢hopmyrna 3a MpoUEHy jaduHE erleKmpuyHo:
rnorba eepuchukoeaHa je ropefleeM HeHux pe3ynmama ca
fpakmuyHUM pesynmamuma O0OUjeHUM UHMEH3UBHUM MeperuMa Ha
geriukoM b6pojy basHux cmaHuuya 5G mexHonoeauje y jedHof
sucokopassujeHoj 3emsrbu. Popmyna Oaje necumucmudaH pesynmam,
OOHOCHO MoKa3yje euliu HUBO efleKmpuy4yHo2 rosba 00 OHoea Koju ce
Oobuja y ceumMm peanu3oeaHUuM MepeHsUMa.
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Sakrbyuak: Osa npoueHa omocyhasa ornepamopy MobusiHoz cucmema 0a
npedsudu Oa nu bu enekKmpoMazHemHo [oJ/be Yy OKO/UHU 6a3He
cmaruye moarno da byde onacHO 3a sbydcko 30paesbe Kala cucmem
padu rnyHuMm Kanauyumemom, y3umajyhu y o063up HayuoHarHe U
UHMepHayUOoHasIHe rperiopyke Koje ce 00HOce Ha HUBO 3payderba.

KrbyyHe peuu: npoueHa efiekmpu4Ho2 nosba 5G mexHonozuje, 6asHa
cmaHuuya, O6510K CUHXPOHU3AaUUOHUX cu2Hana, caobpahajHu cHom
3payverba, (hpeKseHUUjCKU nodHocUoUU.
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Abstract:

Introduction/purpose: The paper describes a more advanced theoretical
model of the Earth's EM field based on two-component hypotheses. A
defined mathematical model that shows the rotation of the magnetically
conducting sphere of Tthe magnetization M in a foreign magnetic field and
the components of the magnetic field that may arise due to the rotation of
the Earth around its axis. According to the established model, in relation to
the reference values of the planet Earth, the values of the components of
the other planets in the solar system were calculated and the results were
tabulated.

Methods: The solution to the problem highlighted in the title of the paper
was determined using the combined, for that purpose, formalized methods
of physics and mathematical analysis, in order to develop a new, more
advanced mathematical model. For this purpose, the method of analogy
was used, related to the application of similar structural forms and
systems for researching electromagnetic processes and planetary
rotation. The method of analogy was applied for two interrelated reasons.
The first one is that all values that characterize the function of any natural
system are subject to change, and the second one is that the applied
solutions do not determine the conditions of the structure's function in
each specific case.

Results: The solutions in the form of original analytical formulas and
numerical values arranged in Table 2, referring to the influence of the
rotation of the planets and especially the Earth, will be applied to research
the effects of the EM field emitted by the Sun towards the planets,
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especially the role that the process plays in protecting the planet Earth.
The results given in Table 2 are particularly important.

Conclusion: The paper discusses the appearance and effect of the Earth's
EM field in a way that is understandable at the current level of scientific
development. Scientific findings in science and measurements in geo- and
astrophysics indicate the Sun as a possible source of the EM field that
extends through interplanetary space and the component of the Earth's
magnetic field is only a response to the influence of that source. Natural
phenomena and processes on the Earth can be defined in system theory
by a model that contains changes in the parameters of the state of the
planet.

Key words: advanced model, theory, planets, rotation, magnetism,
magnetic field.

Introduction

The division of the Earth's EM field into electric and magnetic field
components is relative. Electrostatic loads create a component of electric
field strength and in the vicinity of immobile charge carriers there is only
an electric field component while a moving carrier creates a magnetic
field component (Bjeli¢ & Markovi¢, 2023). The Earth's magnetic field
protects life on the Earth from cosmic particles, and a weakening of the
field reduces the protection. In astrophysics, the Earth's magnetic field is
defined as a physical field created and maintained by the rotation of
charged magma in the core (according to the accepted dynamo theory)
(Jacobs, 1987).

Nikola Tesla was the first to realize that the Earth is a good electrical
conductor and that the upper layers of the atmosphere have an important
role because, according to the measurements, they contain a stable
conduction line. Based on Tesla's postulate, EM processes inside the
Earth and in its outer layers can be viewed through influence as:

— an electrostatic system with a solid sphere and outer layers carrying

charges,

— an elementary electrostatic dipole that creates the electric and

magnetic components of the EM field,

— an elementary magnetic dipole that creates the electric and magnetic

components of the EM field,

— an elementary resonator of the electric component of the EM field, as

suggested by Tesla, and

— a planet that rotates under the action of the forces created by the

electric and magnetic field components.
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A more advanced model of a dielectric sphere in a
foreign homogeneous electric field

To obtain a more advanced model of the dielectric sphere in a
foreign homogeneous electric field, the starting relation for the potential is
important:

o :%Jrcz+(C3ir+c4i/r2)cosa, 1)
e ZC_16+CZe+(C3er+C4e/rz)cosa. (2
r

The potential ¢(r) for r—>w iS @=¢y+Egrcosa. After
substitution, we get: Coo = ¢y, C3¢ =Eg.

For a point charge, the electric field E=q/ 4;zgogrr2 depends on

(r):

q Cee
=—|Edr = =—.
7 =] Amgoe,r T 3)

By analogy, C,. / r is a component of the total charge of the sphere.
For the total charge of the sphere q=Q=0 in relation ¢, to this
constant is equal to C,, = 0. After that, the constant is determined C,;:

Pe = P +(E0r +Cye / rz)cosa. 4)
The potential of all points in a spherical dielectric ¢, is a finite value
valid only for C;; =0 and C, =0 (if the C; =0 component were in the
center of the sphere it would be (C;/r)— . C, with sufficient
accuracy to determine the potential in the field of the outer domain C,, is
Cyi =Cye = ¢y - Inside the dielectric is: ¢ = ¢y +Cs;r cosa .
The constants C,, and Cj are determined from the boundary
conditions. From the equations for ¢,, ¢; for r = R; which the condition

equivalent to the condition E; =E,,, follows: CgR;=EyR;+C,/RZ,
C, =-EoR;}.

C,i and Cg; follow from the equality of the normal components of
the induction: Dy, =D,, and E;; = E,; at the limit:

364




o) () ( 2Cae
—&| — = —& PRI = ,8' C3): =& EO— y 5
I( or r=Rq “Lor r=Rp | R ) Rf r=Ry ©

3¢ 3 Eo — &
C. =E € C4 =Cyo =RE;—=2—
s S0 g g T T e TR0y T (6)
3¢, Eo — &
gEg—8—=¢gEp|1-2—=—|. 7
000+ © 0( 256+5J )
The potential in the dielectric from z =r cos« is:
3¢ 3¢
=@y +Eof —=—cosa=¢y+E;g——=—7z.
7= 0 28, + & i 0 28, + & (8)
The strength of the electric field in the dielectric is:
_ 0ps 3é&e
a7 oz 0 280 + & ' ©)

The strength of the electric field E has the direction of the z axis,
does not depend on the coordinate and the field is homogeneous. The
potential outside the dielectric is:

Pe = P +E0{r T (Rl3 / rz)}cosa. (10)
Ee T &

For the chosen spherical coordinate system, the components of the
electric field strength outside the dielectric are:

6(/) En — & 3 3
E.=—8=F,|1-— " 2R /r COS o .
re or 0|: 2 3 i ( 1 )} (11)

The field strength and potentials of the charged dielectric sphere are
calculated according to Gauss's law and the solutions are given in Table
1. The obtained formulas for the sphere are calculated in relation to the
parameter « .

On the surface of the sphere for r =R, is:

Erg = Eo(l— ZﬂJcos a,
2€e + &

10 R? & -¢ —
e =22 =Ep 1+—+ "L sina.
r oo r° 2sq + &
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Table 1 Electric field strengths on the sphere
Tabnuua 1 — HanpsikeHHOCMb 351IEKMPUYECKO20 MoJisl 8 cghepe
Tabena 1 — Ja4uHe enekmpu4Hoz rosba y cehepu

a =0, Field Equator « =90° 7 a =1809, Field strength,
strength, N pole Field strength S pole

Erie =Eo| 1-2-2 5L ||E,, =0|ERge =0 |Ege = Eq| 1+ 24 || Epge = -Eo| 1-2—2 5 ||E, =0
2e¢ +&j 260 + 5 26¢ + &

The components E, at all points on the sphere are greater than the

external field components, and the lines D start from free charges, break
at the boundary surface and pass through the sphere without
interruption. The resulting field is homogeneous, but the field is also
affected by the polarization of the bound charges in the dielectric
(Pordevi¢ & Ol¢an 2012).

The resultant field strength in the sphere (inter) is the difference
between the strength of the foreign field E, and the field E, due to the

polarization:
E, =Ey—E,. (13)
The potential in the sphere is determined from the component of the
foreign field in the sphere E,(z) for r <R,, E, =—d¢,/ 0z, and the
potential of the bound charges if ¢, =0. For z=0 and z=rcosa we

get:

¢ =—(Eq-E,)cosa. (14)
The component —Egrcosa is created by the external field and
E,rcosa is created by the bound charges in the sphere. Part of the

potential from the moment of polarization, equivalent to a polarized
. Cosa
sphere is 0¢ = p_2 .
A 1
The sum of that part and the potential created under the influence of
the external field ¢; = ¢ + 0p is:

pcosa

Yo =—Eprcosa + > -
47 ot

(15)

The boundary conditions r <R, for strengths E, and inductions D,
outside the sphere are:
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. psina .
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0 4773eR13 ( 0 a)) a7

3

3 —_ i
From the equation Eg. =_aaqoe =Eo( —&;‘*—‘Q'Jcosa and
r r Ee T &

Eo —P (18)

Itis also for r <Ry, Dj, =Dg,, thatis for r = R;:

g-%)  _g (%)
oa r=Rq oa r=Rq

(19)
pcosa
£eEqCOSa + R &(Eq —E,)cosa.
It follows from equation (18):
Ei — &,
eEqg+26,E =¢Ey-¢E_,E =—"1""C E..
eko ebFw = 6ik0 ~éiEy, By & + 264 0 (20)
The vector of the polarization moment of the sphere is:
& — &
p=4mRIE, = 4w R S E,. (21)

&g + 289
If the surface load density 7 is uniformly distributed on the surface

of the sphere, it is equal to the normal component of the polarization
moment of the sphere 7 =Pn =P cos«a, where:

P=—_=p/|=7R? =3¢, 11— E,=3¢.Ew.
st p [3 1) € 5i +256 0 © (22)
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A model of an electrically conducting sphere in a foreign
homogeneous field

At all points of the plane x0y passing through the center, the

conductive and electrostatic unloaded sphere has the same potential
@ #0. At a distance z=rcosa from the sphere that is very small

g =0 according to the radius R; = Ry, it is considered that the sphere
has no influence on the EM field (if the total load on the sphere is =0,
the influence of the sphere exists if the point load appears as the sum of
the free charges on the sphere Q #0).

The potential ¢ at a distance r is:

0= +¢g +Egrcosa . (23)

A7 ¥

a
The first member on the right side is the response of the sphere
loaded with Q =0, and the increase in potential is Eygr cosa due to the
influence of the foreign field on the right side z=rcosa (for r -« the
potential is @0 )- The solution of the equation
p=p" +o"N =(C,/1)+C, +(Cgr +(C4 / I‘z))COSa is suitable for points
infinitely far from the sphere and can be substituted into the equation for
the potential (1) and (2), and then there is a unique solution with 4
constants. After substitution, the constants are:
C]_:Q/47T‘€a,C2=(00,C3:E0,C4. (24)
C, cannot be determined by substitution, because in the equations
for the potential (1) and (2) there is no component inversely proportional
to r?, and therefore it is determined from the condition that all points on
the boundary surface r = R; of the sphere have the same potential.

Tangential components at the boundary must be equal to zero.
Eit=E& =0. Thenitis:

Q 2
=const. = + @ +|EgR, +1C, / R Jlcos ¢ -
(4 172, Do [ o1 ( 4 1) (25)

When changing the angle «, the right side of the equation is
constant if:

(E0R1+C4 / Rf)zo, (26)

where: C, = -E4R; .
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Therefore, at all points of the dielectric surrounding the conducting
sphere, the potential is equal:

R3
7 + @ + EO(R1 - —;]cosa . 27)
r

A 1

For a spherical coordinate system, the two components of the field
strength follow from the equations:

g -0 g 10 g L O (28)
or a r oo rsina op
op Q 3,.3
E =2 _— —Ey|IR; +12Ry /7 )Icos a
o Amr? 0[ 1 ( 1 ) (29)
€, =122 - Eoft-[R3 /1 foina (30)
o

For Q=0 on the surface r =R; is E, =-3Eycosa. The field
strength is for a=0, Egr;=-3E,, E, =0, «=180°, Eg;=-3E,,
E, =0. The E, components at points on the sphere are three times
larger than the components of the foreign field.

At the equator for o =90° and Eg; =0 is:

E, =E, (1— R/ R} )sin a=0. (31)

A magnetically conducting sphere in a foreign
magnetically homogeneous field

To determine the solution for a magnetic sphere of a radius R; in a
foreign magnetic field, with given constants inside y; and outside x, the

sphere and boundary conditions, solutions for a dielectric sphere with
dielectric constants in a foreign electrostatic field are also used
(Dziewonski & Anderson, 1981). In a system of stationary charges and
an environment where electrical conductivity is zero, the electrostatic
field is a special case of stationary:

a) rotE =0, b) divD = py » €) D=¢,E . (32)

For rotE = 0, the electrostatic field is vortex-free. It
rotE =rotgradg =0 follows E =-gradp. So the field is potential
because it represents the gradient of the potential function and the sign
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(-) indicates that the E direction is from a point of greater to a point of
lesser potential. If the conduction current density is zero, the magnetic
field is:

a) rotH =0, b) divB =0, ¢c) B = sH. (33)
The following equations of magnetostatics are identical to the
equations of electrostatics in the areas with p.,,, =0, that is rotH =0,

rotE =0 and are equivalent to the equations H:—grad¢m and

E =—gradey .

Boundary conditions on the surface of the magnetic sphere in a
foreign magnetic field refer to the equality of the normal components of
the magnetic induction and the tangential components of the magnetic
field strength in both environments, outside the sphere and inside the
sphere (index i for internal space and e for external space).

For a dielectric sphere in a foreign uniform electric field, the
boundary condition on the surface is:

Din = Den, Eit =Eet, Bin =Ben, Hit =Hegy. (34)
In the analysis of the influence of the external field HO on the

magnetically conducting sphere, the methods of electrostatics EoH,
D« B, P« M are used. Polarizaton P =dp/dV corresponds to
the product of the magnetization M =dm/ dV and the constant z,. A

dielectric sphere in a foreign electric field is polarized as a homogeneous
medium, and the same thing happens with a conducting magnetic sphere
Uy > o in a foreign magnetic field. The strength H, of the

demagnetization magnetic field in the sphere and the direction opposite
to the direction of the foreign field defines the magnetization of the
sphere. The equation analogous to the field strength E of the dielectric
sphere is the magnetic field strength of the magnetization of the
magnetoconducting sphere:

_ %~ ¢%e Eo. H = H#"Ho

& + 28, T Uy +u (35)

[0

Outside the sphere, the component created by the magnetization of

the sphere appears as an elementary current field in the center of the
sphere, and the magnetic moment m is the sum of the magnetic
moments of all elementary currents in the domain. The magnetization of
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the magnetic field in the sphere is obtained similarly to the polarization
moment in the dielectric from equation (31):

p=4m RIE, = 4w R "% F o

(36)
< peHm = 47ZR13/ueHw = 47ZR13/Ue MEO
Hi + 2 g

The product of the magnetization and the constant x, are equal to

the magnetic moment of the sphere:

dm _ pem i = He

UM = pt,— = =3y, Hy=3uH,. 7
e edV (4/3)Rf eﬂi"'zﬂe 0 e ‘o (3)
The strength of the magnetic field in the sphere is the difference
between the strength of the external H, and the field due to the

magnetization H, and the induction:

34
H=Hy—H,=—"%¢ Hy, By = 1eHo,
0~ Hy 1+ 20 0+ Be = HeMo (38)
3 31
B=sH =gy —Fe—Hy =—H g, (39)

0=
Hi + 21 M + 2 g
If 4 -, H, =H,, then H=0, B =3B,. In addition to the speed

of light c, in the analysis of EM processes in stationary and/or moving
environments, the parameters of those environments are also used.

Basic EM states of the body at rest and in motion
(rotation)
In the analysis of the state, one stationary (system 0) is used with a

coordinate origin at the point 0, with coordinates in the Cartesian system
X, Yy, z and a time coordinate t and another system connected to a

moving medium in relation to the previous one with the a coordinate
origin at the point 0; and new coordinates in the Cartesian system X,

Y1, Z; and the time coordinate t .
If during the time t =0 both coordinate systems coincide and the
velocity of the medium in the direction of the axis x is v(y)# 0 according

to the theory of relativity, the Lorentz transformation that connects the
space coordinates of both systems and the time t is:
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X — Wt t—!v/czk

ﬁ,h:y,h:z’tl: e , p=vlic. (40)

At some point, the stationary carrier with respect to the system 0 has
a field strength E and a magnetic induction B. The field strength E is
the force acting on a unit static load q in the O coordinate system, and
the magnetic induction B means the force acting on a unit current
element at rest in the stationary 0 system:

E=iE, +JE, +kE,, B=iB, + B, +kB,. (41)

The strength of the electric field E; and the magnetic induction B,
that the carrier would have without moving in relation to the system with
the beginning 0, (the system moving at a speed v #0) E; represent:
the effect of the force acting on a stationary unit load q in the system of
coordinates with the beginning at 0,, and B, the effect of the force on
the unit element of the current that is at rest in a moving environment (a
moving coordinate system with the beginning 0,):

Ey=iEyy +jEys+KE,q, By =iByy + [Byy +KB,;. (42)

When moving from Maxwell's equations for a stationary medium to
the equations of a moving medium, the derivatives &(x,y,z)/ ot
(coordinate t) and 8(xy,y;,2)/ &, (coordinate t;) are determined
according to equation (40) (Petkovi¢, 2016):

0 0 v 0 0 0 0
— = — |, —=a| —V—+—|,
aX axl C2 atl at axl 8tl

2 f2.08) 2 2.0 2
OXq ox c?ot) o ox o) (43)
o _o o _o ,_ 1
oy oy 9z oz’ J1_p?

By developing the operation rot and joining the terms with the same
rots in the first Maxwell's equation, rotH =Jg,,q+8D/ ot it follows that

rotH; = Jeong, +@Dy/ 0t. The projections of the vectors onto the
coordinates in both systems are:
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Hl = THX1+ THy1+ IZHZl, H,, =H,,

(44)
Hyl = a(Hy +\,DZ)’ HZl = a(HZ _\/Dy)l
I =0+ 13y + kI, I =allx —vp), I =7, (45)
[31 = erl + IDyl + IZDz]_v DXl = DX ' DXl = DX !
(46)

D, =alp, —H, v/ c?), D, =alp, +H, v/ )|

A similar transformation of the second Maxwell's equation yields:

rotE = —0B/ ot , rotE, =—oB, / ot , (47)
Ey=iEq+ TEyl +KE,y, By = ExEy1= a(Ey _VBZ)’ 48)
E,=alE, +vB,),
= he e — \"
(49)

\Y
BZl = Q(BZ —C—ZVEyj .

The third and fourth Maxwell's equations in the coordinate system
0, have the forms:

divD, = p,, divB, =0, (50)
and the volume charge density is:
pr=alp—{v1c2p,]. (51)

In the system 0., differentiation is performed by X;, z;, y,. For a

stationary medium, the conditions of continuity of the tangential
components of strength are fulfilled: E;; and H; and continuity of the

normal components D,; and B,; in the system:
01 is: I\_jllzél//lo_ﬁl, F_slzl:_jl_goél, (52)
Ois: M=B/ sy—H, P=D-gE. (53)

M, M; the magnetizations of the medium are the dielectric
polarizations P, P;, in the systems 0 and 0;:
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MlerXl+IMyl+EMZI’ MZTMX+TMy+EMZ' (54)
PL=iPy+ Py +KP,y, P=iP + P, +kP,. (55)

Equations (44), (45) and (46) show the dependence of the
magnetization projections on the polarization projections in 0 and 0;:

Myq =My, My; =M, +WP, ), M,y = a(M, —vP, ), (56)
\Y \Y
Pa=Px, Pyy=a I:)y_c_zpz  Pu=a F)szC_zpy : (57)

From equations (44) and (45), if there is no magnetic field B=0 and
there is an electric field E =0, there is both an electric and a magnetic
field in the system 0,. It is also clear that even when there is no electric
field in the system 0, E =0, but there is a magnetic one B=0, an
electric field is created in the system 0, in addition to the magnetic one.

The current density in the system 0; is produced not only by the

conduction current but also by the volume charge density transfer current
component ap-V (convection current density) according to equation

(46):
Iy =10+ Wy1+kda, Ja=aly —vp), Jy1=3y, I =3, (58)

According to equation (47), by moving the current from the system 0
with elementary density J, parallel to itself in the system 0; on the load

carrier in the coordinate system starting at 0, as part of the current

density in the charge density plza[p—lz\]xj, a supplementary
c

v
component appears c_2 Jy .

From Maxwell's basic equation for EM wave propagation
uo(6H 1 6t) = —E | ét is:

ﬂﬂoa_XaH:_aE:Hzl\/E.E,IUZHZ:'U—(ZC"-EZQBZZN—:‘EZ. (59)
ot c\u (o C

Due to the movement of the polarized dielectric at the speed v,
equations (56) and (57), additional magnetization is created in the
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coordinate system 0, and the movement of the magnetized medium at
the speed v in system O appears as additional polarization.

According to equation (59), for the fields defined in the stationary
system 0 and the mobile system 04, the following applies:

EZ ., E? _, . == ==
—1 _Bfc=—-B*°c,i.e. EjB, =EB, (60)
C C

HZ o, HZ o, . == =
—L1 _Dfc=—-D*c,i.e. DjH, =DH. (61)
Cc Cc

If the speed of movement of the material medium (conductor/
dielectric/ferromagnetic) is low, according to the speed of light

(v/c)2 <<1, the Lorentz transformations change to Galilean ones, i.e.
X;=X-vt, y;=y, z,=z, t;=t. The mathematical relationships
between quantities in the systems 0 and 0, are:
-~ . o~ = - _ - NxH v -
E,=E+xB|, 3,=3-Vp, D1:D+MJ pr=p-—273,

CZ C2

R R T A R

C2

|

5_V-M]
-p_ Y
1 C2

Body rotation corresponds to the position of a still body in space in a
moving-rotating field created by EM sources by rotation in a time-varying
or constant magnetic field. The electric and magnetic components of the
field, Figure 1.a,b, can be determined from the magnetic potential vector,

ie.in A=AE, +A,E, +A;E, the spherical and A=A,E, +AE, +A,€, in
the Cartesian systems.
For a body rotating a round the z axis, the possible functions are:
f(x,y,z,t),ie. A,(x—-ut,y,z), H=H,(r,0-t-p). (63)

In plane coordinates, rotation is represented by the time-dependent
functions:

Hy =H,(r)cose-t, Hy, =H,(r)sine-t. (64)
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2l Az

Figure 1 — a) Rotation of the magnetic sphere and the appearance of magnetic vector
potential, b) reaction of magnetic and conducting spheres in a constant magnetic field, ¢)
emf due to the rotation of the magnetiec field H, (Bjelic, 2021b)

Puc 1 - a) BpaweHue mazHUMocgephb! U 803HUKHOBEHUE MagHUMHO20 8E€KMOPHO20
nomeHyuana, b) peakyusi MacHumocgepsb! U nposodsweli cghepbi 8 MTOCMOSHHOM
MaeHUmHom rorne, c) 34C ecnedcmeue spawieHUsI cghepbl 8 MagHUMHOM
none H, (Bjelic, 2021b)

Cnuka 1 — a) Pomauuja mazHemHe cgbepe u rojaga MacHeEmMHoO2 8€KMOPCKo2
rnomeHyujana, 6) peakyuja MagHemHe U rMPo8odHe cghepe y cmastHoM MagHeEMHOM
nosey, u) EMC ycned pomauuje cipepe y MazHemHoM rnosrby H, (Bjelic, 2021b)

There are several solutions for body rotation in the literature
(Davilkovski, Fradkin, Smith, etc.). The EM field in the dielectric layer
between the ionosphere and the solid Earth, which rotates together with
them in the magnetic field if the magnetic component of the Earth is a
response to the EM field of the Sun, is shaped by the parameters in the
Earth and the stable parameters of the electrical conductivity of the
ionosphere. The elementary layer-ring of the atmosphere, given its
dimensions, is treated as a flat channel —ow<X<+00 of width
-b<y<+b where the velocity of the dielectric in the foreign field
v[v(y)0,0] is B[0,0,B(x)] (Mihajlovi¢, 1993).

In an isotropic dielectric and magnetic medium, the conductivities of
the layer £(x) and fi(x), Figure 2, change only in the direction of the axis

—o< X <+ by &, . The field strength in the dielectric layer rotating in a
foreign unknown magnetic field (the Sun) is determined from the Lorentz
force of the field strength E; =F/q=E +(\7>< é), stationary in relation to
the system at the beginning 0, (the system rotates at a speed v = 0),

while E is stationary in relation to the system 0. From equation (53)
follows:
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B = By — cottoi x Fi | = £2E + a7 x B |- o107 x A ] =
- S : (65)
=g,E +(ea—80/y,)E/XH]

If the dielectric layer of the atmosphere between the ionosphere and
the ground surface rotates at a speed of v ~ 465m/s, and the speed of

light is ¢=3-108m/s, v2/c?<<1, by the principle of superposition,
Figure 2, the vector D is defined by:

I5=galg+(ea—50/yr)h7xéj. (66)
) The field strength is the gradient of the potential function
E =—grade, and the induction projections on the axes x and y are:

(67)

Figure 2 — Spherical coordinate system and the position of the solid Earth and the
ionosphere (Bjeli¢, 2021b)
Puc 2 — Cgbepuyeckas cucmema koopOuHam u rnosoxeHue meepool 3emnu u
uoHocpepel (Bjelic, 2021b)
Cnuka 2 — CehbepHuU KoOpOUHamHuU cucmemM u no3uyuja 4epcme 3emsbe U joHocghepe
(Bjelic, 2021b)

Divergence is the ratio of the output vector D of the surface and the
volume covered by the surface according to equation (53):

divﬁ:div{gaé+(ga—g—Okaé]}=0. (68)
Hy

By transforming equation (8) into the operator function of the
potential, a more suitable form is obtained:
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_enp-22%% [, _ZlgdV_g
ox dx 4 ) dy
o%p o? 0 1 d (69)
€299 (ing ) 2L +|1- Y _o
ox? 2 Ox Er by dy
In a spherical system, the potential gradient is:
op_- 1op 1 OJOp
radp=—"r, +———ag + — Bo,
grade or ° raaa" rsinaaﬂﬂo
op 10¢ 1 op
E = -, E =, E = - 1
oo Y roa’ P rsinadp (70)
_ oV
divV =:—Li(rzvr)+ 1 i(\/asina)+ -7
ror rsina oa rsina op

where 1y, ag, B, are the unit vectors of the spherical coordinate

system.
The divergence of the field towards the center of the sphere is:

divi =3, dive(r)-r =3¢(r)+re'(r). (72)

Rotation of a magnetic sphere of the magnetization M
in a foreign magnetic field

The model of rotation of a conducting sphere in a magnetic field
corresponds to the model of rotation of a sphere in a time-varying field.
An approximate solution will be determined from the adjusted complex
form of the vector potential equation, neglecting wave processes in the
domain R<<2x/ w:

V2A = ja),ur,uOO'A. (72)

The solution of equation (72) has a real and an imaginary
component:

1 D | .
Ae =Agre :E(BO)[RJrF}sma, R>R;=a, (73)
Aim:Aﬂ.im:%{¥—cos4sina, R<R;=a, (74)

§=Ry-is,s=wu o, R=a, &=ay—jou 1y . (75)
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The integration constants are:
D - g2 At +1)(sing ~§cos£)-¢?sing
(4 ~D(sing—&cos &)+ &2sing
B ag® (D
“175 sing_gcosg(“aaj- (77)

For an out-of-sphere domain R >a they are:
D 1D).
BR = Bo(l'f‘ EJCOSa y BO! = —80(1—55)3”1 a. (78)

In the outer domain, the field is similar to the field of a
homogeneously magnetized sphere, or a sphere that is introduced into a
homogeneous variable field without eddy currents. At equivalent
magnetic permeability is:

(76)

tgs-¢
%9~ (tge - ¢)

By expanding the tangent in a degree order with the limitation to only
two terms of the order (allowed for frequencies), we get:

Hrre = Hrre = IHrre = 244 (79)

Low frequency o <1/ ur,uoa-az, Uy e = My (1—0,1a)yry00' : az),

High frequencies [tgé|=1, u o =24, | ayjou, 1 -
The magnetization M of a stationary sphere, i/ ue =4, in a

(80)

constant field I:|O is determined from equation (37):

— -1
peM =3 A He Ho M =3y, A, (81)
Hi + 2t My +2
With a shift 4 = x4 , in the harmonic field, equation (37), m is
equal to:
M =V M = 2 a2V = 47a2F, He —L _ ks —k,
3 My re +2
(82)

K = 4,2 Frore _14—k
Hy re +2
where K is the modulus m for Hy =B,/ 1, k (phase attitude) of the

moment with respect to the external field Hy .
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Electromotive force (emf) can be generated by induction during the
rotation of a conductive sphere with a magnetization vector M =Mz of
the radius a and the angular velocity @ around the z axis in an external
magnetic field of induction By. Maxwell formulated the emf e =—-d¢/ dt

of induction where ¢ is covered by a contour for which the direction of

the circuit is the same as the direction of the emf e >0 according to the
positive direction of the flux ¢ >0 in the system where the work W

performed is conditioned by the effect of non-Coulomb forces f for the
transfer of a unit charge q, e =W /q. The work during the transfer of a

unit charge achieved by the effect of non-Coulomb forces of EM
induction is the integral E"® =f / q of the field strength along a closed

contour r .
_feindy,_ d 5.3
e= ﬂ ENdd¢ = m js BdS. (83)

In Faraday's equation, e =—dN/dt, N is the number of magnetic
lines intersected by the contour and one line corresponds to the unit flux.
For some orientation of the flux line cutting speed (or B), the emf on the

part di of the contour | is de:(ﬁxébz. Maxwell's and Faraday's

formulas are equivalent - the general Maxwell's equation.
The gradient vanishes on closed-loop integration. If part of the
contour is determined by the line ab emf induced in it is:

e=f(-vp-oAs ot +VxBHI, e=[(-oA/ ot +v BT, (84)

Due to the symmetry of the sphere towards the plane of the equator,
Figure 1.c, from the point corresponding to the position of the N pole,
a, =0 where one hole is at the position of the equator and the other hole

is at a, =7/ 2, emf is determined between the circles at those corners.
For 8¢/ ot =0A/ ot =0 remains only the component vV xB = waBge,, ,
d/ =-adae, where:

op 109 1 Jgp
E =—-—, E ==, E = — R —
oo’ Y roa’ P rsinadp (85)
. ov
divy = Eﬁ(r 2V, )+ _Li(va sina) + 1 7, (86)
ror rsina da rsina of
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e= j(\? X Ig)dZ =I521:”/ ,o[-asina - Bg(-ada)]. (87)
For R<aitis B=B, =2y,M/ 3. For R=a you get:
Bg =B, = 2uyM(cos )/ 3. (88)
The induced emf is:
e= (a) a?2u,M / 3)_[512 sinacosa-da = (a)az,uOM / 3)(1—sin2 al). (89)

Equation (89) shows which quantities determine v xB depending on
the speed of rotation in space.

Components of the magnetic field that can arise due
to the rotation of the planets and the Earth

During the rotation of an electrostatically neutral body (rotor), higher
densities of free charges in the area can excite the magnetic field in a
similar way to be created by the currents flowing through the rotor, Figure
la.

The consequence of the rotation of the body is the creation of a
weak magnetic field, and this phenomenon can be used to explain the
appearance of the components of the Earth's magnetic field. If the
number n of free electrons passing through the unit volume of the
conductive part, e is the charge of the electrons, u the resultant chaotic
speed of the electrons due to the effect of the field (thermal effects are
small due to the small number of collisions of oscillating atoms), the
current | through the surface s is:

| =Js=dQ/ dt =nedV / dt =nesdl / dt =nesv, (90)

J=1/s<1=Js=nevy(u/c)s, (91)

where n is the volume density of free charges, s the cross-section of
the rotor body, v, the speed of the rotor, u the speed of the chaotic

movement of free charges, and ¢ the speed of light.

Bio-Savar, Ampere and the law of EM induction were created
empirically. It was later concluded that these laws can be obtained from
Coulomb's law, if the corrections derived from the special theory of
relativity (Bjeli¢, 2019), are applied to the charge interaction forces.
Already known physical phenomena can also be considered in two
projections and are the result of facts that were not known before.
Ampere's law allows the interaction of a conductor with a current to be
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determined. If the current elements I,dl; and I,dl, are normal to the
radius of the sector, r;, Figure 3.b, the forces of interaction between

them are equal.
The assumption is that the positive charge elements dl; and dl, are

also stationary, while the negative charge elements have velocities v,
and v, corresponding to the currents |; and I,. The EM force, Figure

3.b, is determined by Coulomb's law with the application of the theory of
relativity (Bjeli¢, 2019).

Sor
T &0 QR

Figure 3 — a) Generation of a magnetic field during rotation, b) EM effect of the current
elements I,dl, and 1,dl,, ¢) The movement of a neutral conductor along its axis at the

speed of that chaotic movement v, (Bjelic, 2021b)

Puc 3 — a) Cos0aHue mascHUMHO20 noss npu epaweHuu, b) M sozdelicmsue
anemeHmos moka l,dl; U 1,dl,, C) 08WxeHue HelimparbHO20 NPo8oOHUKa 800s1b ceoell

OCU CO CKOPOCMbIO Xaomu4eckozo 0suxeHus v, (Bjelic, 2021b)

Cnuka 3 — a) Cmeapare MazHemHoe nosba npu pomauuju, 6) EM ecbekam cmpyjHux
enemeHama |,dl; U 1,dl,, U) Kpemare HeympasnHo2 rpoeodHuKa Oy ceoje oce

6p3uHoM moe xaomuyHoe Kpemarba v, (Bjelic, 2021b)

If the requirements of the theory of relativity are taken into account,
the forces acting between the charges of the elements dl; and dl, are:

df :_&Ildlllzzdlz ’
4 I

-1/2
df = dfO( - %j {1- (‘%ﬂ , (93)
C
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(92)




where the force dfy is determined by Coulomb's law:

dfO - _ 1 dqlqu .

4715'0 I’fz (94)

Index (1) refers to the rate of charging of a positive or negative
element dl;, while index (2) refers to the rate of charging, also of a

positive or negative element dl,.
The force acting from the positive charge of the element dl, to the
positive charge dl; is:

2 -1/ 2
,+ +
df,, =df, [1—%] 1- (V—Zj = dfy, (95)
C C
vi =v; =0, df_, =—dfy, (96)
2 -1/ 2
Vo
df,_ =dfy| 1-| 2 , (97)
C
2 -1/ 2
df__ = dfo(l— Na¥o J 1- ("—2] . (98)
C C

In equations (95) to (98), the index (+) refers to the action on the
element dl; and the index (-) to the action on the element dl,.
Adding equations (95) to (98) and omitting the index gives:
2
AY; v
df = —df, —ézz {1—(—2] } (99)

c

By expanding the series in middle brackets, the higher-order line
terms v/ ¢ of equation (99) become:

2
df:—df()%[l—("—?) T ] (100)
Cc

c

If in equation (100) the calculation is limited only to the first term of
the series (one), then:
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df = —dfy 22, (101)
C

If it is known that uys0c? =1, then:
Ildll = dq1/ dt . dll = Vldql, |2d|2 = dq2 / dt . d|2 = Vquz . (102)

According to equations (92) and (102), the interaction forces of the
two current elements are equal. When deriving Ampere's law from
Coulomb's law, corrections according to the theory of relativity must be
taken into account. In equation (100), the higher order terms are

discarded because they are very small. If the v2 relative speed
corresponding to the permissible current density, the correction is:

1 2
_[V_Zj ~1072%. (103)
2\ c?

The correction deviates from the measurement, although the laws of
Bio-Savar, Ampere and EM induction do not raise doubts about their
accuracy. In the numerical sequence of equation (100), the first term is
the charge rate squared. It is a correction of the force or magnetic field
created by the conductor, which depends on the speed of orderly and
chaotic movement of charges whose order of magnitude is much higher
than the speed of orderly movement. A neutral conductor with no current
is observed, which moves along its axis at the speed v, Figure 3.c.

The assumption is that positive charges are stationary in relation to
the conducting part, and negative charges are in chaotic motion and
equally probable in all directions. The average speed v of that chaotic

movement is determined by the Fermi energy and is v ~10°m/s, i.e.
significantly exceeds the rate of charging at the permitted current density.
The unprincipled assumption is that: the first half of the negative charges
move in the direction v, and the second half in the opposite direction

—-Vq, Figure 3.a. The movement of charges creates current. For a

stationary conductive body, the current as the sum of all charges, Figure
3.c, is equal to zero. The result will not change even when the conductive
body is moved because all charges, positive and negative, get the same
additional speed Figure 3.a. The situation is different if the sum of
velocities is calculated according to the theory of relativity (Bjeli¢, 2019).
The speed of negative charges is determined in relation to the conductive
part, which then represents a moving coordinate system. For a stationary
observer, the charge rates will be equal to:
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positive v, =vg, (104)

negative moving in the direction of v :
e e T 12 +u)( _Mj’ (109)

T 14 (vpu/ c?) c?

negative if it moves opposite to v :

v Yoou _u)(n%j. (106)
1_M c
C2
The total current of all charges can then be determined:
1=Q-v, (207)

where Q is the charge per unit length (in contrast to equation (102)) for
the conductor.
The current created by positive charge is:

l,=Q-v. (108)
The currents created by negative charging are:
[CECT u)[ —@J , (109)
2 c
1@ = Loy —u) 14 Yol ], (110)
2 c2
Adding equations (109) and (110) gives the total current:
1 =Q-vo(u/c). (111)

Q =nes is determined from the volume charge density n and the
cross-sectional area of the conductor s. At the same time, equation
(111) takes a form that agrees with equation (91):

2
I = nes-vo(%j . (112)

The effect of moving the neutral conductor along the axis is similar
to the effect of the current-carrying conductor. The conductive part can
be spaced several times and the current | will not change. It is a
consequence of the chaotic movement of charges, because the speed of
movement in equation (112) is included in the term with the square. An
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example estimate is the current for an aluminum rotor: n=10%81/m?,
e=1.6-101°C, s=05-102m2, v,=10m/s, u=10°m/s, c=3-10°

m/s, | ~103A.

From equation (112), the charge density n and the speed of chaotic
movement should be known to estimate the current.

In this example, these values are taken for pure metal. Some
impurities can reduce the value n by a higher order of magnitude.
Experimental confirmation of formula (112) requires a preliminary
analysis of the rotor material to determine n and u. However, there is
indirect confirmation of currents and fields generated by cosmic bodies
(Bjeli¢, 2021a; Dziewonski & Anderson, 1981). If equation (112) is
applied to analyze the magnetic field of a homogeneous rotating sphere,
the total current is:

| = iﬁe(”—ZT. (113)
12 T c
The strength of the magnetic field at its poles is approximately:
H=1/D, (114)
and for magnetic induction is:
2 2
B=youH=puullD,ie. B:ége(i—zj Hotd - (115)

Equation (115) can also be obtained from equation (111)
| =e-vo(u/c) (if e is the electron charge) and then the relation is
derived from equation (112):

2 3
1 (u 1(nD)_ m m
B=| —el =2 . A= M A B=A—, 116
Lz (cj”‘)”}"ﬁ D D ™D (116)

where ,u\ is relative magnetic conductivity, m is the mass, D = 2r is the

body diameter, T is the period of rotation around the axis, A is the
constant.
In equation (116), the charge density n is proportional to the mass

density n ~m/ D3, and the discharge rate depends on the Fermi energy
and is included in the constant A. If the formula for the Earth's magnetic
field is written, then it is:
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m,

B,=A :
= =AT D, (117)
When equation (116) is divided by equation (117) we get:
m
B=—8B,. 118
5 B (118)

If the Earth's magnetic field is at the pole B, = 0.5-107™T, then the
magnetic field of an arbitrary cosmic body is:

m._ a4

B 0.5_|_.D 107°T. (119)

Table 2 includes a limited number of objects and allows an
assessment of the degree of agreement between computational and
experimental data for some space objects. Asterisks mean that the
parameters are taken in relative values (to Earth). It is not known at what
distance from the object the measurements were made, at the pole or at
the equator, while the calculated data refer to the pole on the surface of
the object.

Table 2 — Comparison of computational and experimental data of some space bodies
Tabnuya 2 — CpasHeHuUe pacyemHbIX U 9KCriepuMeHmarbHbIX OaHHbIX HEKOMOPbIX
HebecHbIx men
Tabena 2 — Nopehere pauyyHCKUX U eKcriepuMeHmarHux nodamaka HeKux ceeMupCcKux

mena

Object m DlT B Calculitoe_? _:_/alue B Measigzv_?lue B
Earth 1 1 1 1 1 1
Mercury 0.05 [0.38| 58 |2.3-10° 1.2-10°3 103
Venus 0.81 |0.95| 243 |3.5:10°3 1.7-103 0.15-10°3
Jupiter 318 |11.2| 0.4 72 36 4.5
Saturn 95 9.5 |0.45 20 10 0.6
Sun 33:10%| 10° | 25 120 60 (10-100)
White dwarfs 106 | 1.0 | 1.0 108 0.5-10°8 10°
Neutron stars 10% | 10%|105| 101 0.5-101t 1012

To date, magnetic fields have been measured for thousands of
cosmic bodies. Their analysis would allow formula (118) to be evaluated
more fully. The approximate coincidence of the calculated data with the
experimental data is not considered accidental (Petkovi¢, 2016;
Prodanovi¢, 2006).
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Conclusion

The obtained formulas can predict the order of magnitude of
magnetic fields for known cosmic bodies, whose parameters such as
masses, diameters and periods of rotation around the axis-differ by tens
of thousands of times.

However, these formulas cannot explain many characteristics of
magnetic fields, related to various, perhaps still unknown reasons.

The formulas and the results obtained in the paper indicate a
possible common origin of the source of the magnetic field on the Earth
(the Sun), and their accuracy can only be confirmed by cosmic research,
experiment or computer simulation.
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MporpeccnBHas TeopeTndeckas moaens OM nons 3eMHol cdepsbl
3emnu B 4yxoM ogHopogHom 3M none

Cno6odaH H. Benuu?, HeHad A. Mapkosuy®

alpuwTnHCKNA YHnBepcuTeT - Kocoscka Mutposuua,

dakynbTeT TexHUYecknx Hayk, Kocoscka Mutposuua, Pecny6nuka Cepbus
6 Kocoscko-MeToxuuniickas akagemmus npodeccnoHanbHbIX NCCreoBaHui,
oTgeneHve Ypowesay — Jlenocasuy,

r. llenocasu4, Pecny6nuka Cepbus, kKoppecnoHaeHT

PYBPUKA TPHTW: 37.15.00 M'eomarHeTn3am 1 BbICOKME crion atmocdepbl
BWO CTATbW: opuruHanbHas Hay4Has ctaTbs

Pesome:

BeedeHue/uyenb: B daHHOU cmambe onucbieaemcsi rnpospeccusHast
meopemuyeckasi  MoOOesb  3IEKMPOMagHUMHoO20  MNons  3emsu,
OCHOBaHHasi Ha  OBYXKOMIOHEHMHbIX aurome3ax. B cmambe
onpedernieHbl MameMamu4veckass MoOerib, oKa3blearoujasi epawjeHue
MaeHUmocghepsl M 8 4YyXOM MazHUMHOM rofie U  KOMMOHEHMbI
MazgHUmMHO20 1071, KOmopble MOo2ym 803HUKHYmMb  ecriedcmeue
epalueHusi 3emsu eokpye ceoeli ocu. Mo ycmaHosneHHolU mModenu o
OMHOWEHUD K 3MallOHHbIM 3HauYeHusiM nnaHemsl 3emnsi  6biniu
paccyumaHbl 3HavyeHUsl KOMIOHeHmo8 Opyaux raHem CorHeYHoU
cucmemsbl. Pe3ynbmamei pacdemos ripedcmaerieHbi 8 sude mabnuy,.

Memoodbi: PeweHue rpobnembl, 0603Ha4YeHHOEe 8 3a20/108Ke cmambu,
HalideHo C MOMOWbIO  KOMOUHUPOBaHHbIX  Ons  amol  uenu
gpopmarnu3oeaHHbIx Memodoe hbu3UYecKo2o U MamemMamuyecKoz20
aHarnusa c uesbto paspabomku Hosod, rpoepeccusHoli
Mamemamuyeckoli molenu. [ns amoeo  ucrosib308asics  Memoo
aHarioauu, cesi3aHHbIl C NMPUMEHEHUEeM CXOOHbIX CIMPYKMYPHbIX ¢hopM U
cucmem Onisi  uccrnedosaHusi  3MEKMPOMasHUMHbIX — rpoueccos U
gpaweHusi rnnaHem. Memod aHamosuu npumeHsiics Mo 08ym
83aumocesizaHHbIM rpuduHam. Nepeasi 3aKkmo4aemcsi 8 Mom, 4Ymo ece
8€/1UYUHbI,  Xapakmepu3syrowue ¢yHKyuro obol  ecmecmeeHHOU
cucmemsbl, 008eEPXEHbI U3MEHEHUO, @ emopass — 8 IMOM, 4Ymo
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MPpUMEHSIEMbIE PeleHUsT He orpedesnsom Yycrnosusi (hyHKUUOHUPOBaHUS
cmpykmypbi Orisi Kaxk0o20 omaAesibHO20 Criyqasi.

Pesynbmambl: PeweHusi 6 6ule oOpuauHarbHbIX aHanumuyeckux
QpopMysT U MHO20YUCIIEHHbIX 3Ha4YeHul, yropsidoyeHHbIx 8 Tabnuuye 2,
OMHOCAWUXCA K B/IUSHUIO 8PpalwjeHus niaHem, 8 YacmHocmu 3emru,
b6ydoym rPUMEHEHbI ons uccriedosaHusi 8030elicmeusi
371eKMPOMazHUMHoO20 roris, usydyaemozo COHUEeM o OMHOWEHU K
Opyaum ririaHemam. 3mo O0COBEHHO 8a)KHO 8 U3Y4YEeHUU POriU, KOMOpPYyHo
amom rpouecc uzspaem 8 3awume rnaHems! 3emns. B Tabnuue 2
rpusedeHbl 0060 8aXHbIE Pe3yribmamsil.

Bbigodbl: B cmambe obcyxOaomcsi 803HUKHOBEHUE U  8/lUsSHUE
3M1EKMPOMacHUMHo20 1osst 3emnu 8 docmynHoul ghopme Orisi MOHUMaHUS
Ha COBPEMEHHOM yposHe pa3eumusi Hayku. HaydHble uccriedoeaHusi u
U3MepeHUsi 8 2e0ghu3uUKe U acmpoguauke ykasblearom Ha ComHue KaK Ha
B803MOXHbIU UCMOYHUK OM nonsi, pacripocmpaHsirowulcs 4epes
MeXXrnaHemHoe MpocCmpaHCmeo, a cocmaernsiowas MagHUMHo20 Mosis
3emrnu s.8s:eMCs NuUllb OMKIIUKOM Ha 8/IUSIHUE 3Mmo20 UCMOYHUKA.
lMpupodHble seneHuUss U npoueccbl Ha 3emne Mo2ym  6bimb
npedcmasrieHbl 8 meopuu cucmem Mooderbio, codepxawleli U3MEeHeHUs
rapamempos8 COCMOSIHUSI M/1aHembI.

Knowesbie  crioga:  ycoseplieHcmeoeaHHasi MoOesb,  IMeopus,
nnaHembl, epauweHue, MagHemu3sm, Ma2HUMHoe rorie.

HanpegHuju Teopujckn mogen EM norba cdhepe 3emrbe y cTpaHoOM
xomoreHom EM nosby

Cno6odaH H. Bjenuh?, HeHad A. Mapkosuh®

a2YHusepsauteT y MpuwtuHu ca ceguwtem y Kocosckoj Mutposuum,
dakynTeT TEXHUYKUX Hayka, Penybnuka Cpbuja

6 Akagemuja CTPYKOBHUX CTyAMja KOCOBCKO METOXMjcKa,

Opcek Ypowesay — Jlenocasuh,

Jlenocasuh, Penybnuka Cpbuja, ayTop 3a npenucky

OBJIACT: Teopujcka enekTpoTexHMKa, enekTpoMarHeTmka
KATEITOPWJA (TUIM) YITAHKA: opurinHanHu Hay4Hu paa

Caxemak:

Yeodlyurb: Y pady je onucaH HarnpedHuju meopujcku modesr EM nosba
3emrbe 3acHosaH Ha xuriomesama O 08e KOMOHeHme. [ecbuHucaH je
Mamemamuyku MoOesl Koju Mpukasyje pomauujy MagHemHorposooHe
cepepe masHemu3sauuje My cmpaHOM Ma2HemHOM Mosby U KOMIOHEHMe
MagHemHoz2 rosba Koje mMoay Hacmamu ycred pomauuje 3emrbe OKO
ceoje oce. lNpema ycriocmasrbeHoM moderly, y 0OHOCY Ha peghepeHmHe
8pedHocmu rinaHeme 3emrbe u3padyHame cy 8peOHOCMU KOMITOHEHMU
ocmarnux nnaHema y CyH4YeeoM cucmeMy, a pe3ynmamu cy npukasaHu
mabenapHo.
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Memode: Pewerse npobriema, deghuHucaHo y Hacriogy pada, odpeheHo
je nomohy KoMOUHOBaHUX, 3a My HaMeHy (bopmMarnu3oeaHux mMemooda
¢usuKke U MamemMamu4ke aHarnuse, a padu paseoja Hog8oe HarpedHujea
Mamemamu4koz modena. Y my cepxy kopuwheH je u Mmemod aHaroauje
Koju ce 0OHOCUO Ha MPUMEHY CrIUYHUX CMPYKMypHUX ¢bopMu U cucmema
3a ucmpaxuearbe efleKmpomazHemHux fpoyeca U pomauuje nnaHema.
Memoda aHarnozuje npumer-eHa je 3602 08a y3ajaMHO roge3aHa
pasnoza. lNpsu je da cy cee epedHOoCMU Koje Kapakmepuwly hbyHKUUjY
burno Koz npupodHoz cucmema roonoXHe rnpomeHama, a Opyau Oa
rpumerbusaHa pewiera He 00pehyjy ycriose ¢byHKyuje cmpykmype y
C8aKOM KOHKDEMHOM Criy4ajy.

Pesynmamu: Pewera y 8uly opuauHarHux aHaiaumuykux ghopmyna u
bpojHe spedHocmu HasedeHe y mabenu 2, pechepeHmHe y 0OHOcy Ha
ymuuaj pomauyuje nnaHema a rocebHo 3emsrbe, buhe rnpumer-eHa 3a
ucmpaxueare ymuuaja egpekama EM norba koje emumyje CyHue
fpema nnaHemama Hapo4umo 3a yJriogy Kojy rpouec uma 3a sawmumy
3emrbe. NocebHo cy 8axHU pe3ynimamu rnpukasaHu y mabesnu 2.

Bakrbyyak: Y pady cy paamompeHu rojasa u dejcmeo EM norba 3emrbe
Ha Ha4yuH pasymrbug cadalihbem HUBOY pa3eoja Hayke. HayyHa casHama
U Mepera y eeohusuyu u acmpogusuyu Hazoeewmasajy da je CyHue
moayhu uszeop EM norba koje ce npocmupe Kpo3 UHmMepinaHemapHU
rpocmop, a Oa je KOMIIOHEHMa MagHemHoa rnosba 3emrbe camo 003uU8 Ha
ymuyaj moe u3eopa. [lpupodHU gheHOMeHU U fpoyecu Ha 3emrbu Moay
ce OegbuHucamu y meopuju cucmema MoOesiIoM Koju cadpXXu rpoMeHe
rapamemapa cmakrsa Ha riaHemu.

KbyuHe peyu: HanpedHuju modesn, meopuja, rnaHeme, pomauuja,
MazHemu3aM, MazHemHo Mosbe.
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Abstract:

Introduction/purpose: Constructions always have several critical points that
can be sources of possible defects. All these critical places must be taken
into account in safety assessment where the most unfavorable exploitation
factors are considered and the local safety of a joint is assessed. Today,
joints of various compositions are becoming more frequent in metal
constructions. Due to the requirements of economy and ecology, welded
joints of microalloyed ferritic steels with high-alloyed austenitic steels are
increasingly encountered during the construction of power plants, chemical
facilities, etc. Tests of such welded joints have been performed on tanks for
oil derivatives, where parts of the tank shell are made of microalloyed ferritic
steel and the roof structure is made of high-alloyed austenitic steel.

Methods: In the paper, an experimental analysis of crack propagation in an
austenitic-ferritic welded joint was performed. The welding was performed
by the MIG welding process with two different heat inputs, and the same
filler material MIG 18/8/6 was used. Two types of welded plates were tested.
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the characteristics of the base, filler and auxiliary materials and welding
technologies are given. Notched test specimens with an initiated crack-type
fracture were made in order to determine the impact properties and fracture
mechanics parameters.

The results: The research carried out within this study aimed to compare the
obtained results of the impact toughness and fracture toughness at flat
deformation in a ferrite-austenitic welded joint. An evaluation of the results
obtained during the testing of the experimental plates welded with different
amounts of heat input is also given.

Conclusion: These test results established the dependence of the geometry
of a propagating crack and the stress conditions for further crack
propagation. It is possible to determine the values of the parameters that
describe the behavior of the material, both in linear-elastic and in elasto-
plastic fracture mechanics.

Key words: ferrite-austenitic welded joint, impact toughness, critical
stress intensity factor Kic.

Introduction

Impact toughness tests are important when considering a material's
tendency to brittle fracture. Impact tests are performed in order to
determine total energy (impact toughness) as well as energy of crack
creation and growth in critical parts of welded joints (Rabbolini et al, 2015;
Bukvi¢, 2012).

Efforts are constantly made to study the causes of material fatigue
and to mitigate its consequences. Material failure caused by fatigue is the
most common form of failure in practice. Such fractures occur at stress
values that are lower than the tensile strength even in low-strength plastic
materials (Bukvi¢, 2012; Rabbolini et al, 2015). A large number of structure
fractures which occur during exploitation at lower than permissible stress
levels indicate the risk of brittle fracture (Bukvi¢, 2012; Rabbolini et al,
2015).

When studying fatigue of materials using fracture mechanics, it is
assumed that there is an initial crack or that the period of its formation is
short or negligible. Determining the working life of a structure is reduced
to predicting the time of crack growth. The process of material fatigue
under variable loading can be divided into three phases (Zerbst et al,
2015), as in Figure 1:

1. crack formation (threshold value below which a fatigue crack has
no conditions for growth);
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2. crack propagation up to a critical value (area of application of the
Paris equation); and

3. unstable fracture of the final part of the section (AK. at which a
fracture occurs).

log —

Figure 1 — Typical appearance of the fatigue crack growth curve as a function of AK
Puc. 1— TunuyHbIl 8ud Kpusol pocma ycmanocmHol mpewuHbl 8 hyHkyuu om AK
Cnuka 1 — TunuyaH u3ened Kpuse pacma 3aMOopHe npcriuHe y hyHKyuju 00 AK

Fatigue occurs as a result of plastic deformation during the stages of
crack formation and growth. Until the final failure of the material, fatigue
spreads in the form of plastic failure of the material, although this plasticity,
of a completely local nature, is limited only to the process zone. The fatigue
effect is a cumulative action of microscopically limited events which can
add up to several million in a single fatigue process. Therefore, it is difficult
to predict in advance the service life of a structural element that has begun
to break and is permanently loaded with a variable load (Zerbst et al,
2015).

The fracture toughness test at flat deformation K. was carried out in
order to determine the critical factor of stress intensity, Ki, i.e. the
evaluation of the behavior of the components of a welded joint, weld metal
and the HAZ in the presence of a crack-type defect as the most dangerous
of all defects in structural materials, especially welded joints (Bukvi¢, 2012;
Zerbst et al, 2015).
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Chemical and mechanical characteristics of materials
and welding technology

Base materials

Two base materials were used for welding: microalloyed steel
S500NL1, under the commercial name NIOMOL 490K with a thickness of
16 mm (marked with M) and high-alloyed steel X6CrNiMoTi 17 12 2
according to EN 10088 (C.4574 according to SRPS EN 10088-1) with a
thickness of 12 mm (marked with V) (Bukvi¢, 2012). Table 1 shows the
chemical compositions and Table 2 shows the mechanical properties of
the base materials.

Table 1 — Chemical compositions of the base materials (Bukvi¢, 2012)
Tabnuya 1 — Xumudeckuli cocmae 0CHO8HbIX Mamepuarios (Bukvic, 2012)
Tabena 1 — Xemujcku cacmae 0CHO8HUX Mamepujana (Bukvic, 2012)

C Si Mn P S Cr Ni Cu Al Mo Ti \ Nb

0.10 0.38 0.64 | 0.014 | 0.02 0.76 0.10 - - 0.33 0.02 -

0.04 0.35 1.73 | 0.031 | 0.004 | 17.9 11.6 0.18 [0.061]| 2.16 | 0.38 | 0.079 | 0.016

Table 2 — Mechanical properties of the base materials (Bukvic¢, 2012)
Tabnuya 2 — MexaHu4yeckue ceolicmea OCHO8HbIX Mamepuarnos (Bukvic, 2012)
Tabena 2 — MexaHu4yke ocobuHe 0CHOB8HUX Mamepujana (Bukvic, 2012)

Base Yield stress Tensile strength Elongation | Contraction
materials Ro.2 [MPa] Rn [MPa] A [%] Z [%]
I ™ 497 584 20 65
I v 321 596 37 53

Filler material

Welding was performed using filler material MIG 18/8/6, produced in
Zelezarne ACRONI, Jesenice, Slovenia (Bukvi¢, 2022; Jesenice
Ironworks, 2005). Table 3 shows the chemical compositions and Table 4
shows the mechanical properties of the welding wire.

The filler material MIG 18/8/6 was selected based on
recommendations from the literature (Jovicic, 2007; Bukvi¢ et al, 2022)
and in accordance with the results obtained from the Schaeffler diagram
(Bukvi¢, 2012; Bukvi¢ et al 2022). The result from the Schaeffler diagram
is shown in Figure 2.
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Table 3 — Chemical compositions of the filler materials
(Bukvié¢, 2022; Jesenice Ironworks, 2005)
Tabnuya 3 — Xumuyeckue cocmasbi Q0rnoHUMEbHbIX Mamepuanos
(Bukvi¢, 2022; Jesenice Ironworks, 2005)
Tabena 3 — Xemujcku cacmasu 0odamHux Mamepujana
(Bukvic¢, 2022; Jesenice Ironworks, 2005)

I C Si Mn Cr Ni
I miG 18/8/6 0,08 <1.0 7 18.5 9

Table 4 — Mechanical properties of the pure weld metal filler material (Bukvic, 2022;
Jesenice Ironworks, 2005)
Tabnuya 4 — MexaHudeckue ceolicmea npucado4yHo20 Mamepuara u3 4ucmozo
Memarnna ceapHozo wea (Bukvic, 2022; Jesenice Ironworks, 2005)
Tabena 4 — MexaHu4yke ocobuHe Yyucmoe memarn wasa 0odamHoe mamepujana (Bukvic,
2022; Jesenice Ironworks, 2005)

|| Re, [N/mm?] Rm, [N/mm?] As, [%] KV,[J]
I miG 18/8/6 > 380 560 do 660 35 > 40 (pri 20 °C)

The choice of a filler material is directly related to the need for the
desired chemical composition. Then the composition of the filler material
corresponds to the chemical composition of one of the base materials or
the average chemical composition. For bonding high-alloy steel with some
other less alloyed or unalloyed steel, a high-alloy filler material should be
used, as shown by the position of the filler metal in Figure 2 of the
Schaeffler diagram (Bukvic et al, 2022).

F=0% 5% 10%12%

26 Z

24 PN AT 20 %

oy 4

?‘: - E T - / T T A%

\ : T %€

16 I~ . o NEA 1 e 3 /2 80 %

14 b S <X Al'f"i’z V74 du W E

L. N N Lol T 10 LT |

10— ’ /M 21 L

= =0 ) 100 %
; M // q N¥ P g = The points on the
6 1 //’ { |z 3 F diagrame are:
4 .; o ; e 3 1 Microalloyed
B Al ’ e l NA 2 Hihg - alloyed
LN . > Ti . 3 MIG 18/8/6

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Figure 2 — Positions of base and filler materials in the Schaeffler diagram
Puc. 2 — lNonoxeHue 0CHOBHbIX U AOMOIHUMENbHbLIX Mamepuarnos Ha duazpamvme
Llepcpriepa
Cniuka 2 — lNonoxaj ocHogHUx u dodamHux mamepujana y Llle¢pbneposom dujazpamy
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Welding technology

The plates of the base materials are welded by the electric arc semi-
automatic MIG/MAG process. A MIG/MAG welding device KEMPACT
3000+ FastMig 400 was use for welding. Two different heat inputs were
applied, as shown in Tables 5 and 6. Two welded experimental plates were
formed: with a maximum heat input of 8.88 [kJ/cm], plate number 1, and
with a minimum heat input of 6.87 [kJ/cm], plate number 2 (Bukvi¢, 2012;
Bukvi¢ et al 2022).

Table 5 — Average amount of heat input during the welding of plate number 1
(Bukvic, 2012)
Tabnuua 5 — CpedHee Konudecmao no08o0uMo20 mera rnpu ceapke niaacmuHsl Ne 1
(Bukvic, 2012)
Tabena 5 — poceyaH yHOC Konu4YuHe moniaome npu 3asapusarby riode 6poj 1
(Bukvic, 2012)

| Welding
Plate and wire Mean Medium S Average Average
designation time speed strgngth voltage amount of heat
[min] [em/min] electricity [A] V] input [kJd/cm]
|l_Plate number 1 2.22 24.2 214 26.37 8.88

Table 6 — Average input of heat during the welding of plate number 2 (Bukvic, 2012)
Tabnuya 6 — CpedHee Konu4ecmso no08oduMo20 meriaa rpu ceapke rnacmuHbsi Ne 2
(Bukvic, 2012)

Tabena 6 — lNpoceyaH yHOC KOUYUHE MOriome rpu 3asapusarby rriodye 6poj 2
(Bukvic, 2012)

e Y Average Average Average
Pljeggigggti\gge '\t/:%a:an I\/Slicéggn strength voltage amount of heat
[min] [cm/min] electricity [A] V] input [kJd/cm]
|l_Plate number 2 2.19 34.15 243 30.47 6.87

The shielding gas flow was 12 I/min. A mixture of Ar and 2% O, gases
was used as a protective atmosphere during welding (Smiljani¢, 2006;
Messer Tehnogas, 2008).

The welding was performed using the multi-pass advance welding
technique. For each welded plate, the number of passes during welding was
six and it was determined by the speed of welding, different voltage and
strength of current, i.e. different amount of heat input during welding. Each
plate of the base material was preheated, and the intermediate temperature
was maintained by heating with a flame from a mixture of oxygen and
acetylene. With each welded plate, the root passage is first welded from the
inside of the groove. After that, the filling passages were welded. The
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resulting welded plates were cooled in still air (Bukvi¢, 2012; Bukvi¢ et al,
2022).

The welded joints were visually inspected and subjected to
radiographic ventilation with y-rays. No defects such as cracks, lack of
penetration, sticking, etc. were detected.

The welded plates were machined to the same thickness of 12 mm
(Bukvi¢, 2012; Bukvi¢ et al, 2022).

From the obtained welded plates nhumber 1 and 2 of the ferritic-
austenitic welded joint, test specimens were cut in accordance with the
standards for testing impact toughness and for determining fracture
toughness at flat deformation Kic.

Test of impact toughness on an instrumented Charpy
pendulum

The test of impact force on notched test specimens can provide an
explanation about the behavior of a material around the crack tip, starting
from the assumption that the test specimen material is sufficiently
homogeneous under a plane state of stress (Mileti¢ et al, 2020; Paris &
Erdogen, 1963). Determining the energy required for fracture under
established test conditions is most often used for regular control of the
guality and homogeneity of a material, as well as for its processing quality
control. With this test procedure, the tendency to increase brittleness
during exploitation (aging) can be determined. The impact tests of the test
specimens were performed in accordance with ASTM E23-95 Standard
(Mileti¢ et al, 2020; Paris & Erdogen, 1963), on the test specimens of the
dimensions and appearance as in Figure 3 and in order to determine the
total impact energy (Mileti¢ et al, 2020; Paris & Erdogen, 1963).

Detalj ,,A*

5545 10411

8+0,06
100,06

Figure 3 — Standard impact test specimen
Puc. 3 — CmaHdapmHbili obpasey dnsi ucnbimaHusi Ha ydap
Cnuka 3 — CmaHOapdHa enpysema 3a ucrumueare ydapHe xumnagocmu
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The notch position in relation to the welded joint is defined by 1SO
9016:2022 Standard (1SO, 2022). The notch is made by milling so that the
state of the material does not change during processing.

In bending impact load testing, fracture energy is determined as an
integral quantity. The fracture energy determined in this way does not give
the possibility of separating the resistance of the material related to the
formation, i.e. the propagation of the crack. The impact force and time were
continuously recorded during the test on an instrumented pendulum. This
is how the force-time diagram was obtained. From it, it is possible to
calculate the total energy Eu, required for the fracture of a specimen using
the formula (Mileti¢ et al, 2020; Paris & Erdogen, 1963):

Ey = [F(t)-v(t)-dt (1)
0

where: F(t) —force; v (t) — change in the speed of the pendulum during
the break; and t — duration of fracture.

In order to evaluate the behavior of the material under impact load, it
is necessary to know which part of the energy is used for the formation of
the crack, and which part for the propagation of the crack. The procedure
for determining the energy of crack growth through the "fatigue crack" was
used. The part of the energy required to form an Einic crack is calculated
by the formula (Mileti¢ et al, 2020; Paris & Erdogen, 1963):

Einic :Euk_EIom (2)
The energy of formation and the energy of crack growth are

determined by this method on one specimen (unlike other procedures),
which gives higher accuracy (Mileti¢ et al, 2020; Paris & Erdogen, 1963).

Impact toughness test results on an instrumented
Charpy pendulum

The impact energy was determined on an instrumented Charpy
pendulum with an oscilloscope whose impact load range is 150/300 J.
Standard Charpy V-notch test specimens were used during the test, as in
Figure 3, and the energies were calculated by formulas (1) and (2).

Results of testing the toughness of the base material

At the very beginning, before welding, from the plate of microalloyed
steel NIOMOL 490K, the test specimens were cut normal to the direction
of rolling of the plate and marked with a U mark with a notch normal to the
rolling direction. After that, test specimens were cut from the same plates
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in the rolling direction and marked with a P, with a notch parallel to the
rolling direction. The cut test specimens were tested for impact toughness.
The test was performed at room temperature. The obtained results are
shown in Table 7 and Figure 4.

Table 7 — Fracture energy of the test specimens made of a microalloyed steel base
material
Tabnuya 7 — QHepeusi pa3pyweHust ucrbimyemMbix 06pa3yos, u320moeeHHbIX U3
MUKponeaupogaHHoU cmanu
Tabena 7 — EHepeauja nioma ernpysema U3 OCHO8HO2 Mamepujaria MUKposieaupaHoza

yesuka
Impact energy, E, | Crack formation Propagation
Test [J energy, Einic [J] energy, Eiom[J]
. speci By By By
VL men Bl ED test Average test Average test Average
label speci value speci value speci value
men men men
- p-1| Transverseto | 279.2 73.7 205.5
g 4 the rolling 265.9 78.1 201.1
% g g é P-2 direction 252.6 82.5 196.7
w2 |u-1 Normal 253.4 78.2 175.2
-§ z to the rolling 252.1 77.1 175
uU-2 direction 250.8 76.1 174.7

As it can be seen from Table 7 and from the diagram in Figure 4, the
total impact energies of microalloyed steel do not differ significantly
depending on where the notch is placed in relation to the plate rolling
direction. The total energy is slightly higher when the notch is transverse
to the rolling direction and ranges from 252.6 J to 279.2 J. When the notch
is placed normally to the rolling direction, the total energy is slightly lower
and has a value of 250.8 J to 253.4 J.

Table 7 and the diagrams in Figure 4 show that the energy of crack
formation does not depend significantly on the position of the notch. It
ranges from 78.1 J when the notch is transverse to the rolling direction to
77.1 J when the notch is normal to the rolling direction. It is observed that
the crack propagation energy depends on the position of the notch. It
ranges from 201.1 J when the notch is transverse to the rolling direction to
175 J when the notch is normal to the rolling direction.

The properties of high-alloy austenitic steel were not investigated,
because it is known from the literature (Sedmak A. et al, 2022) that
austenitic steels have good toughness at low temperatures. On pressure
vessels (Golubovi¢ et al, 2018), structural changes in the base material
and the HAZ were neither expected nor revealed by the examination.
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Diagrams F—rand E,—7

The specimen P-2 The specimen U-1

F [kN]

/_“—_"ﬂ 200:—
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4 200
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244 (=20"C

;
& g™
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Figure 4 — Diagrams obtained from the impact tests of the microalloyed steel test
specimens
Puc. 4 — Juazpammebl, nosly4eHHble 8 pesyrbmame ucrbimaHuli 06pa3yos us
MUKpoOsieauposaHHOU cmarsnu Ha yOapHyH 8513KOCmb
Cnuka 4 — [ujaepamu 0obujeHu yGapHuUM ucrumuearuma erpysema o0
MUKpofieaupaHoe Yesuka

Results of the impact tests on the test specimens with a
notch in the filler metal

During the test, standard Charpy test specimens with a V notch in the
filler metal were used, as in Figure 3. Two test specimens were cut from
the welded experimental plates number 1 and 2, and the test was
performed at room temperature. The obtained results are shown in Table
8 and Figure 5.

Table 8 — Fracture energy of the test specimens with a notch in the filler metal
Tabnuya 8 — SHepausi pa3pyweHus ucrbimyemMbix 0bpa3yoe ¢ Halpe3om 8 Memarinie
wea
Tabena 8 — EHepeauja nnoma enpysema ca 3ape3om y Memarn wasy

Plat Test Impact energy, Eu[J] Formation energy, Einic Propagation energy,
e specimen [J] Eiom[J]
e label By test Average By test By test Average By test
) specimen value specimen specimen value specimen
1.1 126 49.8 76.2
! 1.2 135.1 130.5 60.2 55 74.9 55
2.1 134.9 52.2 82.7
2 2.2 135.8 1353 64.7 585 71.1 68

As it can be seen from Table 8 and from the diagram in Figure 5, the
difference in total impact energies for all test specimens is not large. The
total impact energy is the highest in the test specimen from plate number
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2 anditranges from 134.9 Jto 135.8 J. Negligibly lower total impact energy
was achieved in the test specimen from plate number 1 - from 126 J to
135.1 J. Obviously, a different amount of heat input during welding did not
affect the total toughness energy when the notch is located in the filler
metal zone.

Diagrams F—rand E,—7
The specimen 1.1 The specimen 2.1

= = Z7 Tspee. 21 WM =
-

1=20"C — —

0

8 ¢ [ms] &

Figure 5 — Diagrams of the impact tests of the test specimens from experimental plates 1
and 2 with a notch in the filler metal
Puc. 5 — Juazpammbl ydapHbIx ucrnbimaHuli 06pa3yoe - orbIMmHbIX
nnacmuH Ne 1 u 2 ¢ Hadpesom 8 memarine wea
Cnuka 5 — [Jujagzpamu ydapHux ucrnumusara erpysama U3 eKcriepuMeHmarHux
nnoyva 6poj 1 u 2 ca 3ape3om y memai wasy

Plate 2 has a slightly higher crack formation energy of 58.5 J, and the
lower crack formation energy of the test specimen from plate number 1 is
55 J. The difference is not significant.

Plate number 2 has a higher crack propagation energy of 76.8 J and
the test specimens from plate number 1 have a lower crack propagation
energy of 75.5 J. The difference is negligible.

Results of the impact tests on the test specimens with a
notch in the HAZ

During the test, standard Charpy test specimens were used, where a
V notch was placed in the HAZ towards the microalloyed steel, as in Figure
3. Two test specimens were cut from experimental plates 1 and 2. The
obtained results are shown in Table 9 and Figure 6.

In Table 9 and in the diagram of Figure 6, the total impact energies are
slightly higher than the impact energies obtained from the test specimens with
a notch in the filler metal in Table 8. In the test specimen from plate 1, the total
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energy is from 190.5 J to 218.1 J, while it is from 189.5 J to 216.3 J in the test
specimen from plate 2.

Table 9 — Fracture energy of the notched test specimens in the HAZ towards the
microalloyed steel
Tabnuua 9 — SHepeaus pa3pyweHus ucrbimyembix 0bpa3yoe ¢ Hadpedamu 8 3TB o
OMHOWEeHUIO K MUKposieauposaHHoU cmasnu
Tabena 9 — EHepeauja nnoma enpysema ca 3apesom y 3YT ka MUKposieaupaHoM YesuKky

Test Impact energy, Eu[J] Formation energy, Einic Propagation energy,
Plate | o ecimen J] Eiom[J]
no. plab el By test Average By test By test Average By test
specimen value specimen specimen value specimen
1.3 218.1 68.5 149.3
! 1.4 1005 | 20943 58.2 635 132.3 140.8
2.3 189.5 61.1 128.4
2 2.4 216.3 202.9 74.6 67.8 141.7 135.1
Diagrams F—rand E,—7
The specimen 1.3 The specimen 2.3
g» _ o £* Tope 2307 i
= Spec. 1.3 11AZ = = t=20"C

SiE, m °

i t=20"C o 244 /‘
/'—— 200 /
~ 15
204 204
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Figure 6 — Diagrams of the impact tests of the test specimens with a notch in the HAZ
Puc. 6 — [Juaepammbl yOapHbIx ucrnibimaHutll o6pa3yos ¢ Hadpezom 8 3TB
Cnuka 6 — [Jujaepamu yOapHux ucriumusarsa enpysema ca 3apesom y 3YT

The crack formation energy is of very uniform values. The test
specimens from plate 2 have a higher crack formation energy of 67.8 J
while the test specimens from plate 1 have a slightly lower crack formation
energy of 63.5 J.

Crack propagation energy does not differ from plate to plate. The test
specimens from experimental plate 1 have a higher crack propagation energy
of 140.8 J and the test specimens from experimental plate 2 have a slightly
lower crack propagation energy of 135.1 J.
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Determining the fracture toughness during flat
deformation Kic

Examining test specimens with a crack shows the local behavior of
the material around the crack tip, starting from the assumption that the
material around the crack is sufficiently homogeneous, which means that
the results of the local behavior can be treated globally, i.e. they can be
directly transferred to an appropriate construction. The influence of the
heterogeneity of a structure and the mechanical properties of a welded
joint is primarily reflected in the position of the fatigue crack tip and the
characteristics of the area through which the fracture propagates (Bukvic,
2012; Zerbst et al, 2015; Kumar et al, 2016).

The test of fracture toughness during flat deformation K. was carried
out in order to determine the critical stress intensity factor Ky, i.e. the
evaluation of the behavior of the components of the welded joint, weld
metal and the HAZ in the presence of a crack-type defect as the most
dangerous of all defects in structural materials, especially welded joints
(Bukvi¢, 2012; Zerbst et al, 2015; Kumar et al, 2016). The test was
performed at room temperature.

Two groups of test specimens were tested depending on the location
of the fatigue crack tip, namely:

— Group | - test specimens with the fatigue crack tip in the filler metal,

— Group Il - test specimens with the fatigue crack tip in the HAZ towards
microalloyed steel.

Three-point bending test specimens (SEB) were used to determine
Kic, the geometry of which is defined by ASTM E399 Standard and given
in Figure 7.

N 10
" »

R 0.0 " Vs

e ey I R Sl ]
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Figure 7 — Specimen for fracture mechanics testing
Puc. 7 — Obpasey 0nsi ucrbimaHull Ha MexaHUKy paspyweHusi
Cnuka 7 — Enpysema 3a ucrnnumusare MexaHuKke fioma
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As defined by ASTM E399 Standard, i.e. BS 7448 Part 1, the first step
was to prepare a test specimen, i.e. to form a fatigue crack. The fatigue
crack on the fractured test specimen marked 1.5 under c is shown in Figure
8. Approximately 50% of the final length of the fatigue crack was produced
at the maximum fatigue force Fmax = 0.4 -FL. In this case, the minimum force
was Fmin = 0.1 Fnax. The fatigue crack was formed on an AMSLER high-
frequency pulsator. The condition of flat state of deformation is not
satisfied according to ASTM E399:

B>25- (K—’)z (3)

Rpo.2

In that case, instead of applying linear-elastic fracture mechanics
(LEML) defined by ASTM E399 Standard, elasto-plastic fracture
mechanics (EPML) defined by ASTM E813, ASTM E1152, ASTM E1820-
18 and BS 7448 Part 1 and 2 Standards was applied. the purpose of using
elasto-plastic fracture mechanics is to determine the value of the critical
stress intensity factor Ky indirectly via the critical J-integral Ji, i.e. to
monitor the crack growth under the conditions of pronounced plasticity.
The behavior of the elasto-plastic material, which also includes the
components of the welded joint, during a stable crack growth can be
described by the J-Aa diagram, where Aa is crack growth (Bukvi¢, 2012;
Zerbst et al, 2015; Kumar et al, 2016).

Based on the obtained data, a J-Aa curve is constructed, on which a
regression line is constructed according to ASTM E1152. The critical J-
integral Jic is obtained from the obtained regression line. Knowing the
values of the critical J;c integral, one can calculate the value of the critical
stress intensity factor or the fracture toughness at flat deformation K,
using dependence (4) ASTM E399:

Ko =4/ 4)

where: E — modulus of elasticity and v — Poisson's ratio.
The critical value of the stress intensity factor K. was determined

using the method of one test specimen with successive loading and
unloading (Bukvi¢, 2012; Zerbst et al, 2015; Kumar et al, 2016).
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Based on the data collected from a tensile machine (force transducer
and COD transducer), the diagrams of force F—Crack Mouth Opening
Displacement & (CMOD-Crack Mouth Opening Displacement) were
constructed.

These diagrams are the basis for determining the critical value of the
J-integral Jic. However, in order to determine the length of the crack Aa, it
is necessary to measure the length of the original fatigue crack az (Bukvic,
2012; Zerbst et al, 2015; Kumar et al, 2016).

Determination of Kic in the test specimens with a notch in
the filler metal

The results of measuring the length of the fatigue crack are given in
Table 10 while the diagrams F-6 and J-Aa for the test specimens with a
notch in the filler metal are given in Figures 8 and 9.

Table 10 — Fatigue crack lengths of the specimens with a notch in the filler metal
Tabnuuya 10 — [nuHa ycmanocmHol mpeuwjuHbl obpa3ya ¢ Halpe3oM 8 Memarie wea

Tabena 10 — [Jy>xuHe 3aMOpHe npcruHe ernpysema ca 3apesoM y Memai wasy

Plate Te_st Fatigue crack length, aJlmm Average value,
specimen
no. label az1 az azs aza azs azsr[mm]
1 15 2.85 293 | 3.34 | 3.67 | 3.26 3.21
2 2.5 2.42 2.90 2.65 2.92 2.92 2.762

The calculated values of the critical stress intensity factor, K., are
given in Table 11 for the test specimens with a notch in the filler metal. In
the calculation for fracture toughness at flat deformation K|, a single value
for the modulus of elasticity at room temperature of 210 GPa was used.

The fracture toughness values K. of the specimens with a notch in
the filler metal range from 125.1 MPa m*? to 130.5 MPa m¥2. The values
do not differ significantly, because it is the same filler material, regardless
of the difference in the amount of heat input during welding.
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Figure 8 — (a) F-0 diagram, (b) J-Aa diagram and (c) a broken test specimen 1.5 with
a notch in the filler metal

Puc. 8 — [Juazpammsbl F-5 (a), J-Aa (b) u (c) paspyweHHbIl obpasey 1,5 ¢ Ha0pe3om 8
memarnne wea

Cnuka 8 — (a) dujazpamu F-0 , (b) J-Aa u (c)npenomrbeHa enpysema 1,5 ca 3ape3om
y meman wasy

Table 11 — Kic values of the specimens with a notch in the filler metal
Tabnuya 11 — 3HayeHust obpa3syos Kic ¢ Hadpe3om 8 memarine wea

Tabena 11 — BpedHocmu Kic enipyeema ca 3ape3om y memar wasy

Plate s g;‘;:en Critical J-integral, J Critical stress intensity Critical crack
no. plabel [kJ/m?] factor, K. [MPa m*?] length, ac [mm]
1 1.5 69.5 125.1 93.4
2 2.5 75.6 130.5 100.9
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Figure 9 — (a) F-0 diagram, (b)J-Aa diagram and (c) a broken test specimen 2.5 with a
notch in the filler metal
Puc. 9 — fuaepammbl F-0 (a), F-0 (b) u (c) 8 pa3pyweHHbIx obpa3yax 2.5 ¢ Hadpe3om
8 Memarine wea
Cnuka 9 — (a) dujacpamu F-0, (b) F-6 u (c)npenomrbeHa enpysema 2,5 ca 3apesom y
memarn wasy

Determination of Kic in the test specimens with a notch
in the HAZ

The results of measuring the fatigue crack length in the test
specimens with a notch in the HAZ towards microalloyed steel are given
in Table 12 and in the F-6 and J-Aa diagrams in Figures 10 and 11.

Table 12 — Fatigue crack lengths of the notched test specimens in the HAZ at room
temperature
Tabnuya 12 — [dnuHbl ycmanocmHbiX MpeuwuH Ha ucrbsimyembix obpa3syax ¢ Hadpe3amu
8 3TB npu kKoMHamHoU memrnepamype
Tabena 12 — [lyxxuHe 3aMOpHe npcriuHe enpysema ca 3ape3om y 3YT Ha cObHoj

mewmnepamypu
Plate Tgst Fatigue crack length, az [mm Average value,
specimen
no. label az1 az az3 az4 azs azsg [mm]
1 1.6 3.46 347 | 328 | 241 | 2.34 2.99
2 2.6 2.17 3.56 3.19 3.43 3.31 3.13
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Figure 10 — (a) F - 6 diagram, (b) J - Aa diagram and (c) a broken test specimen 1.6
with a notch in the HAZ towards the microalloyed base material

Puc. 10 —(a) duazpamma F - 8, (b) J - Aa u (c) pa3pyweHHbIl ucrbimyembil obpa3sey,
1.6 ¢ Hadpe3om 8 3TB cO CMOPOHbI MUKPOJIE2UPOBaHHO20 OCHOBHO20 Mamepuarna

Cnuka 10 — (a) dujacpamu F-6 , (b) J-Aa u (c)npenomrbeHa enpysema 1,6 ca 3ape3om
y 3YT ca cmpaHe MuKposieaupaHo2 OCHOBHO2 Mamepujana

Table 13 — Fatigue crack lengths of the notched test specimens in the HAZ

Tabnuuya 13 — [nuHbl ycmanocmHbIX MPewUuH Ha ucnsimyeMbix obpasuyax ¢
Halpe3amu 6 3TB
Tabena 13 — [ly)xuHe 3aMOpHe npcriuHe ernpysema ca 3ape3om y 3YT

Plate s (-erfirsnten Critical J-integral, J;c Critical stress intensity Critical crack
no. pl abel [kJ/m?] factor, K. [MPa m¥?] length, ac [mm]
1 1.6 61.4 117.6 82.5
2 2.6 69.5 125.1 92.7
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Figure 11 — (a) F - 6 diagram, (b) J - Aa diagram and (c) a broken test specimen 2.6
with a notch in the HAZ towards the microalloyed base material
Puc. 11 —(a) duazpamma F - 0, (b) J - Aa u (c) paspyweHHbIl ucribimyemsbil obpasey,
2.6 ¢ ¢ Hadpe3om 8 3TB cO CMOPOHbI MUKPOJIe2UPO8aHHO20 OCHOBHO20 Mamepuara
Cnuka 11 — (a) Oujagpamu F-0, (b) J-Aa u (c)npenomrbeHa enpysema 2,6 ca 3ape3om
y 3YT ca cmpaHe MukposneaupaHoe Yyesnuka

The obtained values of fracture toughness K. of the test specimens
with a notch in the HAZ towards microalloyed steel, shown in Table 13,
range from 117.6 MPa m¥? to 125.1 MPa m*2. The values do not differ
significantly, which means that a different amount of heat input during
welding had no effect.

Analysis of the results

In practice, different base and filler materials are used for welding in
order to optimise constructions. The economy of construction is not the
only reason for such use of materials. For example, storage tanks for liquid
petroleum products are made of different materials. This paper deals with
base materials with different chemical compositions and filler materials
that have similar characteristics to one of base materials, i.e. to austenitic
high-alloy steel. In such cases, different microstructures can be expected
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to appear in welded joints. All this makes it difficult to predict the behaviour
of such joints in use.

Welding with the filler material MIG 18/8/6 vyielded two welded
experimental plates, marked 1 and 2, where different amounts of heat
input were used.

Experimental plates 1 and 2 were welded with the highest and lowest
allowed amount of heat input. It is noted that the difference in heat input is
about 30%. The obtained values of the quantity of input heat represent, in
this case, the limit values for the chosen welding procedure and the filler
material.

According to the Schaeffler diagram (Figure 2), it is possible to use
the filler material MIG 18/8/6 during welding because the result of this
bonding is in the safe area.

In testing microalloyed steel toughness at room temperature, it was
observed that high values of total energy were obtained regardless of the
direction in which either the test specimens or the notches were cut
(transverse or normal to the rolling direction). The total impact energy is
5.3% lower for the test specimens cut transversely to the rolling direction
and with their notch normal to the rolling direction. From the obtained
results, the energies of crack propagation are higher than the energies of
formation, which indicates the fact that the examined material is ductile.

The total impact energy obtained by testing the test specimens with a
notch in the metal seam from experimental plates 1 and 2 shows that the
highest achieved total energy is for the test specimens from plate 2, and a
total energy lower by 3% was obtained for the test specimens from plate
1. In the tested cases, the ductile component is greater than the brittle one,
so it can be concluded that experimental plates 1 and 2 with a notch in the
metal seam behaved as ductile at room temperature.

The comparison of the obtained impact toughness values for the test
specimens with a notch in the HAZ towards microalloyed steel from plates
1 and 2 shows that the values are high and slightly lower than the
toughness values in the microalloyed steel test specimens. This decrease
in toughness is due to the growth of grains in the HAZ and the appearance
of bainite in the structure. In all tested samples, the energy of propagation
is higher than the energy of formation. This leads to the conclusion that
the test specimens were ductile at room temperature.

Observing the obtained values of the critical stress intensity factor Kc
for the test specimens with a notch in the metal seam, one can notice that
different amounts of heat input during welding did not give significant
differences in the values of K.
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The obtained critical crack lengths are adequate to the obtained K.
values, so the highest value is for plate 2, and a slightly smaller one for
plate 1. It can be concluded, based on the values of the critical crack
lengths and fatigue crack lengths for the test specimens with a notch in the
metal seam, that the best characteristics in the presence of a crack-type
defect will be shown by plate 2 followed closely by plate 1.

Observing the obtained values of the critical stress intensity factor Kic
for the test specimens with a notch in the HAZ towards microalloyed steel
leads to the conclusion that plate 2 has the highest values while plate 1
has a lower value by 6%.

The obtained critical crack lengths are adequate to the obtained K.
values, so the highest value is obtained by plate 2 while plate 1 has a lower
value by 11%.

Conclusions

Based on the test results, the following conclusions can be drawn:

1. The resistance of microalloyed steel to crack formation and growth
is uniform regardless of whether test specimens are cut in the
rolling direction of the experimental plates or cut normal to the
rolling direction of the plates;

2. The obtained impact energies from the test specimens with a notch in
the metal seam are lower than the impact energies from the test
specimens with a notch in the HAZ by about 35%;

3. Different amount of heat input during welding with the same filler
material does not give a difference in the obtained impact energy;

4. A higher value of the critical stress intensity factor K. was obtained
for the test specimens with a notch in the metal seam compared to
the test specimens with a notch in the HAZ;

5. The critical length of the cracks is smaller in the test specimens
with a notch in the HAZ by about 10%; and

6. If a construction made of the materials used in this study is exposed
to a stress lower than the yield stress and if there is a crack in their
welded joint smaller than the critical one, there is no risk of fracture.
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AHanus ygapHomn BA3KOCTU U KpUTMYECKOro KoadhdumumneHTa
WHTEHCUBHOCTU HanpsixeHun Kic B peppUTHO-ayCTEHUTHBLIX CBapHbIX
COEOUHEHUSAX C pa3nMyHbIM NOABOAOM Tenna

AnekcaHdap I. Byksuy?, koppecnogeHT, Janubop I1. MeTpoBuy?,
Uzop 3. Pagucaenesuy®, Cawa C. Qumutpmy?
2 YHuBepcuTeT 060poHbI B 1. benrpan, BoeHHas akagemus,

r. benrpag, Pecny6bnuka Cepbusi

5 MunncTepcTBo 060poHLI Pecnybnuku Cepbus, BoeHHO-TEXHUYECKUI
nHcTuTyT, r. Benrpag, Pecnybnvka Cepbus

PYBPUKA TPHTW: 81.35.39 CBapHble METanNOKOHCTPYKLNN,
81.35.13 TexHonorusa n o6opynoBaHne CBapO4YHOro
npounsBoAcTBa
BWO CTATbW: opurmHanbHasa Hay4yHas cTaTbs

Pesrome:

Beederue/uyenb: B nobol KoOHCmMpyKyuu eceada UMeemcsi HECKOSbKO
KpUMUYECKUX MOYeK, KOmopble MO2ym oKa3ambCsl UCMOYHUKaMu
obpasoeaHus deghekmos. Bce amu kpumudeckue mecma OOHO3Ha4YHO
O0/mKHbI  MPUHUMambCsl 80 8HUMaHue rpu oueHke 6e3onacHocmu,
Komopasi HauerieHa Ha ebisiefieHuUe Haubonee HebrazonpusmHbIX
hakmopoe aKcrlyamauyuu U OUEHKY JiokanbHoU 6e3onacHocmu
coeduHeHull. Ce200H1 8  MemarfioKOHCMPYyKUUsXx ece  Yaule
ecmpevaromcs COeOUHeHUs  palfiudHo20 cocmaea. B ces3u ¢
mpebosaHusaMuU SHEP203hheKMUBHOCMU U 3KO/I02UuU npu
cmpoumenbcmee 371IeKmpocmaHyul, XUMUYECKUX 0bbekmos u rp.
ceapHble COeOUHEHUS MUKPOIIeaupoBaHHbIX (beppumHbix cmanel C
8bICOKOIE2UPOBaHHbLIMU ayCIMEeHUMHbLIMU CmMasisiMu 8CMpeYaromcsl 8ce
vawle. McnbimaHusi makux ceapHbiX COeOUHeHUl MposoduUnuUCL Ha
pesepsyapax O0nsi HeghmenpoOykmos, 4Yacmu Kopryca Komopoeo
us2omoerieHbl U3 MUKporieauposaHHolU — ¢heppumHold cmanu, a
KOHCMPYKUUST KpbILWU — U3 8bICOKO/Ie2UP08aHHOU aycmeHUmH+ou cmaru.

Memodel: B daHHOU cmambe npedcmaeneHbl  pesyrbmamal
9KCriepUMeHmMarsnbHo20 aHanu3a pacrpoCmpaHeHUss MmpewuHbl 8
aycmeHUmHO-gbeppumHoOM ceapHoM coeduHeHuu. Ceapka 8bInorHsANach
memodom MIG ¢ d8ymsi pa3nuyHbIMU mernosbiMu nodeodamu, rpuyem
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ucrionb3oeasicsi 00UH U mom e rpucadoyHbili Mmamepuan MIG 18/8/6.
Bbinu ucribimaHbl 08a murna CeapHbIX nnacmuH. B cmambe onucaHbl
Xapakmepucmuku  OCHOBHbIX,  OOMOMHUMESbHbLIX U  PacxXxoOHbIX
Mamepuaros, a makxxe mexHonoauu ceapku. [ns onpedeneHusi ydapHbIx
ceolicme U napamMempo8 MexaHUKU paspyweHusi bbiniu Uu320moesieHb!
ucrisimamersibHble 06pa3ubi ¢ Hadpe3aMu U Ha4yasWUMCS pa3pyuieHUem
10 mury mpewjuHsI.

Pesynbmamei: Llenibto 0aHHO20 uccriedosaHusl $8/s/ioCh CpasHeHUe
05Ty YEeHHbIX PE3YIbMmarmos yOapHOU 853KOCMU, 8513KOCMU pa3pyweHust U
Oecbopmayuu 8 mrocKkocmu  ¢(heppumo-ayCcmeHUmMHoO20  C8apHbIX
coeduHeHul. Takxe 6 cmambe rpueedeHa OUeHKa pe3yribmamos,
rorny4eHHbIX npu ucrisimaHuu 3KcriepumeHmaribHbIX rnrnacmuH,
ceapueaeMbIX C pasfuYHbIM KOIU4ecmaom no0eo0umMo20 meria.

Bbigodbl: Mo pesynsmamam ucnbimaHuli 8bisisfieHa 3a8ucuMocmb
2eoMempuu paclwupeHUsi mpeuwuHbl om ycrnoeuul HanpskeHus. Takum
06pa3oM MOXHO onpedenums 3HayeHusl rnapamempos, OfuUChbI8arULUX
rnosedeHue mamepuarna, KaK rnpu JIUHEeUHO-ynpyaol, maK u rnpu yrnpyao-
racmu4eckoli MexaHuKke pa3pyueHus.

Knrouesbie criosa: ¢heppumHo-aycmeHUmMHoe ceapHoe coedUHeHUe,
yOapHasi 8513KOCMb, Kpumu4yeckul Ko3aghgbuyueHm UHMEeHCcUsHocmu
HanpskeHul Kic.

AHanuaa yAapHe XuinaBoCTU N KPUTUYHOT cbaKTopa WHTEH3UTETA
HanoHa Kic kog (bepVITHO-ayCTeHVITHVIX 3aBapeHunx cnojeBa
pas3snn4inTM yHOCOM TOMNJ10TE

AnekcaHdap I. Byksuh?, ayTop 3a npenucky, [Janubop M. MNetpouh?,
Uz0p 3. Pagucaerbesuh®, Cawa C. QumuTpuh?
2 YHuBepauteT oabpaHe y beorpany, BojHa akagemuja,
Beorpapg, Penybnuka Cpbuja
5 MunnctapcTeo oabpare Peny6nvke Cpbuje, BOjHOTEXHUYKM MHCTUTYT,
Beorpag, Penybnuka Cpbuja

OBJIACT: MawnHCTBO, MALLUHCKN MaTepujanu
BPCTA UJTIAHKA: opyruHanHu Hay4Hu pag

Caxxemak:

Yeod/yurb: KpumuyHa mMecma KOHCmpyKuuja u38op cy Mmoayhux
Oegbekama, na ce Mopajy y3emu y 0b3up fpu MPoyeHuU cuaypHocmu, ede
he ce caaznedamu HajHENo8OSbHUjU eKcriioamayuoHU akmopu u
npouyeHUmMu riokanHa cueypHocm croja. [aHac je cee ydyecmanuja
fpumeHa pasHOPOOHUX crojeea y MemarnHUM KOHcmpyKkuujama. 3602
E€KOHOMUYHOCMU U eKorloeuje, npu u3zpadru eHepeemcKux, XeMUjCKUX
unu Hekux Opyeux nocmpojerba cee yewhe ce cpehy 3agapeHu criojegu
MuKporieeupaHux — ¢hepumHux — Yequka ~— ca  8uCcoKoneaupaHum
aycmeHumHum Yenuuyuma. Odzoeapajyha ucriumueara epuieHa cy Ha
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pesepeoapuma 3a HaghmHe Oepusame, Koju ce uspahyjy o0d derosa
oriame 00 MUKposieaupaHoz ¢hepumHoe Yesuka U Kpo8He KOHCMpYKUUje
00 8UCOKoseaupaHoea ayCmeHUmHoea Yesiuka.

Memode: Y paldy je usepweHa ekcriepuMeHmasnHa aHanu3a Wwupera
rpcriuHe Kod ghepumHo-aycmeHUmHoe2 3agapeHoe crioja. 3asapusare je
uszeedeHo MMUI rocmynkom 3aeapuearba ca 0ea pasfuduma yHoca
Kosiu4uHe morisiome, a KopuwheH je ucmu dodamHu mamepujan MU
18/8/6. UcnumueaHe cy Ose epcme 3asapeHux rnioyva. HasedeHe cy
Kapakmepucmuke OCHOBHUX, dodamHux u nomohHux mamepujana u
mexHorioauja 3aeapusar-a. VspalieHe cy enpyseme ca 3ape3oMm ca
UHUUUPaHOM e2pewikoM muna rpcruHe padu odpehusara ydapHux
ceojcmasa u napamemapa MexaHuKe jioma.

Pesynmamu: CripogedeHa ucmpaueara umarna cy 3a Uurb 0a yriopede
0obujeHe pe3ynmame yOapHe Xurnagocmu U Xuiaagocmu sioMa rpu pagHoj
Oegbopmayuju Kod ghepumHo-aycmeHUmMHoe 3agapeHoa croja. [Jama je u
oueHa 0obujeHux pe3ynimama npu ucrumuearby €eKCrepumMeHmarnHux
rioya Koje cy 3asapeHe pasniuydumumM yHOCOM KOIUYUHE moryiome.

Sakrbyydak: Pe3ynmamu ucriumuearba jecy ycrocmasrbatbe 3a8ucHocmu
2eomMempuje NnoKpemHe fpcriuHe U ycriosa Harnpe3ara 3a 0arbe Wuper-e
npcnuHe. OmozyheHo je odpefjusar-e usHoca napamemapa Koju onucyjy
roHaware Mamepujana, Kako y JIUHeapHO-eflaCMmuy4yHoj, mako u y
eflacmuy4Ho-racmu4YHoj MexaHuyu jioma.
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Abstract:

Introduction/purpose: The hydraulic buffering valve has the greatest
influence on the dynamic characteristics of power-shift transmission. The
hydraulic buffering valve is a transmission element that controls increase in
pressure in friction assemblies during the gear shifting process. By
choosing the optimal control of pressure increase during shifting, reduction
of dynamic loads in gear transmissions and thermal loads in friction
assemblies is achieved.

Methods: The paper analyzes the principle of one of hydraulic buffering
valve solutions as well as the influence of certain parameters on the control
of pressure increase. After the analysis of the working principle of the
hydraulic buffering valve, a simulation model was developed in the
MATLAB/Simulink software package.
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Results: The results obtained using the simulation model were compared
with the experimental results of the selected pressure modulator solution.
The selected hydraulic buffering valve was developed as part of the
development of a device for power-shift transmission. The simulation
results showed a satisfactory match with the experimental results.
Conclusion: The developed simulation model enables a relatively easy and
quick change of the parameters of the hydraulic buffering valve as well as
a possibility of a faster and better understanding of the influence of
individual parameters on pressure increase during the gear shifting
process.

Key words: power-shift transmission, pressure control valve, simulation.

Introduction

Gear shifting in the transmission of a motor vehicle is a process in
which power parameters are changed in order to adapt the vehicle to road
conditions (Balau et al, 2011). The way the transmission management
system is implemented significantly affects the traction and dynamic
characteristics of the vehicle, which is particularly pronounced in tracked
vehicles where the transmission management system, in addition to gear
shift, also ensures the turning of the vehicle. Increasing demands for high-
performance tracked vehicles in terms of mobility have imposed the need
to improve their subsystems, primarily the engine and the gearbox.

The improvement of the gearbox is of particular importance because,
depending on its performance, the traction and maneuvering
characteristics of the vehicle can be significantly increased or decreased,
and the steering system has a special place in this (Grki¢ et al, 2009). The
hydraulic buffering valve is one of the most important elements of the
power-shift transmission system. The quality of the transition process of
gear shifting depends on its characteristics, which directly affects the
traction and maneuvering characteristics of the vehicle (Meng et al, 2015).

Working principle of the hydraulic buffering valve

Figure 1 shows the hydraulic buffering valve which consists of a
regulator piston (a), an accumulator piston (b), springs (c) and (i), an orifice
(d) and (f), and a non-return valve (e). The channel (g) is connected to the
valve for gear selection, and the channel (h) to the corresponding friction
clutch assembly. Figure 1 shows the position of the elements at the time
of the beginning of the pressure modulation process. From that moment,
the modulation of the pressure p; in the channel (h), and therefore in the
cylinder of the friction clutch assembly, takes place in accordance with the
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movement of the piston (b) and the stiffness of the springs (c) and (i). The
pressure modulation process will be completed when the piston (b) rests
on the piston outlet (a), after which the nominal pressure is established in
the cylinder of the friction clutch assembly (Jian et al, 2018).
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L/ | T i "
Pi h k
— dh

Figure 1 — Positions of the hydraulic buffering valve elements at the beginning of the
pressure modulation process
Puc. 1 — NonoxeHue demanel Modynsimopa 0assieHuUs 8 Hadyarse npouyecca Mooynsayuu
OaeneHusi
Cnuka 1 — Nonoxaj enemeHama modynamopa npumucka Ha noYyemky rnpoueca
modynauyuje npumucka

The orifice (f) in Figure 1 determines the movement speed of the
piston (a), and the orifice (d) determines the pressure change in the
process of pressure modulation. The non-return valve (e) is intended to
assist in the process of turning off the friction clutch assembly, to help
discharge the volume of the accumulator (b) faster and to prepare the
pressure modulator for reactivation.

The character of the pressure change in the modulation process
depends primarily on the design parameters of the hydraulic buffering
valve elements (front surfaces of the regulator piston (a) A1 and the
accumulator piston (b) Az, the stiffness of the spring (c) C: and the spring
(9) C; and their preloads, the piston stroke accumulator dh and the orifice
(d)).

The general character of the pressure change in the friction
assemblies during gear shifting is shown in Figure 2 (Baogang et al, 2019).
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Pressure

Time

Figure 2 — Pressure change in the process of pressure modulation
Puc. 2 — VIameHeHue 0asrneHusi 8 npoyecce Modynsayuu 0asrneHusi
Cnuka 2 — Kapakmep nipomeHe npumucka y rnpouyecy Hezoee modynauyuje

Phase a-b — represents the filling of the volume of the pipeline and
the initial volume of the clutch cylinder with the motionless piston of the
friction assembly.

Phase b-c — represents the filling of the volume of the clutch cylinder,
followed by the movement of the piston of the friction assembly from the
initial to the end position, when the pressure increases due to the
compression of the spring in the friction clutch assembly.

Phase c-d — represents the process of pressure modulation in the
clutch cylinder of the friction clutch assembly followed by the slippage of
its elements. The pressure modulation process takes place in accordance
with the movement of the accumulator piston (b) and the stiffness of the
springs (c) and (i). This phase has the greatest impact on the quality of the
gear shifting process (Walker et al, 2011). The duration of the gear shift
depends on the character of the phase c-d, as well as the increase of the
friction moment and the dynamic loads of the elements.

Phase d-e — indicates the establishment of the nominal pressure,
after the completion of the pressure modulation process, which is equal to
the working pressure (Liu et al, 2014).

Mathematical model of the hydraulic buffering valve

The initial pressure in the process of engaging the friction clutch
assembly, the final pressure and the character of the pressure change
during the pressure modulation have a direct impact on the performance
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of the hydraulic buffering valve. The transient process, the pressure
modulation process, is described by a simplified mathematical model
(Zivanovié, 1991). Friction and inertial forces are neglected in the
calculation, the working fluid is incompressible and the hydraulic pipeline
is absolutely rigid. Taking into account the equilibrium condition of the
piston (a) and the piston (b), as well as the continuity equation, the
following system of differential equations can be written:

Q4dt = Azdh

Aldpl = th (1)
where:
Ax and A4; — surfaces of the pistons (a) and (b),
c — spring stiffness (d) and (i),
dh — elemental displacement of the piston (b),
dp: — pressure increase in the channel (h) which corresponds to the
displacement of the piston (b), and
Qs — flow through the orifice (d), determined by the equation:
,2
Qs = Caady ;(P1 —P2) 2
where:
Cua — flow coefficient through the orifice (d),
As — orifice surface (d), and
P2 — pressure in the accumulator chamber (b).

If substitution is introduced into the equation:

£ = CasAy j% 3)

where ¢ represents the flow through the orifice at a pressure difference of

1 bar, then:
Q4 = f\/ (1 —1p2) 4)

If expression (4) is included in the first differential equation of system
(1) and dh is replaced from the second equation (1), we get:

c§\/p1 — p2dt = A1 A,dpy )
From the balance of the piston (b) of the accumulator, the equation

can be written:

Fo
b2 = 2,

(6)
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where:
Fo —the force of the springs (c) and (i) of the accumulator (b) in an
arbitrary position.

The spring force Fo can also be expressed through the pressure ps,
setting the equilibrium condition for the piston (a).

F, = p14 (7)
Putting the value of Fo in expression (6) and then in expression (5)

we get:
A
c§ /Pl —P1 A_: dt = A1A,dp, (8)

A4,

————=dp,
c§ P1—P12_; (9)

In order to determine the total duration of the modulation process tmod
with the specified hydraulic buffering valve, equation (9) will be integrated.
The limits of the integral for the left side of the differential equation are from
0 to tmeg, and for the right side from pio t0 pPimed, Where:
tmod — duration of the pressure modulation process,

P10 — pressure at the beginning of the modulation process, and
Pimod  — pressure at the end of the modulation process.

and that is:
dt =

The pressure value pio corresponds to the rightmost position of the
accumulator piston (b), while the pressure value pimed COrresponds to the
pressure at the end of the pressure modulation process, that is:

Fomod . Fomod+C1-hg+co (Re—1q) (10)

P10 = A, Pimod = ™

where:

Fomods — the force of the spring (c) of the accumulator (b) at the
beginning of the pressure modulation and

l1 — distance between the springs (c) and (i) in the accumulator (b).

Integrating equation (9) with replacement and introducing the
specified limits of the integral for the first stage gives the duration of the
pressure modulation process:

tmoa = Ai?z \/127_1 (v/P1mod — /P10) (11)
Az

in which:
c=c¢+c (12)
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where:
C1 — spring stiffness (c¢) and
C2 — spring stiffness (i).

In order to obtain the dependence of the pressure change during the
modulation process, differential equation (9) will be integrated in the limits
for the left side from O to t and the limits for the right side from po to p1,
where t and p; are current variables and the result will be:

_ﬁ 2 _ Fomod

e 1—ﬂ(‘/E Ay ) (13)
Az
and that is:

g2 A n

_ Foo  (5) i) rett Fomoans’ (1) a0
p1 = ™ A
7#105 ‘

Pressure [Pa]
IN o

w
T

1 . . . . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Time [s]

Figure 3 — Dependence of pressure increase on time during the pressure modulation

process
Puc. 3 — lNosbiweHue 0asreHus 8 3agUcuMocmu om epemMeHu npouecca mModynsyuu
OaeneHusi
Cnuka 3 — 3asucHocm nipupawmaja npumucka 00 8pemeHa y moKy rnpouyeca He208e
modynauuje

Equation 14 represents the pressure change in the friction clutch
assembly during the process of pressure modulation with the described
hydraulic buffering valve. Figure 3 shows the dependence of the pressure
fit on time during the pressure modulation process obtained by solving
equation 14.
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Simulation model of the hydraulic buffering valve in
MATLAB/Simulink

The simulink module developed in the MATLAB environment enables
modeling, simulation and analysis of various dynamic systems. It supports
linear and nonlinear systems modeled in both continuous and discrete time
(Grki¢ et al, 2011).

Modeling in simulink uses a graphical environment, as well as ,click-
and-drag” mouse operations for block drawing. Simulink contains a large
library of generators of input excitations, displays of output variables as
well as linear and non-linear components of the system (Raikwar et al,
2015). By means of block diagrams from the library, a simulation model of
the pressure modulator shown in Figure 4 was developed.

Hydraulic Buffering Valve

[

;
!
o} B

Control Unit

Clutch Cylinder E

sssssssssssss

H
H
H
H" /

Figure 4 — Simulation model of the hydraulic buffering valve
Puc. 4 — MimumauyuoHHasi MoOersb eudpasnu4ecko2o Mooysisimopa OasneHust
Cnuka 4 — CumynayuoHu moOesn Modynamopa rpumucka

The simulation model consists of three parts. The first unit is the part
for managing the system and consists of a hydraulic pump, a hydraulic
distributor, a safety valve and components that manage the
aforementioned. The second unit is represented by the hydraulic buffering
valve, while the third unit is represented by the piston model of the friction
clutch assembly that is activated in the process of pressure modulation.
The results obtained through simulation are shown in Figure 5.
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Figure 5 — Simulation results in MATLAB/Simulink
Puc. 5 — Pesynbmamsl modenuposaHusi 8 MATLAB/Simulink
Cnuka 5 — Pe3aynmam dobujeH cumynayujom y MATLAB/Simulik

The parameters used for the simulation as well as for solving equation

(14) are shown in Table 1.

Table 1 — Parameters of the hydraulic buffering valve

Tabnuya 1 — lNapamempsi 2udpasnuyeckoeo Modynssmopa 0asneHusi

Tabena 1 — Napamempu Modynamopa npumucka

Fluid density

Surface area of the piston (A1)

Surface area of the piston (A2)

Surface area of the orifice (As)

Discharge Coefficient (Caa)

Stiffness of the spring (c)

Pre-tightening force of the spring (c)
Stiffness of the spring (i)

Pre-tightening force of the spring (i)
Distance between springs (c) and the piston (b) (I1)
Distance between the piston (a) and (b) (hk)
Force at the beginning of modulation (Fomod)

830
4.9
7.1

0.0113
0.7
421
38
10.8

4.5
23.5
86

kg/m?3
cm?
cm?

cm?
N/mm
N/mm

mm
mm
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Experimental research and simulation model
validation

Experimental studies of the operation of the hydraulic buffering valve
were carried out as part of the study of the possibility of applying a power-
shift transmission.

The entire experimental research was carried out in laboratory
conditions, through two stages and several test blocks with a larger
number of experiments, on a real gearbox.

The results of the experimental test of the hydraulic buffering valve
are shown in Figure 6 (Zivanovi¢, 1991).

#10°

12

Pressure [Pa]

0 0.5 1 1.5 2 25
Time [s]

Figure 6 — Results of the experimental test
Puc. 6 — Pe3ynbmamal sKcriepuMeHmaribHO20 UCrbimaHusi
Cnuka 6 — Pesynmamu ekcriepumeHmarHoe ucrnumuseara

After the experimental tests, the obtained results were compared with
the results obtained by solving equation 14 and by simulating the operation
of the hydraulic buffering valve in the MATLAB/Simulink software package.
Figure 7 shows the comparative results.
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MATLAB/Simulik
Experimental test
— Mathematical model

Pressure [Pa]
(o]

Time [s]

Figure 7 — Comparative presentation of the results obtained
Puc. 7 — CpasHumernbHbIli 0630p MOy4YeHHbIX pe3yibmarnmos
Cnuka 7 — YrnopeOdHu npuka3 0obujeHux pesynmama

Figures 8, 9, and 10 show the comparative results obtained by
changing certain design parameters of the hydraulic buffering valve.

5
12 #10 : : : :

MATLAB/Simulink
Experimental test

Pressure [Pa]
[}
1

Time [s]

Figure 8 — Comparative presentation of the obtained results - T1
Puc. 8 — CpasHumernbHbIl 0630p rosly4eHHbIX pe3ynbmamos — T1
Cnuka 8 — YnopedHu npuka3 dobujeHux peaynmama — T1
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MATLAB/Simulink
Experimental test

Pressure [Pa]
(=2}

Time [s]

Figure 9 — Comparative presentation of the obtained results — T2
Puc. 9 — CpasHumernbHbIl 0630p MOy4YeHHbIX pe3ynbmamos — T2
Cnuka 9 — YnopedHu npuka3 dobujeHux pedynmama — T2

5
12 #£10 . . . .

MATLAB/Simulink

Experimental test
10 1

Pressure [Pa]
(2]

Time [s]

Figure 10 — Comparative presentation of the obtained results — T3
Puc. 10 — CpasHumeribHbili 0630p MoyYeHHbIX pe3ynbmamos — T3
Cnuka 10 — YnopeOHu nipuka3 0obujeHux pesynmama — T3

The values of the design parameters with which the results obtained
are shown in Figures 8, 9 and 10 are shown in Table 2.
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Table 2 — Hydraulic buffering valve parameters for T1, T2 and T3 results
Tabnuya 2 — Napamemps! eudpasnudecko2o Modysisimopa dasieHus o pesynbmamam
T1, T2u T3
Tabena 2 — Napamempu modynamopa npumucka 3a pedynmame T1, T2 u T3

T T2 T3
Surface area of the orifice (A4) 0.0079 0.0050 0.0095 cm?
Stiffness of the spring (c) 5.8 5.8 5.8 N/mm
Pre-tightening force of the spring (c) 72 70 22 N
Stiffness of the spring (i) 145 315 0 N/mm
Distance between the springs (c) and the piston 8.5 59 0 mm
(b) (1)
Distance between the piston (a) and (b) (hk) 25 235 235 mm

The analysis of the obtained results shows that the results obtained
by simulation sufficiently match the results obtained by experimental
measurements. The deviations of the results obtained through simulation
from the results obtained experimentally are the consequence of the
impossibility of completely accurate determination of the actual values of
the design parameters of the hydraulic buffering valve and the friction
clutch assembly. The values of the parameters with which the hydraulic
buffering valve process was simulated are nominal values and, as it is
known, can vary within certain limits (Meng et al, 2016).

When the influence of each of the displayed parameters and the facts
presented are taken into account, the matching of the results obtained by
simulation and experimental results can be considered completely
satisfactory, as well as that the simulation model can be used for further
research in terms of investigating the influence of the most important
parameters on the pressure modulation process as well as development
of a simulation model of power-shift transmission.

Investigating the influence of certain parameters on
the pressure modulation process

After the accuracy of the developed hydraulic buffering valve
MATLAB/Simulink model being confirmed, the operation of the hydraulic
buffering valve can be simulated with a level of certainty at different values
of particular parameters that have a significant impact on the pressure
modulation process.
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The paper analyzed the effects of the following parameters: preload
force Fo in the spring (c), stiffness of the spring (c) and the spring (i),
distance between the pistons (a) and (b), distance between the piston (b)
and the spring (i) and the orifice (d) size.

The results of these simulations are shown in Figures 11, 12, 13, 14,
15, and 16 (Wang et al, 2017).

5
12 x10

—A4
—1.2A4
—0.8A4

Pressure [Pa]
[}
T
!

Time [s]

Figure 11 — Influence of the A4 orifice surface (d) on the pressure modulation process
Puc. 11 — BnusiHue nogepxHocmu omeepcmusi A4 (d) Ha npoyecc modynsyuu dasneHust
Cnuka 11 — Ymuuaj nospwuHe A4 npocywHuye (d) Ha npoyec modynauyuje npumucka

The size of the orifice (d) is of particular importance in the pressure
modulation process, as its reduction ensures a smaller increase in
pressure in the pressure modulation process and increases the total
duration of the pressure modulation process.

With an increase in the size of the orifice (d), there is a greater
increase in pressure in the modulation process and the duration of the
pressure modulation process is reduced.
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Figure 12 — The influence of the stiffness of the c1 spring (c) on the pressure modulation
process

Puc. 12 — BnusiHue xecmKocmu fpyxuHei C1 (C) Ha npoyecc Modynayuu 0asneHus

Cnuka 12 — Ymuuaj kpymocmu c1 ofipyee (C) Ha npouyec modyrnayuje npumucka

Changing the stiffness of the ¢, spring (c) leads to the increase in the
pressure intensity and the pressure modulation time change.

As the stiffness increases, the time of the pressure modulation
process decreases.

Also, with an increase in spring stiffness, there is also an increase in
pressure at the end of the pressure modulation process (Ren et al, 2014).

The effect of changing the stiffness of the ¢, spring (i) is identical to
the effect of changing the stiffness of the ci spring (c).
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Figure 13 — Influence of the stiffness of the cz spring (i) on the pressure modulation

process

Puc. 13 — BnusiHue xecmkocmu rpy>uHbl C2 (i) Ha npouecc modynsayuu dasneHus
Cnuka 13 — Ymuuyaj kpymocmu cz onpyee (i) Ha npouec modynayuje npumucka

5
12#10

Fo
—0.8Fo
—1.2Fo

Pressure [Pa]
(2]

Time [s]

Figure 14 — Influence of the preload force Fo of the spring (c) on the process of pressure

modulation

Puc. 14 — BnusiHue ycunus npedHamsiza Fo npy»<uHbl (C) Ha npouecc Modynsayuu

OasrneHust

Cnuka 14 — Ymuuaj cune npedHanpe3ara Fo onpyae (c) Ha npoyec modynayuje

rnpumucka
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Changing the pre-tightening force Fo in the spring (c) changes the
regularity of the increase in pressure in the executive cylinder.

Its increase reduces the time required to move the piston of the friction
scope to the end position and increases the initial pressure in the process
of pressure modulation in the friction clutch assembly, which can lead to
the appearance of shock engagement of the friction clutch assembly.

5
12#10 T T T T

—hk
—0.8hk
—1.2hk

10} r(r ]

Pressure [Pa]
[}
T
1

Time [s]

Figure 15 — Influence of the distance between the piston (a) and the piston (b) on the
pressure modulation process

Puc. 15 — BnusiHue paccmosiHusi Mexdy rnopwHem (a) u nopwHem (b) Ha npouyecc
moOynsayuu 0asrneHus

Cnuka 15 — Ymuuyaj pacmojarsa uamely knuna (a) u knuna (b) Ha npouec modynayuje
npumucka

Changing the distance between the pistons (a) and (b) can affect the
magnitude of the pressure and the duration of the pressure modulation
process.
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Figure 16 — Influence of the distance between the piston (b) and the spring (i) on the
pressure modulation process
Puc. 16 — BnusiHue paccmosiHusi Mex0dy nopwHem (b) u npyxuHol (i) Ha npouyecc
MoOynsayuu 0asrneHus
Cnuka 16 — Ymuuyaj pacmojara usmehy knuna (b) u onpyee (i) Ha npouec modynauyuje
npumucka

Changing the distance between the accumulator piston (b) and the
spring (i) can adjust the moment when this spring will come into effect. The
pressure modulation takes place first in accordance with the stiffness of
the spring (c) and then in accordance with the stiffness of both springs.

Conclusion

A simulation model of the hydraulic buffering valve was developed in
the MATLAB/Simulink software package, and the influence of the most
important parameters of the pressure modulator on the pressure
modulation process was analyzed. The results of the simulation of the
operation of the pressure modulator sufficiently match the results obtained
by experimental measurements in laboratory conditions. After the
comparison of the obtained results, it was determined that the results
obtained using the simulink model are within 10% of the relative error
compared to the experimental test. The simulation model enables an easy
change of parameters. The deviation of the obtained results in relation to
the experimental tests can be explained by a large humber of variables
that affect the process of pressure modulation. Also, certain parameters
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are variable during the experiment measurement, such as the temperature
and viscosity of the fluid. Larger number of simulations of the system
operation can be performed in a shorter period of time, in order to observe
the behavior of the system and choose the optimal values of the most
important parameters.

It is concluded that the developed simulink model met the set
requirements, and as such it can be used to evaluate the operation of the
hydraulic buffering valve for power-shift transmission. It can be used for
both calculation and design. The developed simulink model can be
implemented in the simulation model of the transmission, which will
represent the simulation model of the powershift transmission during the
gear change.
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PYBPUKA TPHTW: 55.43.00 ABTOMOGUNECTpOEHNE
BWO CTATbW: opurmHanbHas Hay4yHas cTaTbs

Pesrome:

Beedenue/uyenb:  Modynsamop 0daeneHusi oOkasbigaem Hauborbwee
sosdelicmgue Ha OUHaMUYeCcKUue Xapakmepucmuku mpaHCMuccuu ¢
repeksnoYeHueM nepedad, He rpepbigasi MomMok MowHocmu. Modynsmop
OGaeneHuss — 3an4acmb KopobKu rnepeday, KOHmMposupyrowas
rosbiweHUe 0asrieHuUsi 8 y3nax MPEHUsI 8 MPOUECCe MePEKITOYEHUs
nepeday. 3a cyem ebibopa onNMUMasIbHO20 YripaeneHus rosbileHUem
OaerieHus npu U3MeHeHUU ypoeHsi nepedadu docmuzaemcsi CHUXeHUE
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OuHaMUYeCcKUx Hagpy30K 8 3ybdambix nepedayax U mernsoebix Hagpy30K
8 y3/1ax MpeHus.

Memodki: B daHHOU cmambe aHanu3upyemcs npuHuun pabomsi 00HO020
u3 peweHuli modensimopa OaerneHusl, a makxe erusHUe HEKOMOPbIX
rapamMempos Ha yrpaessieHue rnosbIlueHUeM 0asrieHUs1 rpu NepeKsiroyYeHuu
nepeday. [Nocne aHanusa npuHyuna pabombsl MoOyrsimopa OaerieHus
6bbina paspabomaHa uMUMmMauuUoHHasi Modesb 8 rnakeme rpospamMmMHOZ0
obecneveHuss MATLAB/Simulink.

Pesynbmamebi: B cmambe makxe npogedeH cpagHUmesbHbIl aHanu3
pesynibmamos, MoJly4YeHHbIX C MOMOWbI0 UMUMauUoHHoU modenu, u
pesynbmamos  ucfbimaHuli  ebibpaHHo20 MoOynsimopa OasreHus.
Pesynbmambl  MoOernupogaHusi  nokasanu  y0oesemeopumerisHoe
coenadeHue C 3KcriepuMeHmasbHbIMU pe3yfibmamamu. YcmaHoeneHo
npedesibHoe omkiioHeHuUe & pasmepe 10%.

Bbigodbl: PaspabomaHHasi umumauuoHHasi Moldernb obecrieyusaem
OomHocumernkHO fpocmoe U 6bicmpoe U3MEHeHuUe napamempos
Modynissimopa OaesrieHusi, @ makxe criocobcmayem 6ornee bbicmpomy U
NyqwieMy roHUMaHUK, Kak me Ufu UHble rnapamMempbl enusitom Ha
rosbilieHuUe 0aerieHUs 8 MPOLUECCE MEePeKrItoYeHUsI rnepedady.

Kntouesble crnioga: nepekrnoveHue rnepedady 6e3 paspbiga Momoka
MowHocmu, Modynsimop dasrnieHuss, ModenuposaHue.

Mogaenupare 1 cumynauuja paga MmogynaTopa nputucka Kog
MeHa4kMx NPeHOCHUKa ca MPOMEHOM cTerneHa npeHoca 6e3 npekuaa
TOKa cHare

Mowmup M. Opakynuh?, ayTop 3a npenucky, AnexkcaHdap C. bhypuh?,

Jlyka M. Monopau®, A6decenem b. Benmennax?, Cpemen P. Mepuh?

@ YHuBep3auTeT oabpaHe y beorpany, BojHa akagemuja, Kategpa
BOjHOMALLUMHCKOT UHXewepcTBa, beorpaa, Peny6nuka Cpbuja

6 AMCC LleHTap 3a ucnutusarse Bosuna, AJP na6oparopuja,
Beorpap, Penybnuka Cpbuja

OBJIACT: mMaLmnHCTBO
KATEFOPWJA (TUIM) UNAHKA: opyruHanHm Hay4yHu pag

Caxemak:

Yeod/yurb: Modynamop npumucka uma Hajeehu ymuuaj Ha OuHamuyke
KapakmepucmuKke MeHadykux rpeHOCHUKa ca [POMeHOM cmereHa
npeHoca 6e3 npekuda moka cHaze. [lpedcmaerba efleMeHm MeH-a4ykoe
MpPeHOoCHUKa Koju KoHmposnuwe rnosehawe rpumucka y hpuKyUOHUM
CK/ionosumMa IMmMoKOM rpoueca fpoMeHe cmerieHa rpeHoca. V36opom
onmumajsiHe KOHmposie rnpupawmaja npumucka npu rnpoMeHuU cmerneHa
fipeHoca rnocmuxe ce cmarberbe QUHaMu4KuUx orimepehersa y 3yndacmum
MPeHOCHUUUMa U mepmMuyKkux onmepehera y opUKYUOHUM CKITOMosuMa.
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Memode: AHanusupaH je npuHUuUn jedHoe 00 peuwera Modesiamopa
fpumucka, kKao U ymuuyaj rojeduHux rapamemapa Ha KOHMPOIy
npupawmaja npumucka y MoKy rpoMeHe cmereHa rpeHoca. HakoH
aHanusze npuHyuna pada modynamopa Mpumucka, paseujeH je
cumynayuoHu moden y cogpmeepckom nakemy MATLAB/Simulink.

Pesynmamu: Pesynmamu 0obujeHu Kopuwherem cuMynayuoHoe
modesia yriopefjeHu cy ca ekcriepuMeHmarnHuMm pesysmamuma u3abpaHoe
modyriamopa npumucka. Pe3ynmamu cumynayuje cy rokasasnu
3adososrbasajyhe roknanare ca ekcriepuMeHmasnHuM pesysamamuma, y
epaHuyama 0o 10% odcmynara 00 eKkcriepuMeHmarsnHux pesynmama.

3akrbyyak: PassujeHu cumynayuoHu modesn oMoayhasea peniamusHo faKy
u 6p3y npomeHy rnapamemapa mModysiamopa npumucka, Kao u MoayhHocm
bpxxez u borbez pasymesara ymuuyaja rojedUHUX rapamMemapa Ha
rogehare npumucka moKoM rpoyeca npoMeHe cmereHa rnpeHoca.

KrbyyHe peyu: npomeHa cmeneHa ripeHoca 6e3 npexkuda moka cHaee,
modyrnamop npumucka, cumysayuja.
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Abstract:

Introduction/purpose: Supersymmetry is a symmetry of the Lagrangian
that goes beyond Lie groups. It allows the exchange of bosons and
fermions. The most important model is the Minimal Supersymmetric
Standard Model, or MSSM.

Methods: Supercharge algebra, superfields, Grassmann numbers,
Berezin integral.

Results: Supersymmetric transformations are global, they do not depend
on spacetime coordinates. In the case of Supergravity, they are local.
Conclusion: Supersymmetric models, and MSSM in particular, could de-
scribe more physics and more particles beyond the Standard Model.

Key words: supersymmetry, minimal supersymmetric standard sodel.

Supersymmetry

Supersymmetry — or SUSY for short — is a symmetry that interchanges
bosons with fermions (Gervais & Sakita, 1971; Volkov & Akulov, 1972,
1973, 1974; Ramond, 1971). It is one of the best candidates for physics
beyond the Standard Model, with the so—called Minimal Supersymmetric
Standard Model, MSSM for short (Fayet, 1975, 1976, 1977; Fayet & Fer-
rara, 1977). In this extension to the Standard Model, each particle has its
corresponding superpartner with same mass and other quantum numbers,
but with different spin by one half. For instance, the electron has a selec-
tron, a bosonic superpartner, while photon, Z and gluon have fermionic
superpartners called photino, zino and gluino respectively. Names are as-
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signed in following manner: bosonic superpartners gain the s- prefix, while
fermionic superpartners gain the -ino suffix.

As we easily distinguish between bosons and fermions at current ener-
gies, this symmetry has to be spontaneously broken. After supersymmetry
breaking superpartners masses may differ.

Supersymmetry algebra

A supersymmetric transformation brings a scalar to a fermion and vicev-
ersa. The generator Q,, of the transformation, known as the supercharge,
brings from the boson field ¢ to the Weyl spinor 1),,.

In order to describe supersymmetry transformation it is better to operate
with Weyl spinors rather than Dirac ones, and to change usual notation a
bit. Weyl spinors ¢, r transform under Lorentz group as

Yrr(®) = Y7 g(2') = AL rYLR(Z) (1
where the transformations Ay, r are given by
1, o
Apg = exp <20 (@7 w>> | )
& being the three Pauli matrices

O R ) RO A PR

« the three real rotational parameters, and v the three real boost parame-
ters. The transformations A; and Ay are related by

At =AL . (4)

The four component Dirac spinor ¥ is written as follows:

(1) ®

)

v

equivalent to
1\
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Often, itis found that Weyl spinors are written starting from Dirac spinors
in the following way, as projections, see for instance (Fabiano, 2021):

1
Yrr =51 £)Y. (7)
In this formalism we have the Weyl representation of the Dirac matrices
0 ot
-
(5 %) ®)

where o = (1,0%) = (0")ap and o* = (1, —0") = (") = ()%, The
matrices ¢* and 7" mix dotted and undotted indices, that is left and right
spinor indices. The dot in the notation is similar to the covariant and con-
travariant — or upper and lower indices in general and special relativity. We
always contract an upper with a lower index, and we have the additional
rule that only dotted or undotted indices can be contracted together, not
mixed dotted—undotted.
The generator Q,, transforms as a Weyl spinor, that means

[T, Qu) = ~i(0") Qs . (9)
where J# is the generator of Lorentz group, while
ot = %(a“&” —o"a"), and " = i(ﬁ“a” —g’at) . (10)
Q.. is independent from spacetime coordinates, then
[P*,Q.] =0. (11)

Denoting the conjugate of Q, as Q,, we have

7m.QY = —i@)Q (12)
The conjugation of spinors works as follows:
() =", and (a)" =¥, - (13)
The supersymmetry algebra is given by the anticommutator
{Qu: Q) =2(0") Py (14)

How tojustify (14)? By inspection, the rhs of the expression should carry
indices « and 3. The simplest object that carries those two indices is o#,
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which also carries a Lorentz index. The latter has to be contracted with a
vector index, that is P,, the generator of translations. The factor of 2 is for
normalisation.

By the same line of reasoning we should have {Q.,Q°} =
cl(a“”)fJW + cQéf, where ¢; and ¢, are constants. Commuting with P>
results that ¢; = 0. Since we have that @, = EaﬁQﬁ where ¢;; = 1, we
obtain {Q.,Qs} = c2eqp, but because Ihs is symmetric in « and 3 we de-
duce that ¢ = 0. The complete supersymmetry algebra is therefore given
by relations:

{Qa: @5} = 2(c") /P, (15)
{Qa, Q) =0 (16)

{Qa, Q31 =0 (17)

Qus ) = 507 (18)
Qs ) = 5 @) (19)
[Qas Pu] =0 (20)
[@ur P =0 (21)

There is an immediate physical result coming from eq. (14): when con-
tracted with ()% one has

AP = (7)°{Qa, Q3} - (22)
The first component PV is the Hamiltonian, so

AH = {Qu,Qs} = {Qu,QL} =) (QuQL+QLQ),  (23)

because the conjugate of ), is @B' Itis clear that # is non negative definite
(the value 0 is admitted), so in supersymmetric theory any physical state
|S) has a non negative energy:

(S|H|S) = ZZ\ (5'|Q2| $)|? (24)
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Superspace and superfields

From the relation (14), that could be also written as

{Qom QL} = 2(0”u)aapu s (25)

we could construct a so—called superspace, an abstract space with both
bosonic and fermionic coordinates. The fermionic coordinates should
be constructed with the aid of Grassmann numbers (Grassmann, 1844).
Those are anticommuting numbers 6, that commute with ordinary numbers
x

0i9j = —OJHZ- N and 91$ = :1:91 . (26)

It is clear that
(6;)? = 0 because 0;0; = —6,6; , (27)

and therefore any function defined on Grassmann numbers has at most a
constant and a linear term: f(6) = a+ b6, where a, b are ordinary numbers.
Itis also easy to find out that a product of two Grassmann numbers, that is
0;0;, obeys to Bose—Fermi statistics.

The integral over Grassmann functions is called Berezin inte-
gral (Berezin, 1966). It is a sort of integral over fermionic variables, and
can be determined by asking basic properties of ordinal integration like lin-
earity

/d9 [af(0) + bg(0)] = a/de f0) + b/d9 g(0) (28)
translational invariance
/d@f(9+6’):/d6f(6), (29)

and partial integration formula

/de [;Hf(e)} =0. (30)

Starting from formula (29), and the fact that any function of Grassmann
numbers is linear one finds out that

443

Fabiano, N., Supersymmetry, pp.439-451



Eﬁ VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 2

/ﬁma+w+way:/gwa+w), 31)

a/ﬁ9+b/d%+wa/ﬁ9:a/ﬁ9+b/d%, (32)

providing the result

/d& =0. (33)
This leads to very simple integration rules:
/wlzo, (34)
and
/w0:1, (35)

the latter formula is a matter of convention for normalisation, used originally
by Berezin.

Formally, the polynomials constructed by n Grassmann variables
01, ...,0,, form the Grassmann algebra G,,. The Grassmann algebra uses
the wedge product as multiplication, being anticommutative and associa-
tive, which is similar to the more familiar cross product of two vectors. The
Berezin integral on G, is defined as a linear functional having the following
properties:

/d091,...,9n:17 (36)
Gn,
and o7
—— =0,i=1...n; 7
/Gndeaei 0,1 n; (37)

it could be shown that Berezin integral is the only possible functional with
the above mentioned properties.
The superspace is formed from bosonic and fermionic coordinates,

{x“,&a,gﬂ}.. Here 0% is a two component left handed Weyl spinor

(0,61, 8” a two component right handed Weyl spinor (8 ,5"). We
have a total of 4 bosonic dimensions and 4 Grassmann dimensions. This
combination of ordinary coordinates z* and one couple of Weyl spinors

{9“,55} is called N = 1 supersymmetric space.
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The basic relation (14) for supersymmetry generators shows that the
application of two consecutive transformations leads to P*, a translation in
ordinary bosonic space. So we expect that operators @, and @B generate

a translation in superspace, respectively in 6% and 8 Grassmann coordi-
nates. The supercharges are explicitly represented by

o'

— Y AN}
Qo = 504 i(0")aal O (38)
and
@-f——a +i0P (o) 50 (39)
BT W) g% -

These expressions satisfy the anticommutation relation (14). Notice that
the “naive” guess @, = 0/06% and @B = —8/855 would give 0 in the
anticommutator, thus not satisfying (14). .

A superfield is a function defined on superspace: ®(z*, 00“,@6). An in-

finitesimal supersymmetric transformation acts on @ in the following man-
ner

O — =50 = i(Qu + £,0%)D (40)

where ¢ and ¢ are Grassmann variables. Looking at the explicit form of the
supersymmetric generators in egs. (38)—(39), we could define also another
set of independent generators:

_ oy gl
Do = 5a0 +i(0")aal "0 (41)
and 5
Dy=——= —i0°(0") 450, . (42)
T BB

The D set is “orthogonal” to the @ set: in fact D, and 55 anticommute
with @, and QB' So if we impose the condition Ds® =0 because of (40)
also Dﬁ@’ = 0 holds true. Such superfields are called chiral superfields.
An analogy in the ordinary R? space is the following: find a function f(z, )
such that [2(9/dy) — y(8/0x)] f(z,y) = 0. Defining r = (2 + y*)'/? any
f(r) will satisfy this condition.
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Now if we call y* = (z* + iﬁa(a“)a,ﬁd), which is a bosonic variable as
2" and 00’ are such, the application of ﬁﬁ- gives

Eﬂ-y“ = [ - i@ﬁ(a”)ﬂﬁﬁl, (xH + i@a(a“)aéﬁa) =

~ L i L0 (07068 - 870" g3+
00" 00" |
05(0”)55&,9‘1(0“)&@@& =

04i0%(0*) 5 — 107 (0") 45 +0=0. (43)

A chiral superfield depends only on a two component spinor beyond the
bosonic coordinate, ®(y, ). Because of that and of Grassmann numbers
properties we can form an object with at most two powers of 6, that is 66.
Upper powers of # vanish, so for a chiral superfield we have

D(y,0) = d(y) + V20u(y) + 00F (y) , (44)

where ¢ and F' are complex scalar fields, 1) a Weyl spinor. Expanding with
Taylor (44) around = we obtain

D(y,0) = ¢p(z) + V201(x) + 00F (y)+
100160, () — %Oaﬂgeayaauayqb(x) +V20i00"00,(z) . (45)

The conjugate of a chiral superfield, ®, will satisfy the relation
D,®=0, (46)

and is called antichiral superfield.
The most general Lagrangian with two derivatives constructed from chi-
ral superfields @, is written as
L= K(®; ;)|

g + W(@i) g + W (D)5 (47)

where the subscripts denote the coefficients in power expansion of § and
f. K is a real function, the Kéhler potential (Kahler, 1933), I is a holomor-
phic function, the superpotential. We have the relations of integration over
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Grassmann coordinates
/ d*0d°0 K = K|,z (48)

and
/d20 W=W|. . (49)

The Lagrangian (47) is renormalisable if and only if K is quadratic and
W is at most a cubic function.

A standard example of a supersymmetric model is the Wess—Zumino
model (Wess & Zumino, 1974), the first known supersymmetric interacting
model. It is defined as

2
K =300, W:%QQJF%CD?’, (50)
where parameters m and )\ are real. Plugging in the expansion of the su-
perfield (45) we have

2
L= /d29 120 D + /d29 <"2L<1>2 i Aqf”’) T

3
/d29 <”;2c1>2 + 2@3) : (51)
obtaining
L =FF +moF + \o*F — %ww — AU+ moF + \§ F — %W—
Apyp + derivative terms acting on ¢ and v . (52)

The F field can be eliminated from equation of motion which reads

oc oL L )

So we obtain two equations
F=-mg-2o, F=—md—Ap?. (54)

Substituting this expressions for F' and F into eq. (52) we eventually
obtain

£ = ~0,00"5 + o Q) — T (U7 + ") = Ab” — AU
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Ime — Ap?[*. (55)

This is the Lagrange for ¢* theory of a massive complex scalar coupled
with Yukawa interactions to a massive two component Weyl spinor ). As
we have already discussed, a consequence of supersymmetry is that the
scalar and spinor masses are equal.

Supersymmetry transformations we have seen are global. When they
are combined with general relativity and become local, we have supergrav-
ity or SUGRA for short (Kahler, 1933; Volkov & Soroka, 1973; Gol'fand
& Likhtman, 1971; Nath & Arnowitt, 1975; Gol'fand & Likhtman, 1989).
This theory has become less popular after meeting various shortcomings,
among others having an unrealistically large cosmological constant and
gauge anomalies (Fabiano, 2022).

There are many existing supersymmetric theories. In particle physics,
the MSSM has been extensively searched for, in particular at Cern with the
Large Hadron Collider - LHC - for years, without even a hint of new ob-
served phenomena. The lack of experimental evidence, united to the ab-
sence of indications for a new energy scale beyond the electroweak model
to search for, have ruled out some supersymmetric extensions to the Stan-
dard Model, and, albeit supersymmetry has not been completely excluded
as a theory, those facts are responsible for the decline towards the interest
in the subject.
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Abstract:

Introduction/purpose: The aim of this paper is to analyse the numerical
methods for solving differential equations of dynamic equilibrium in
technical problems.

Methods: The paper gives an overview of the following numerical methods:
the method of central difference, the method of linear acceleration, the
Newmark method, and the Wilson 8 method.

Results: Various problems in applying numerical methods in dynamics of
structures have been solved.

Conclusion: It has been shown that the application of numerical methods
has a fundamental importance in dynamics of structures.

Key words: numerical methods, method of central difference, method of
linear acceleration, Newmark method, Wilson 6 method.

Introduction

Numerical methods have played a very significant role in the
development of technical sciences. Today, these methods, above all, have
great importance and wide application in engineering (e.g. in mechanical
and civil engineering). They represent one approach to solving problems
in higher mathematics with the help of computers. The main advantage of
numerical methods is that the solution can be obtained even in cases
where it is not possible to obtain an analytical solution. Numerical methods
provide solutions that are always approximations, but mostly accurate
enough from the aspect of engineering accuracy.

Numerical methods are processed in humerous papers and books,
see (Hoffman, 2001; Rao, 2001; Wilson, 2001; Bathe, 2014; Subbaraj &
Dokainish, 1989; Newmark, 1959; Noh & Bathe, 2019; Jin et al, 2004; Liu
et al, 2018). Wilson in the ref. (2001) investigated dynamics of structures
using numerical integration. The paper of Liu et al. (2018) gives an
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improvement of the Wilson-6 and Newmark- methods for quasi-periodic
solutions of nonlinear dynamical systems.

Various problems are solved by numerical methods (e.g. solving large
systems of linear equations, solving systems of nonlinear equations,
solving all types of partial differential equations, solving eigenvalues and
eigenvectors, etc.).

In this paper, the emphasis is placed on applying numerical methods
in dynamics of structures. Using numerical methods, it is possible to obtain
the dynamic response of a structure excited due to various influences.
Depending on the specific problem, excitation can be given in the form of
mathematical functions or deterministic (very complex problems). Dynamic
responses of structures include the following dynamic parameters:
dynamic internal forces, dynamic strains, modal parameters, dynamic
displacements, dynamic velocities, dynamic accelerations, and others.
Problems from dynamics of structures have been solved by numerical
methods in numerous papers, e.g. (Wu, 2008; Bamer et al, 2021; Esen,
2017; Tapia Andrade & Torres Berni, 2021).

Numerical methods

Many numerical methods for analysis, simulation and design of
engineering processes and systems are described in (Hofman, 2001; Rao,
2001).

Equations of oscillation of a dynamic system in a closed form can only
be solved in the case of linear systems and under the action of simpler
forms of load which can be formulated analytically. For more complex
loads which are defined as a discrete function (e.g. moving load, seismic
load, and others), it is necessary to use numerical methods even in the
analysis of simpler linear systems. The inclusion of nonlinearity is achieved
by numerical approximation. Numerical solutions, in principle, are based
on iterative methods. The most famous iterative method is Runge-Kutta.

To determine the dynamic response of a structure excited by various
influences, it is necessary to solve a system of differential equations:

[M]{0} +[C]{U} +[K]{U} = {P}. <)
In EqQ. (1), the notations [M], [C] and [K] are the matrices of consistent
mass, damping and stiffness of the system. The notations {U}, { ¥} and
{U} are the acceleration, velocity and displacement vectors of the system.
The notation {P(t)} represents the vector of external forces in the nodes of

the system. For more information on structural dynamics, see (Dhatt &
Touzot, 1984; Wilson, 2001; Clough & Penzien, 2015).
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There are various methods for numerically determining dynamic
responses of structures. In this paper, the emphasis is placed on direct
integral numerical methods. To solve the problem of a dynamic response
of structures, the following four direct integral methods will be presented:

o method of central difference,

o method of linear acceleration,

¢ Newmark method, and

e Wilson 6 method.

The first two methods are explicit while the second two methods are
implicit. Explicit methods generally require a small time step At, but their
solution does not require a relatively long time. On the other hand, implicit
methods allow a relatively large time step At, but their solution requires a
much longer time. It is important to choose the appropriate time step At. It
affects the stability and accuracy of the solution, but also the total
calculation time. Too large a step can lead to inaccurate results and an
unstable response of the structure. On the other hand, too small a step
can result in an unnecessarily long time to solve the problem.

Method of central difference

The central differential method is used in systems with fast and short-
term oscillations and impulse loads. It is based on the approximation of
differential expressions by difference. It is conditionally stable. It is
excellent for small At, while it is unstable for large At. In order to obtain
results of satisfactory accuracy, the time interval must be chosen so that it
is small enough, i.e. At<T,/mr (e.g. At=0.1T,), where T, is the oscillation
period of the structure that coincides with the largest oscillation mode.
More details on this method are given in (Jin et al, 2004; Wilson, 2001).
The main steps of the central difference method are shown in Algorithm 1:

Algorithm 1 - Method of central difference
P, —Cu, —ku
m

1: U‘0=

2: Select At

(At
3: U71=U0—Atuo+ 2 UO
ak=—""_4,°

(At)z 2At
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m c
5 a= —
(At)2 2At
6 b=k— 2"
(At)

7Py = p —au_4 —by;

8: Ui+1=ui +Aui, Ui+l=ui+AUi, ':jiJrl:l]i +AU|

Method of linear acceleration

The linear acceleration method is one of the most well-known step-
by-step integration methods. This method gives excellent results with
relatively little effort in computation. Its main characteristics are: the
acceleration changes linearly during the interval, the damping and stiffness
coefficients of the system remain constant during the time interval, the
accuracy of the method depends on the size of the selected time step, and
sudden changes of the stiffness and damping function must be taken into
account. It is very good for small At, while it is unstable for large At. A
detailed description of this method is given in (Bathe, 2014; Wilson, 2001).
The procedure of the linear acceleration method is shown in the form of
Algorithm 2:

Algorithm 2 - Method of linear acceleration
P, —Cu, —ku
m

1: Uoz

N

: Select At
dm 2

K=k+—+=
A2 At

5 Ay, :%

w

»

.. 4 . "
(at)
8 Ui,y =Uj +AU;, Uyg =U; +Al;, Ui,y =0; +AG;

455

Vasiljevi¢, R., Numerical methods and their application in dynamics of structures, pp.452-472



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 2

Newmark method

The Newmark method of direct integrations is a special case of the
linear acceleration method. It is the most well-known implicit method for
solving the dynamic equilibrium equation, which involves the choice of two
parameters. It is used in systems with fast and short-term oscillations.
Newmark established this method in 1959 (Newmark, 1959). In this
method, the parameters B and y are introduced, defining the change of
acceleration over a time interval, the stability and accuracy of the method.
The method is unconditionally stable. The time step At is chosen more for
accuracy than for stability, if the condition y>0.5 and 8>0.25(y+05)2. The
negative characteristic of this method is reflected in the numerical
extension of the period. It is described in more detail in (Bathe, 2014;
Newmark, 1959; Jin et al, 2004; Liu et al, 2018; Wilson, 2001; Anahory
Simoes et al, 2023; Karimi et al, 2018; Hassan, 2019). Solving system
oscillation equations using the Newmark method by direct integration is
shown by Algorithm 3.

Algorithm 3 - Newmark method
p, —cu, —ku
m

1 [jo =
2: Select At
m yC

3 k=k+ St
B(At) At

a=_m  7°
pat p
5:h=—" 4 at| L -1c
2p 2p
6: Af)l = Apl +aU| +bU|
7 Ay, :%
k
JEAN B 2p
9: AUI = 1 ZAUi— 1 U,—iul
paty? ' AB 2B

100 Ug,g = Uj + AUy, Uy = U + AU, Uiy =i +AG;
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Wilson 6 method

The Wilson 6 method is applied to slowly oscillating systems. The time
interval is defined by the condition 0<T<8-At. The accuracy of the method
depends on lengthening the period and decreasing the amplitude. The
method is unconditionally stable if the extended time step meets the
condition 6>1.37 (customary: 6=1.4). In this case, there is a very slight
extension of the period and a slight decrease of the amplitude. It is used
in systems with slow oscillations. The negative characteristics of this
method are the extension of the period and damping. It is described in
detail, see (Liu et al, 2018; Wilson, 2001; Mohammadzadeh et al, 2017).
In this paper, the Wilson 6 method is briefly described in Algorithm 4.

Algorithm 4 - Wilson 6 method
1: miiy = p, —cu, —ku
2: Select Ati 6

6m 3c

2t ot
o(at)” oAt
4 AP = pig +( P2 — Piaa ) (0-1)- by

e 6 . .. . OAt
5: AP = f; +m(%ui +3uij+C(3ui +7uij

3 k=k+

6: ki, = AP,

7: Al]l =—26 2 lji _iul —%UI
O° At OAt 2
A.".

8: Al; =S4
oAt

9: AU, = U; At —24;
. . 1. .., 1,.
10: Au; = U;At+ =G At += AU; At
2 6
Uiy = Ui + AU, Uy = Ui +AG;,

MU,y = Py +Cliyy — Ky

11:

Examples of codes in structural dynamics

There are several programming environments designed to perform
complex mathematical operations. On the one hand, programming is done
in different programming languages (e.g. Fortran, C, C++, C#, Java, and
others). On the other hand, ready-made software packages (e.g.
Mathematica, Matlab, Mathcad, and others) can be used. The author of
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this paper selected Wolfram Mathematica for solving the problem of
dynamic behaviour of complex structures. Mathematica is a software
package that shapes a fully integrated computing and communication
environment. It is based on symbolic problem solving. It handles both
complex analytical expressions and purely numerical values equally well.
For more detail on Mathematica, see (Wolfram, 2003).

In the continuation of this paper, some examples of the numerical
determination of dynamic parameters of real structures are illustrated,
using programs written in the Mathematica software package. The author
compiled and solved all the examples. The examples are given in order,
from simple problems to complex ones.

Example problem 1

The sketch and the discrete model of the single-degree system
(SDOF) of a bridge crane are shown in Figure 1.

Given: m=4485 kg, L=9.2 m, I=4.6 m, 1=0.00264 m*, E=2.1-10%!
N/m?,to =0's, yo=-0.06 m, y’0=0 m/s, and T=2 s.

Find: Response of free undamped oscillations of the crane's main

girder.
1 | ‘l
Main
girder T
a)
L

{ , l

A ‘m PaN

Y =

L»x b)

Figure 1 — a) Sketch of the bridge crane, b) Model with the concentrated mass of the
bridge crane
Puc. 1 —a) Ocku3 Mmocmosozo kpaHa, 6) Modernb Mocmogozo kpaHa ¢
€cocpedomoyeHHbIMU Hagpy3Kkamu
Cnuka 1— a) Ckuya MocHe dusanuue, 6) Moler ca KOHUeHmMpuUcaHOM MacoM MOcHe du3anuye
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Solution:

The computer code "RV-program_1" for solving free undamped
oscillations of the main girder of the bridge crane was written in the
program package (language) Mathematica based on the Newmark
method.

(*Input data*)

P[t ]:=0
m=4485;k=7.32x10"6;t0=0;q={-0.06};dq={0};T=2;

(*Initialisation*)
ddg=LinearSolve[m,P[t0]-k.q];
Print["t=",t0,",9=",q9,",dg=",dq,",ddg=",ddq]

Dt=0.01;

ut={t0};u={q};du={dq};ddu={ddq};
(*Loops*)

Do[DP=P[t+Dt]-P[t];

DPhat=DP+m.(4 dg/Dt+2 ddq);

khat=k+4 m/dt"2;

Dg=LinearSolve[khat,DPhat];

dDg=2 Dq/Dt-2 qd;

ddDqg=4(Dg-Dt dg-dt"2 ddg/2)/Dt"2;

q=q+Daq;

dg=dqg+dDq;

ddg=ddq+ddDq;

ut=Append[ut,t];u=Append[u,q];

du=Append[du,dq];ddu=Append[ddu,ddq];

(*Print["t=",t,",9=",9,",dg=",dq,",ddg=",ddq]*),{t,t0+Dt, T,Dt}]

Print["Total node:",n=Length[u]]

Print["ut=",ut,",u=",u]

(*Plot *)
ListPlot[{Table[{ut[[i]],u[[i]]}.{i,n}]},PlotStyle>{Thickness[0.005],{Blue}}},
Frame>True,FrameLabel>{"t(s)","qdin(m)"},GridLines>Automatic,
Joined->True]

The displacement diagram of free undamped oscillations of the crane
main girder is shown in Figure 2.
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Figure 2 — Response — displacement of the middle of the bridge
Puc. 2 — Omeem - cmeweHue cepeduHbl Mocma

Criuka 2 — Odz080p — nomepar-e cpeduHe Mocma

Example problem 2

The sketch of the physical representation and the discrete model of
the two-degree of freedom (2-DOF") system of a twin winch bridge crane
are shown in Figure 3.

Given: m;=10000 kg, m>=10000 kg, L=16 m, a=3 m, c=9 m, 1=0.00065

m4, E=2.1-1011 N/m2, =0 s, ylo=-0.0453 m, Yyao= -0.0582 m, y’lo=0

m/s, y'20=0 m/s, and T=2 s.

Find: Eigenfrequencies and the response of free undamped
oscillations of the crane main girder.
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| ] [ 1l

Main
girder

1
- a)

L
a . c
A my 2 é

Figure 3 — a) Sketch of a bridge crane with two winches, b) Model with the concentrated
masses of the carrying structure of the bridge crane
Puc. 3 — a) 9cku3 mocmoegozo kpaHa ¢ d8ymsi nebedkamu, 6) Moderb ¢
cocpedomoYeHHbIMU Hagpy3kamu Hecyuell KOHCMPYKYUU MOCMO8020 KpaHa
Crniuka 3 — a) Ckuua MocHe Ousarnuue ca 08a sumra, 6) Modes1 ca KOHUEHMPUCaHUM Macama
Hocehe KoHcmpyKuuje MocHe du3sanuue

Solution:

The code "RV-program_2" for calculating the frequencies and periods
of oscillations and for determining free damped oscillations of the main
girder of a bridge crane with two winches was written in the Mathematica
program package based on the Wilson 6 method.

(*Input data 1%*)
P[t_]:={0,0}
M={{10000,0},{0,10000}};C={{0,0},{0,0}};K=10"6{{3.64,-1.16667},
{-1.16667,1.12346}};

(*I - Frequencies and periods oscillation*)
ev=Sort[Eigenvalues[{K,M}]];
w=Sqrt[{ev}];w= w[[1]];n=2;
f=Table[w[[i])/(2*\[Pi]),{i,n}];
T=Table[(2X\[Pi])/wI[i]].{i,n}];
Print["cfreq=",w,",cfreq=",f,",period=",T]
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(*Il - Response - displacements, speeds and accelerations*)
(*Input data 2*)
t0=0;9={-0.0453,-0.0582};9’10={0,0};T=2;
(*Initialisation*)
ddg=LinearSolve[M,P[t0]-K.q];
Print["t=",t0,",g=",q9,",dg=",dq,",ddg=",ddq]
Dt =0.01;6=1.4;D1=6 Dt;
ut={t0};u={q};du={dq};ddu={ddq};
(*Loops™)
Do[DP=P[t+Dt]+(P[t+2 Dt]-P[t+Dt])(6—1)-PIt];
DPhat=DP+M.(6 dq/DT1+3 ddq)+C.(3 dg+Dt1 ddq/2);Khat=K+6 M/D1/2+3
C/Dr;
Dg=LinearSolve[Khat,DPhat];
Dddg=(6 Dq/D1*2-6 dg/D1-3 ddq)/6;
dDg=ddq Dt+Dddqg Dt/2;
Dqg=dq Dt+ddq Dt"2/2+Dddq Dt"2/6;
q=9+Dq;
dg=dg+Ddq;
ddg=LinearSolve[M,P[t]-C.dg-K.q];
ut=Append[ut,t];u=Append[u,q];
du=Append[du,dq];ddu=Append[ddu,ddq];
(*Print["t=",t,",9=",9,",dg=",dq,",ddg=",ddq]*),{t,t0+Dt, T,Dt}]
Print["Total node:",n=Length[u]]
Print["ut=",ut,",u=",u]
ul=u[[All,1]];u2=u[[All,2]];dul=du[[All,1]];du2=dul[[All,2]];ddul=ddu[[All,1]];
ddu2=ddul[[All,2]];
(*Plot*)
ListPlot[{Table[{ut[[i]],ud[[i]]}.{i,n}], Table[{ut[[i]],u2[[i]]}.{i,n}]},
PlotStyle->{{Thickness[0.005],Darker[Green]},{Dashed,Darker[Blue]}},
Frame->True,FrameLabel->{"t(s)","qdin(m)"},GridLines->Automatic,
Joined->True]

First, natural oscillation frequencies and oscillation periods of the
crane main girder carrier were obtained: f=(1.30, 3.20) Hz; T=(0.77, 0.31)
S.

The results of the execution of the program in the form of a diagram
of the functions of the free undamped displacement of the crane's main
girder, at the locations of the trolleys, are shown in Figure 4.
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Figure 4 — Response - displacements in the locations of the trolley
Puc. 4 — Omeem - cmelwjeHuUs1 8 Mecmax pPacriofioXeHUs1 Menexku

Criuka 4 — Od2080p — nomMepar-a Ha Mecmuma Kosuua

Example problem 3

The physical representation and the discrete model with the single
degree of freedom (SDOF') of the steel water tank are shown in Figure 5.

Given: m=15000 kg, k=18-10% N/m, c=20000 Ns/m; H=8 m, to =0 s,
T=1s, and P(t) — (see Figure 6).

Find: Determine the response of the vertical carrying column of the
tank due to the action of the impact force P(t).

Vasiljevi¢, R., Numerical methods and their application in dynamics of structures, pp.452-472
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a) b)

(1)

Y

o]

[ ] [ 1

Figure 5 — a) Sketch of a steel water tank, b) Discrete model of a steel water tank - SDOF
Puc. 5 — a) 3ckus cmanbHo20 pe3epegyapa 0nsi 800bI, 6) JuckpemHas moderib
cmarnbHo20 pe3epsyapa 051 800bI - SDOF
Criuka 5 — a) Ckuua Yernu4Hoe 800eHoez pe3epsoapa, 6) duckpemHuU MoOesT YeruyHo2 800EH02
pesepsoapa — SDOF
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Figure 6 — Diagram of the change of the impact load in time
Puc. 6 — pacbuk usmeHeHus1 yOapHOU Hagpy3KU 80 8peMeHU
Cnuka 6 — [ujaepam npomeHe ydapHoe onmepehera y epeMeHy
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Solution:

The code "RV-program_3" for solving the problem of oscillations of
the vertical column of the tank excited by the impact force was written in
the Mathematica programming language based on the Newmark method.

(*Input data*)
P[t_]:=If[t<=0.05,5%10"5t/0.05,f[t<=0.1,0.15%10"5/0.05-5%10"5 t/0.05,0]]
m=15000;c=20000;k=18%10"6;t0=0;9={0};dq={0};T=0.5;

(*Initialisation®*)
ddg=LinearSolve[m,P[t0]-k.q];

Print["t=",t0,",9=",q,",dg=",dq,",ddg=",ddq]
Dt=0.01;
ut={t0};u={q};du={dq};ddu={ddq};
(*Loops*)
Do[DP=P[t+Dt]-P[t];
DPhat=DP+m.(4 dq/Dt+2 ddq);
khat=k+4 m/Dt"2;
Dg=LinearSolve[khat,DPhat];
Ddqg=2 Dq/Dt-2 qd;
Dddqg=4(Dg-Dt dg-Dt"2 ddq/2)/Dt"2;
q=9+Dq;
dg=dg+Ddq;
ddg=ddq+Dddq;
ut=Append[ut,t];u=Append[u,q];du=Append[du,dq];ddu=
Append[ddu,ddq];
(*Print["t=",t,",g=",9,",dg=",dq,",ddg=",ddq]*),{t,t0+Dt,T,Dt}]
Print["Total node:",n=Length[u]]
Print["ut=",ut,",u=",u]

(*Plot*)
ListPlot[{Table[{ut[[i]],u[[i]]},{i,n}]},PlotStyle>{Thickness[0.005],{Blue}}},Fra
me->True,FramelLabel->{"t(s)","gdin(m)"},GridLines->Automatic,Joined->
True]

The results in the form of a displacement diagram at the place of the
concentrated mass are shown in Figure 7.
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Figure 7 — Response - displacement at the tank place

Puc. 7 — Omeem - cMewjeHuUs1 8 Mecme pesepeyapa

Criuka 7 — O0z2080p — rnomepars-e Ha Mecmy pesepeoapa

Example problem 4

0.5

The physical description and the finite element model of the eight
degree of freedom (8-DOF') overhead crane system are shown in Figure

8.

Given: m=8000 kg; L=16 m, 1=2 m, A=0.0174 m?, 1=0.001723 m?,
E=2.1-10' N/m?, p =7850 kg/m?; t,=0 s, and T=10 s.

Find: Determine the response of the main girder of the bridge crane

excited by the moving of the trolley.
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Figure 8 — a) Sketch of a bridge crane, b) Finite element model with the moving load of a
bridge crane
Puc. 8 — a) 3ckuz mocmosoeo KpaHa, 6) KoHeyHo-anemeHmHas MoOesib MOCMOo8020
KpaHa ¢ nepemeujeHuem epy3a
Cniuka 8 — a) Ckuua mMocHe Qu3anuue, 6) 3agpuiHoenemeHmHu Moderi ca MoMUYHUM
onmepehersem MocHe du3anuye

Solution:

The code "RV-program_4" for solving the problem of the moving load
of the bridge crane was programmed in the Mathematica programming
language based on the Newmark method. Due to the scope of the
program, a 6-step procedure is provided:

(i) Calculation of the stiffness [K] and inertia [M] matrices of the finite

element model of the bridge crane;

(i) Calculation of the eigenfrequencies of the FE model of the

considered crane, using the algebraic equation det(K-w?M)=0;

(iii) Calculation of the global position of the moving load xp(t) in relation

to the left end position of the main girder in the time step;
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(iv) Dividing the total time domain T into n steps so that the
corresponding time interval At is obtained;

(v) Calculation of the external force vector {P(t)} as a function of time
t of the finite element model of the bridge crane; and

(vi) Solving equation (1) for the finite element model of the bridge crane
for each time step n (n takes values from 1 to p).

In equation (1), the influence of structural damping is excluded. The
code was programmed in Mathematica software based on the Newmark
numerical method (Bathe, 2014).

The result in the form of a diagram of the displacement of node 5 of
the main girder of the bridge crane during the moving of the trolley from
the end left position to the middle of the bridge is shown in Figure 9.

0.000

~0.005 .
E
S 0.010] ! I Ly
& —VUUT I||' wm

-0.015 .

S N B . max=+0.0179 ~ ,
0 1 2 3 -4 5
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Figure 9 — Response — displacement, node 5 - gsdyn

Puc. 9 — Omeem - cmeuwjeHue, y3en 5 - Qsoun
Criuka 9 — Od3us — nomepar-e, 48op 5-Qsdin

Examples of problems in references

The dynamics of carrying structures of portal cranes using the
Newmark numerical method was solved in papers (Vasiljevi¢ et al, 2016;
Vasiljevic, 2020).
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Conclusion

In this paper, four numerical methods with their algorithms and
examples of their application in structural dynamics are briefly described.
Critical comments were made on the possibilities of applying numerical
methods in dynamics of structures.

Through some examples of real mechanical constructions, it is shown
how to choose the size of the time step. The emphasis in practical
examples is placed on the Newmark method and the Wilson 6 method.

The importance of the paper is reflected in the importance of making
regular decisions on choosing the most adequate numerical method in a
specific situation. The paper can be useful to engineers-designers and
researchers who deal with the problems of structural dynamics.
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YucneHHble MeToabl Y UX NPUMEHEHUE B AUHAMUKE CTPYKTYP
Pade P. BacunbeBuy

dakynbTeT TEXHUYECKUX akaaeMUYEeCKMX UccrnenoBaHui,
r. benrpag, Pecnybnvka Cepbus

PYBPUKA TPHTW: 27.41.41 AnropuTMmbl pelueHms 3agad
BblYNCNNTENBbHOM U OUCKPETHOW MaTeMaTuKu,
30.15.27 KonebaHns MexaHN4eCKMx CUCTEM,
30.03.19 MaTemaTunyeckme MeTobl MEXaAHUKU,
55.01.77 MeToabl nccnegoBaHus U MOLENUPOBAHWS.
MartemaTtuyeckune n knbepHeTnyeckne MeToapl
BWO CTATbW: o63opHas ctatbs

Pe3swome:

BeedeHue/uenb: Llenbto OaHHOU cmambu As8rgemcs  aHasius
qucrieHHbIX Memodoe peuweHuss OughgepeHyuanbHbIX ypasHeHUl
OUHaMU4YeCK020 pagHOBECUS 8 MEXHUYECKUX 3adayax.

Memodbi: B cmambe npugedeH 0b630p YucieHHbIX Memodos: Memood
UeHmparsbHbIX pasHocmel, Memod JUHEUHO20 YCKOPEHUSs, Memod
Hbromapka u 6 - memod BunbcoHa.

Pesynbmamei: PeweHbl pa3nuyHblie 3adayu npuMeHeHUs1 YUCeHHbIX
Memodos 8 duHaMUKe COOPYXKeHUU.

Bbigo0dbi: Pe3ynbmambl uccriedogaHusi nokasasnu, 4mo npuMeHeHue
YucCreHHbIX Memodos umeem KIroyegoe 3HadeHue 8 OuHaMuke
COOpyXeHUU.

Knrouesbie crnosa: 4ucrieHHble Memolbl, Memod ueHmpasbHbIX
pasHocmel, memod 5uUHeliHO20 yCKopeHusi, memod Hbromapka, 6 -
memod BuribcoHa.

Hymepuyke meToae 1 HuxoBa NPUMeEHa Yy AMHaMULUM KOHCTPYKLUuja

Pade P. Bacurbesuh
Bucoka TexHu4ka Lwkona akagemckux ctyauja, beorpaa, Peny6nuvka Cpbuja

OBJIACT: matematuka, padyHapcke Hayke, MexaHuka, MallMHCTBO
KATETOPWJA (TUIM) YIAHKA: nperneaxu pag

Caxemak:

Yeod/yurb: Y pady cy aHanusupaHe Hymepudke memode pewasar-a
OugbepeHyujanHux jeOHaduHa OUHaMU4YKe PasHOMeEXe Y MEeXHUYKUM
npobnemuma.

Memode: lNpedcmasrbeHe cy Hymepudke memode: memooda UeHmpasiHux
OugbepeHuuja, memoda rnuHeapHoz ybp3ama, Hbymapkoea memoda u
BuncoHosa 6-memoda.
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Pesynmamu: Peweru cy pasnu4dumu rpobsiemu Koju ce jasrbajy npu
MPUMEHU HyMEPUYKUX Memoda y QuHaMuuu KOHCMpyKUuja.

Sakrbyyak: [lokasaHo je Oa npuMeHa HyMepudkux wmemoda uma
¢yHOameHmanaH 3Ha4aj y OuHaMuyu KOHCmpyKuuja.
KmbyyHe peyu:. Hymepudyke Memode, Memoda  UyeHmpasnHux

ougpepeHyuja, memoda nuHeapHoz ybp3ara, Hbymapkosa memooa,
BuncoHosa 6-memoda.
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CABPEMEHO HAOPY>XAHE 1 BOJHA OINMPEMA
COBPEMEHHOE BOOPY>KEHVE 1 BOEHHOE OBEOPYOBAHVE
MODERN WEAPONS AND MILITARY EQUIPMENT

Pycku Mig-31 Foxhound ca paketom Vympel R-37M?

Pycunja Hema cTanHo ctaumoHupaHy jeauHuy noeaua npecpetada Mig-31
Foxhound 6nu3y ykpajuHckmx rpaHuua. To Huje HeobuyHO, jep je QoHeaaBHO
6uo He3amucnuB cLeHapuo y Kojem 6um y paTty y YkpajuHu morna 6utn notpebHa
nieTenuua ca Tako cneundUYHOM YroroMm — npecpeTame Benvkor gometa. To ce
caga gpaMaTvyHO NpoMeHuno, a Mig-31 uma BaHy, anu jow yBek He4OBOSbHO
nosHaTty ynory y cykofy y Ykpajuuu. OBM noBuu cy TpeHyTHO pacnopefeHn y
nBe 0ase Gnvmke YKpajuHn kako ou yyectBoBanu y 6opbama. Y TOj ynosm caga
UM ce NpuapPYXyjy 1 BULLEHaMeHCKku nosum Su-35S Flanker.

Jlosay npecpemay MiG-31BM

MpBo6uTHN MiG-31, nosHat y HATO-y kao Foxhound-A, pa3BujeH je Tokom
XnagHor pata n 6uo je HameweH 3aWwTUTK objekaTa of CTpaTeLlKor 3Havaja y
CosjeTckom CaBe3dy op Hanaga Kpctapehum paketama Koje Cy naHcupanmu
6ombapaepu n nogmopHuue. lMowTo Hajkpahm Nyt o (M [O) BepoBaTHOr
npotMBHuKka — CjeaurteHnx [pxaBa nposasn Kpo3 orpoMHa NPOCTpaHCTBa Ha

1 The War Zone, Nevember 10, 2022
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ceBepy Pycuje, rge je mpexa aepogpoma Beoma peTka, MiG-31 je mopao ga
nma Benvkv gomert. To je, nak, 3Haunno ga ce pagun o BENMKOM aBWOHY; Herosa
MakcumanHa maca je 46 ToHa. [NoTtpeba 3a 6p3vm OOroBOPOM Ha MpeThwy 04
npojekTuna pesyntupana je 3axTeBoM 3a MakcMmanHom 6p3nHom of 2,8 maxa
(nnun 2,35 maxa y pexxmmy Kpctapema).

[a 61 morao uctoBpemeHo ga ce cynpoTctasu Behem 6pojy uurbeBa koju
nete u BUCOKO W Beoma Hucko, MiG-31 je pobGuO nacuBHWM €nEeKTPOHCKU
ckeHupajyhun pagap RP-31 Zaslon, wto je 6uno npeBu nyT Aa jegaH nosay
KOpUCTM OBY BPCTY TexHonorvje. Telwka pakeTa Basgyx-Basgyx Vympel R-33
(AA-9A Amos), ca pometom o 110 km, u pgepuBat R-33S (AA-9B), ca
HyKkrneapHoMm 0OjeBOM rnaBoM, pa3BujeHM cy cneumjanHo 3a MiG-31. Yetmpu
TakBe pakeTe HOce Cce y TaHAeM napoBumMa ucnog Tpyna.

Pakema ea3dyx-ea30yx R-33 Ha npecpemayy MiG-31BM

MouyeBwwn op 2008. roguHe, dabpuka ,Cokon” y Hwxkhem Hosropogy
Hagorpaguna je npeocTtarne npecpetade Ha ctaHgapg MiG-31BM (Foxhound-C),
ca W3y3eTKOM HEKOMWKO aBMOHA KOju joll Yekajy Ha Hagorpagwy Yy nyky
6asvpaHom y JenmsoBy, Ha nonyoctpBy Kamuatka. MiG-31BM wma pagap
Zaslon-AM ca npeTtnocTaBfbeHMM AOMETOM MpeTpaxuBamwa 00 240 kM, NpoTuB
MeTe Benu4MHe noBua, ABOCTPYKO AyXKe of opuruHanHor Zaslona. Opyxje MiG-
31BM je ponyweHO ca 4eTvpu TelwKe pakeTe Basgyx-Basgyx R-73 M ca
aomeTtom og 200 kM. YHanpeheHu noeal, Takofje MOXe fa HOCU YeTupu pakete
cpeawer gometa R-77-1 (AA-12 Adder) nnu yetnpu 6opbeHe pakeTe 3a 6rnmcky
60pby R-73 (AA-11 Archer) koje cy 3ameHune 3actaperne R-40 u R-60M.

PakeTy Basgyx-sasgyx Vympel R-37M, nnu AA-13 Axehead, npeu nyT je
naHcupao noeau, MiG-31 2011. roamMHe 1 ybp30 je ywna y nyHy npou3Boawy y
¢abpuum ,.Kopnopauuja TakTnykmx paketa’ y KoporeoBy. [pBa onepaTuBHa
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jeavHuua koja je gobuna oBe pakeTe 6vo je 712. noBayvku aBujaumjckm NykK y
KaHcky, y LieHTpanHom BojHOM oKpyry, noyeTtkom 2018. rognHe.

. KOPONEB T8 4;

-

lpou3sodr-a pakeme sa3dyx-ea3dyx R-37M

Paketa R-37M, Tewka 510 kr, no Benu4ymHu je cnuvHa R-33 (489 «r), anu
3axBarbyjyhyu ABOCTPYKOM WMMYNICHOM pakeTHOM MOTOPY Ha 4BPCTO FOpvBO U
OnNTUMM30OBAHOM MNpodhuny neTa, NOCTMXKE ckopo Aynno Behu gomet. Jletn oo
uurba Ha y3gurHyToj nyTakwsW, KOojy KOHTPONuvLIEe WHepLMjarHu HaBUrauuoHM
CUCTEM Ca pPaauo-KOPEKUUjOM cpearser Kypca, U KOPUCTU aKTUBHWU pagdapCku
Tparad ca asocTpykum dual X- n Ku oncerom 3a CBOj Hanaj y TepMUHarHo]
asu.

Foxhound y Ykpajuru

Jletennua MiG-31 je npBoOMTHO npojekToBaHa Aa ©OpaHuM npocTpaHe
rpaHuue Cosjetckor CaBesa of Hagonasehux HenpujaTersckux bombapaepa ca
HyKneapHum opyxjem — amepudkmx B-52, B-1 un FB-111 Aardvarks.
OnTnmmnzoBaH fa 6p3o obapa 6ombapaepe paketama gyror gometa, MiG-31
HeMa BenuKke MaHeBapcke crnocobHocTw. MNMocaga vma cnaby BuArbLMBOCT 360r
yera je y HEMOBOSBHOM Monoxajy y 6opbu ca HenpujaTersCkum rnoBUMMa yHyTap
Bu3yenHor gometa. C gpyre ctpaHe, 6uo je 3acnensbyjyhe 6p3; Hacneawo je
MakcumarnHy 6p3vHy of 3 mMaxa oA npeTtxogHor npecpetada MiG-25 Foxbat ca
pagapom ca asHom pelueTkom Zaslon NOO7 koju je nogpxkaH nHdpaLpBeHNM
CEH30pOM KpaTkor AomeTa, a Kojum 6u morao ga oTKpuje Huckonetehe
bombapaepe u kpctapehe pakeTte. [datanuHkoBu cy omoryhunu nocagum
npecpetadya Foxhound w 3emarbCkMM jeguHMuamMa nNpPOTUBBA3OYXOMNOBHE
opbpaHe pa .,Buae” jeoHu gpyre Kpo3 CeH3ope, pasMmewyjyhu nopgatke o
HaBohehy npojekTuna.

475

Vuckovi¢, D., SAVREMENO NAORUZAN]E | VOJNA OPREMA / MODERN WEAPONS AND MILITARY EQUIPMENT, pp.473-488



ﬁ‘ VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 2

MogepHusoBann mopen MiG-31BM onpemrbeH je MoOhHWjUM pagapom
Zaslon-M ca makcumanHum gomeTtom getekuumje ao 400 kv 3a Behe BasgyLiHe
unrbeBe (aBuMoHu nonyTt E-3 unun E7 AWACS) n cnocobHowhy rahama Lect
uurbeBa ucrtoBpemeHo. To omoryhaBa nunoTy ga uckopuctu Behu gomet
noborbLwaHux npojektuna R-37M.

MogepHusoBaHa BapujaHTa MiG-31BSM wuma coHay 3a [JonyhaBake
ropmsa nyteMm netehux TaHKepa Koja noBehaBa mnoOTeHUMWjarHM JOMET
npecpeTaya M MEepUCKON KOKNWUTa ca 3adwe cTpaHe. Teno npecpeTtada je
ugpaheHo oa MaTepujana OTNOpHWjer Ha TOMnoTy, koja omoryhasa
KOHTUHYMPaHO HaA3BYYHO KpcTapewe 6p3vHOM of 2,4 maxa (npu Toj Op3uHwm,
Hagonasehyn Monekynu Basgyxa MpoM3BOL4E BeOMa BENMKO Tpewe). Takohe,
npecpetay noceayje M HoBW padyHap Baget-55-06 ca BuLEHaAMEHCKUM
MOHMTOPMMA 1 HOBMM OfuMjama 3a Hanaj Ha 3emarbCke 1 NOMOPCKE LUIbEBE.

BasgywHo-kocmuuke cHare Pycuje (BKC) n pycka paTtHa mopHapuua nmajy
namehy 110 n 120 npecpetaya MiG-31. OHn cy pgoperbeHn 790. noBaykom
aBwujaumjckom nyky (MAIM) y Kxotunosy koju nokpmea Mocksy, 98. camocTanHom
komnoautHom aBsujaumjckom nyky (OCAIT) y MoHyeropcky, koju nokpusa
ctpatewky 6asy CesepHe ¢drnoTte y MypmaHcky, 712 VAM-y y KaHcky n 764
WArll-y y mecTty Borbluoje CaBuHO, KOju Cy OArOBOPHU 3a LeHTpanHy Pycujy, kao
n 317. OCAI-y y Jenusosy u 22. NAl-y y LleHTpanHoj Yrnosaju, koju wtnte
6a3e MNaundudke cdnote Ha KamuaTtkm n BnagmesocToky,

Pycuja kopuctu ctpaTteluku yaapHun asumoH MiG-31, uuvja je npumapHa ynora
npecpeTamwe, Koju je poderbeH AanekometHo] aBujaumju. OBM aBWMOHM, ca
XUNEPCOHNYHUM Banuctuukum npojektunuma Kinzhal, HaBogHo cy kopuwheHn
NPOTUB YKPAjUHCKNX LUNSbEBA Y crnieumjanHoj BOjHOj onepauunjy y MapTy 1 anpuny.
Op tapa Pycuja TBpav oa Huje noHoBo kopuctuna Kinzhal.

LLto ce Tnye npecpetada Foxhound, Hajsehn n3a3oB npeacTaBrba NOKyLLaj
yHULWITaBawa Ba3gylWHMX LUuibeBa Ha BeOMa BENUKMM yAarbeHoCTMMa, jep
noctoju npobnem ucnpasHe naeHTudmkaumje, a 3atum 1 ogpehusara BpcTe
pakeTe 3a Hanag. Takohe je Tewko, Ha yparbeHocTn of 200 wnu Buwe
KunomMeTapa, oapeamnTy Koju Cy aB1OHU KOju ce Buae Ha pajapy npujaterbcku, a
KOju HenpujaTerbCku, HapoYUTO Yy AMHAMUYHO] CUTyaumju 1 ako neT npojekTuna
Ka UMrby Tpaje HeKonnko MMHyTa. Ha nHTepHeTy cy ce nojaBune (He)npoBepeHe
nHdopmauvje ga je jeaaH 6poj pyckmx aBMoHa, HApOYMTO NnoBaua-6ombapaepa
Su-34 un Su-35 yHMWTEH npujaTersckom BaTpoM 36or npobnema ca
PYHKUMOHUCAHEM WM NPaBUITHOM WHTepnpeTauujom cuctema ,CBoj-Tyhu”.
Hwnje notBpheHo ga cy ose MHpopmMaumje TayHe, anu N ako jecy. ga nn cy Te
aBnoHe obopunu  noBUM  MNpecpeTayM ca  BenuMKMX garbuMHa  WUnu
NpOTMBBA3AYyXOMNIOBHM pakeTHn cuctemm MNBO.

3a npecpetave MiG-31, Koju cy cTaumMoHMpaHu Ha cesepy Pycwuje, nsHag
ApkTuka, Cubupa vnu lMaumduka, paTHO TakTUYKO OKPYXEHE je jeAHOCTaBHO:
CBe LUTO Ce Hanasu y BasgyLHOM MPOCTopY je Henpujaterb.

Cutyaumja y YkpajuHu je cnuyHa 3a Pyce: cBe wto netun oyboko yHyTap
YKpajuHe je yKkpajuHCKM BOjHM aBWOH. Pycku aBMOHM He neTe Tako Aarneko Ha
3anag, a uuBuUNHM BasgylwHu caobpahaj nsHaa YkpajuHe je obycTaBrbeH of

476




debpyapa 2022. roguHe. Caga noBuu MiG-31BM, HaopyxaHu pakeTama R-
37M, NOKpu1Bajy BESNIMKN OE0 jyrOUMCTOUHE YKpajuHe.

Pycuja je npe Hekonuko meceuun pacnopeawna 4etvpu npecpetada MiG-
31BM y BasgyxonnoBHoj 6a3n benbek Ha Kpumy. Mo3HaTo je ga cy poTtupaHu
nosum n3 XoTunosckor n KaHckor nyka, anu je moryhe ga cy ykiby4YeHu 1 nosum
n3 Apyrux jeamHuua.

MuHucTapcTBo ogbpaHe Pycuje je y Hekonmko HaBpaTa objaBuno obapare
YKpajuHCcKkuMx aBnoHa npecpetadnma MiG-31. Ha npumep, npema caoniiTewy of
7. jyna 2022. roguHe, MiG-31BM je o60opuo yKpajuHCKu jypuliHM aBUOH Su-25
Frogfoot nsnag MukonajeBcke obnactu.

Y BMOEO-CHUMKY Koju je npukasana 3Be3ga TB (noBesaHa ca
MwuHuctapctBom onbpaHe Pycuje), 27. oktobpa 2022. roguHe, nuIoT Koju ce
npeacTaBmo Kao AnekcaHgap v ctoju ucnpepg asmoHa MiG-31BM, usjaBuo je ga
je obopno ykpajuHckm Su-24 Fencer ,pakeTom Ayror gometa”. TayaH Tun
npojektuna Huje npeuusupaH. Ha nctom cHumky npukasaH je MiG-31BM ,24
Red”, peructpauuje P®-90888, ca 712. NAl-a y KaHcky u3 LieHTpanHor BojHor
okpyra. Bugeno ce kako nonehe n3 benbeka, HaopyxaH ca Tpu pakete R-37M un
aBe R-77-1, a 3aTnm cnehe ca UCTUM KOMMNNETOM OpYXja.

CwmewTeHa y npearpafhy Ceactonorba, aBno-6asa benbek je caga rmaBHo
cpeguwTe 3a pycke bopbeHe aBMOHE KOju Cy aHraxxoBaHW NpoTuB YkpajuHe. Y
mehyBpemeHy, y benbeky je ctanHo 6asvpaH 38. VAl ca 6opbeHum nosummMa
Su-27SM n Su-27SM3 1 Hekonumko asoceda Su-30M2 3a obyky. Caga je, nopen
Tora, Pycuja y ucty 6asy pacnopeavna u MiG-31BM, kao 1 BULIEHAMEHCKe
noBue Su-35S n Su-30SM. Y 6a3u ce, Takohe, Hanase pasnUYUT TPAHCMOPTHU
ABVIOHU U XENMKOMTEPMW.

Nako pakete R-37M Tamo Hucy npumeheHe, nosuu Su-35S n Su-30SM
Takohje nonehy 13 BasgyxonnoBHe 6a3e Bopowex, yobunyajeHor mecra rge ce
Hanasno 47. 6ombapaepckn asujaumjckm MykK ca ygapHMM aBuoHuma Su-34
Fullback. Pyckn ®neHkepu koju ce Hanase Ha TOM aepoapoMy pacnopefheHu cy
ca pyckor [lanekor uctoka, a gejctsoanu cy u3 bapaHoBuya y benopycuju Ha
noyeTKy parta, npe Hero WTo cy npebayeHun y Boporex.

Pakema sa3dyx-ea3dyx R-37M

3a pasnuky og pakeTta R-33 n R-33S, koje cy 6une HamereHe UCKIbYYMBO
3a npecpetay MiG-31 1 HUCY je KOpUCTUIM APYrn aBUOHU, HOBa pakeTa R-37M
je ,yHnBep3anHa”. OHa je nHTerpucanHa ca nosumma Su-30SM, Su-35S, n Su-57
Felon; HaBogHO je y TOKy mHTerpaumwja ca aBuoHoM MiG-35S Fulcrum.. Ha
MehyHapogHoM Ba3gyxonnoBHOM u kocmmnykom canoHy (MAKC) 6nm3sy Mockse,
2019. roguHe, paketa R-37M je npukasaHa 3ajegHo ca Su-35S, a Ha n3noxou
APMWJA-2020 npukasaHa je u y3 MiG-35S.

Paketa R-37M (AA-13 Axehead-B) uma ybpsawe n go 6 maxa (mano
noeaua netu MHoro Opxe o 2 maxa) U Moxe ga raha cnopuje meTe Ha
yaarbeHocTu 0o HesepoBaTHux 400 kM. CBaka pakeTa je gyra 4 M n Texu 598
Kr.
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Boherwe TakBOr opyxja je Takohe 3axTeBHO; R-37M ce ocnawa Ha
WHepumjanHy Haeurauuvjy, noborbliaHy KOopekuujama Koje ce MpeHoce of
MaHCMpHOr NoBLa JOK NeTu y Nyky ka meTn kako 6u ce nosehao gomert. Tek
Kaga ce npubnwku Kpyry o OKo 29 KM, HEroB yHyTpallkbWu [BOMOjacHU
pagapcku Tparad mMoxe Hahu uurb 3a npeuusHuje HaBohehe Yy TEPMUHAIHO]
hasm.

[o capa cy Hajsuwle cTpaganu HuUckonetehu yKpajuHCKM aBMOHU Su-25
Frogfoot n Su-24 Fencer. ABmoHu Su-25 nmajy mawy MakcumarnHy 6p3uHy, oko
maxoBor 6poja 0,79, wTto 3HauM pa cy MM MoryhHocTum GekcTBa 3HATHO
orpaHuyeHe, OoK Su-24 umajy Behy Op3uHy, OKO jegHOr Maxa Ha Manumm
BMCMHama 1 1,6 maxa Ha Benvkum BUCUHaMa, na 6m Moxga umanu Npunuky ga
OpXXum MaHeBpuma M30erHy pakeTy, anu ce TV aBUOHWU KOpUCTe, yrnaBHOM, 3a
netT Ha ManuMm BucMHama 36or u3beraBarta OTKpUBaHa O CTpPaHe PYCKUX
netehux pagapa A-50, WITO uX CTaBrba y UCTY No3numjy kao n bomdapaepe Su-
25.

C ppyre cTpaHe, Mana MaHeBapcka nepaja pakete R-37 ykasyjy Ha moryhe
HWXe MaHeBapcke ocobuHe pakeTe, LWITO 3Hayn da 6w buna mamwe edukacHa
kaga 6y 6una naHcupaHa nNpoTuB noBsuUa koju 6u neteo sehom BGp3MHOM K Ha
BehyM BMUCHHaMa.

Pakete R-37M ce go caga Hucy npoussogune y Behem 6pojy, jep cy ce y
Pycuju uspahusane yrnaBHom pakete R-77-1 koje, Takohe, umajy Benuvku
OOMEeT, Mako ynona Mawu of paketa R-37M. Capa je cuTyauumja unak
NpoOMeHEHA, Na Y HaopyXake CTke cBe BENW OPoj TMX AaneKoOMETHUX pakeTa.

Ha gpywTtBeHMM Mpexama cy ce nojaBusnie uHdopmauuje ga je Pycuja
ynotpebuna cBoj HajHoBWju NoBal, 6ombapaep Su-57 koju je 06opro yKpajuHCcKn
no.au-npecpeTtay Su-27 6nusy BasgyxonnosHe 6a3se ko benbeka, ca gar-uHe
oA 217 km.

Tenesusuja 3Be3ga je, 1. HoBembpa 2022. rognHe, npvkasana jow jegaH
cHumak n3 benbeka, Ha Kojem gpyrn nunoT, Takohe nog nmeHom AnekcaHaap,
objaliraBa Kako je 06opro yKpajUHCKy netenuuy ganekoMeTHOM pakeToM, anwu
He nomukse TUn pakete. OBora nyta y nosaguHu ce Hanasvo nosau, Su-35S
HaopyxaH ca aBe pakeTe R-37M, noctaBrbeHe y TaHaemy uamehy moTtopa, Ase
pakeTe R-77-1 ucnoa ycucHuka Basgyxa, ABa R-73 wucnopg kpuna u jegHa
npoTuBpagapcka paketa Kh-31PM ucnog kpuna.

lMpema HegaBHOM W3BELWITAjy WCTpaxuBadkor LUeHTpa KparbeBckor
WHCTUTYTa yjeouweHux cnyxbu (PYCW), MiG-31BM wu Su-35S 06u4HO
00e30eh)yjy NoKpMBEHOCT OcaM OOAESLEHUX 30HA Y ornepaTUBHOM MOApPYYjy, ca
no nap fnosaua 3a cBaky. Mefytum, ¢ 063uMpom Ha To A4a y Ba3gyLUHOM NpoCcTopy
HemMa JOCTYMHMX TaHKepa 3a [OonyHhaBake ropvea, OBU NOBUY CYy OrpaHuyeHu
Ha ©OopbeHe BasgyllHe naTporne y Tpajakby O OKO [ABa caTa; OBakBa BpCTa
poTauuje 3axTeBa oko 96 netosa AHEBHO, akO Ce payyHajy caMo OHEBHU caTu.

Unak, PYCU Hanomuwe pa cy ce ,0Be natporie nokasane BeoMma
euKacHUM NPOTUB YKPAJUHCKMX jYPULLHMX aBMOHa M foBaua, npu 4emy cy
pakeTe Basayx-Ba3ayx Benukor gometa R-37M Ha nosumma MiG-31BM noce6Ho
npobrnemMaTnyHe MNoO YKpajuHCKy aBuwjauujy”. Y usBewTajuma ce gofaje ga cy
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nosum BKC Tokom okToBpa naHcmpanu oo wect paketa R-37M gHeBHO u fa ce
n3beraBartbe OBe pakeTe Nokasano NnocebHO TeLKMM 300r ,eKCTPEMHO Bervke
Op3uHe opyxja, Yy KOMOUHauUMju ca Beoma BENUKMM e(EKTMBHUM AOMETOM U
Tparadyem gusajHupaHnm 3a rafjawe unrbesa Ha Manum BnucuHama”.

OdbpambeHe mepe

Ca paketom R-37M Ha pacnonarawy, pycku nosuy MiG-31BM u Su-35S
caga mory ga rafajy ykpajuHcKe aBuMOHe ca Beoma Benunke yaarbeHoCTW, He
ynasehm HM y jegHy op obnactu y  Kojuma  genyje  yKpajuHcka
NpoTMBBa3ayxonsoBHa oabpaHa.

Su-35S HaopyxaH pakemom R-37M

Oa ©6u ce cynpoTrctaBuna npeTwM, YKpajuHM Ccy npeko noTpebHu
NPOTUBBA3AyXOMMOBHM CUCTEMW BEOMa BENMKOr JOMETa, MpU YeMy Cy pakeTe
3emrba-Ba3gyx (SAM) HajounrnegHuje peweme. Minak, pakete Hajgeher gomeTa
goctynHe YKpajuHu peo cy cuctema S-300P (SA-10 Grumble) cosjetckor
ams3ajHa Koju je 6uo y ynotpebm Ha noyetky paTta. Og Taga je MOCTENeHo
CMamMBaH Bpoj TakBUX CMCTEMa Ha pacrnonarawy YkpajuHu, a BepoBaTHO he
ocTaTy MeTa BUCOKOI MPUopuTeTa PyCKUX cpeacrasa 3a cy3bujatbe ogbpaHe.

MehyTtum, 4ak n noctojehn S-300P He moxe ga o6e3bean pyrotpajHy
NpoTMBBA3AXONMNOBHY oAbpaHy ca cBojoM pakeToM 5V55R — rmaBHUM TUNOM
Koju je poctynaH YKpajuHu — Koju nma MakcumanHu gomet of 90 kM. JegHa
batepuja S-300PMU, kojy je Cnosadka obe3beamna noyeTKOM paTta, HeLTo je
cnocobHwja.

Y wmehyBpemeHy, S-300V1 (SA-12 Gladiator/Giant), cuctem koju ce
3acHuBa Ha S-300P, Hygu noborbLluaHy NOKPETILUBOCT MO 3EMSbU U CMOCOOHOCT
npoTuB BanucTnykMx npojektuna. Moxe ga wcnanu pakety 9M83 (SA-12A
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Gladiator), makcumanHor gomeTta og oko 90 km, gok 9M82 (SA-12B Giant))
MOXe fa rafha unrbese Ha ygarbeHocT go 100 km.

Bepanja SA-12A S-300V1 Owna je gocTynHa YKpajuHU Yy OrpaHudeHOM
Opojy, a npeoctanu npumepuu cy BepoBaTHO npeasuheHn 3a oagbpaHy of
Hanaga 6anuCTUYKUM NpojekTunnma.

YkpajuHcku cucmem S-300V1

[MoHoBIbEHM nosusm KujeBa 3a CHaXkHMjom KOMHEHOM
NpOTUBBA3AyXOMMOBHOM OAOpaHOM Janu cy pesyntarte, ykibydyjyhu cucrteme
KOju Cy MHOro HanpeHuju of, YKPajUHCKUX pakeTa 3eMrba-Basfyx U3 COBjeTcke
epe. MefyTum, Haopyxawe Koje je A0 caja WCrnopyveHo, unm obehaHo,
MPBEHCTBEHO je ONTMMM30BAHO 3a TaykacTy oabpaHy KpUTUYHUX WHCTanauuja
(IRIS-T SLM, MIM-23 HAWK, NASAMS, Aspide, u Crotale NG), unu ce pagn o
cMcTeMMMa NPOTMBBA34yXONmoBHe oabpaHe Maker AoMeTa, 0of KOjUX Cy HEeKu
NpOjeKTOBaHM 3a CafejCTBO ca KOMHEHUM cHarama (Strela-10M, Stormer HVM).

Cunctem Beher gometa koju 6u noTeHuujanHO Morao da yrposu pycke
nosLe Ha Behnm parbmHama jecte Patriot. OH je ogHeaaBHO yKIby4YeH Ha NUCTy
cucTemMa npoTMBBa3gyXonnoBHe ogbpaHe Koju 6w Mornu nomohu YkpajuHu y
6opbu npoTue Pycuje.

Mopen cBoje cnocobHoOCTM rafawa unrbeBa Ha Behum garbnHama, CUCTEM
Patriot ©6u, Takohe, o006e3beavo Aarby 3awWTUTy o4 Hanaga OanuMcTUYKuX
npojekTnna og Kojux he jegaH 4eo NpefcTaBrbaTV U MPaHCKE pakeTe 3eMrba-
3emrba.
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JlaHcupare amepuyke MBO pakeme Patriot PAC-3

Yak n ako 6um YkpajuHa pobuna cucteme MNBO pgyror gomera, HoBU
naHcepun 61 BepoBaTHO BUNM HaMerweHU 3a oabpaHy NPUOPUTETHUX LMILEBA,
Kao LUTO CYy KpUTUYHA UHPPpaCTPyKTypa U BENUKN rpagioBu.

Bes o63npa Ha TO, cBaka BpCTa pakeTa 3emriba-Bas3gyx Koja MoXe
eduKacHO fa yrposu BasfyluHe uurbeBe Ha Behum pgarbmHama nomohu he
Ykpajuuu. Minak, 4ak M ca MpUINYHO CKPOMHOM KomHeHoMm [BO mpexom,
YkpajuHa je ycnena ga HaHece Benuke ryoutke BKC u ucrepa pycke aBuoHe n3
3Ha4ajHuX obracTu CBOr BasayLUHOr npocTtopa. Y obnactnma rae pyckvn yaapHu
aBMOHM W jYPULLHU XENUKONTepWU AejCTBYjy NPUHYNEHW cy ga npuMeHe Mane
edkacHe TakTUKe Ha HUCKOM HUBOY, OOK cy nosuu nonyt MiG-31BM u Su-35S
OrpaHU4eHn Ha NaTponMpake Ha BENMKUM BUCUHaMA.

Mpe unu kacHuje, YkpajuHa he HabaBuTu 3anagHe aBuMOHE, BEPOBATHO
npucTynavyHe TakTuyke nosue, kao Wwro cy F-16 nnu weegckn JAS 39 Gripen.

OBwu aBuoHu he 6utK y gomeTy npojektuna u pagapa MiG-31BM, anu 6u
Tpebano ga wmajy MHoro 0Oorbe CeH30pe W MpPOTUBMEPE 3a OTKpMBaHE
Hagonasehnx R-37 1 buxoBo nsberaearwe AOK Cy jow y ,30HM B6ekcTBa”. Pasmak
aomeTa he Takohe BUTM MHOrO MakM 3a MIa3He aBMOHE HAOpYXaHe pakeTama
ayror gometa Meteor unm AIM-120 (og 96 go 200 «km) of cagalihsmx
YKpajuHCKMX aBuoHa Su-27 n MiG-29 ca R-27 (og 40 go 80 km), a MiG-31 uma
BENWKM pagapckm ogpas. To 6u morno HatepaTn MiG-31 ga naHcupa pakeTte ca
Behe yaarbeHocTH, WTo 3Ha4m aa 6u BepoBaTtHoha norotka 6una mama.

Hoaoywe, Tewko je nNpoueHuTM Ja nu je pycka ynotpeba noeaua y
BasdywHuM OojeBMMa BaH BU3yerHOr gomeTa y YKpajuHu MNpUMEHIbMBaA BaH
KOHTEKCTa YKPajUHCKO-PYCKOr BasdyLllIHOr paTta, rae Cy aBWOHWU jedHe CTpaHe y
3Ha4yajHOM TEXHWYKOM 3a0CTaTKy y OAHOCY Ha Apyry cTpaHy. Mnak, ycnewHa
ynoTpeba pyckux aBuoOHa cyrepvile ga 6m oHM MOrnu 6uth jow edpmkacHujm
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YKONMKO 61U MManu nNpucTyn TaHKkepuma 3a AonyhwaBake ropmea W jow 6orby
KoopauHauumjy ca ceojum netehum pagapuma.

Morno 6u ce pehu ga 3a YKpajuHy He MOCTOjM HauMH Oa ce cyounm ca
NpeTHOM PYCKMX npecpeTada kao wro cy MiG-31BM koju genyjy BaH BU3yenHor
gomeTa. HbeHa jeamHa MOryhHOCT TpPeHYTHO Nnexu y Hanagy Ha aepogpome ca
Kojux ysnehy pycku aBuMOHW, WTO je u3rneda Beh ypaheHo ca 3HayajHUMm
ycnexom Ha Kpumy.

Hpaean M. Byykosuh (Dragan M. Vuckovié),
e-mail: draganvuckovic64@gmail.com,

ORCID iD: " https://orcid.org/0000-0003-1620-5601

dyTyprcTMYKa MHobGaLayka Kyrnona2

Amepuuke crneumjanHe cHare koje ce 6ope npotmB munutaHata ISIS Ha
Brninckom uctoky HepaBHO cy objaBune doTtorpaduje ucnarbmMBarba MMHa U3
HanpegHor 3awTuTHOr MuHobauaukor cuctema XM905 (Advanced Mortar
Protection System, unu AMPS) y Cupuiju.

Komnjytepckn acuctmpaH muHobauady XM905 kanmbpa 120 mm, ca
Kynornom, nocebHo je pasBujeH ga Npyxu Ao4aTHW Crnoj ogbpaHe y NCTYPEHUM
onepatuBHuM Gasama. KomnnetaH cuctem marnena kao y HEKOj BUAEO-UrpULN,
nonyt Call Of Duty: Modern Warfare unu Command & Conquer.

KombuHOBaHa onepaTuBHa rpyna 3a cneuuwjanHe onepauuwje — Levant
(CSOJTF-L) obGjaBuna je Ha Teutepy doTorpacduje 3a Koje je peyeHo ga cy
CHUMIbeHe y BaTpeHoj 6a3un y pervioHy An Wagagu y nctouHoj Cupuju. NoguHe
2021. CSOJTF-L je ykbyuno 3ajegHudky onepaTuBHY rpyny 3a cneuujanHe
onepauunje — Onepauujy Inherent Resolve (SOJTF-OIR) n caga ob6esbehyje
rmaBHn wTab Koju Hagrnega KoanuuMOHe cHare 3a cneuujanHe onepauwuje
npeasoheHe CA[Ll koje ce 6ope npotus CUC-a y Cupujn, Upaky, Jlubany u
ErvnTty. Cuctemun cy pacnopeheHn y amepuykum uctypeHnm 6asama y Cuvpuju
oa 2018, roguHe.

.KoanuumoHe cHare ucnarbyjy 120 mm ocBeTrbaBajyhe MuHe kopuctehu
cnctem XM905.” OceeTtrbaBajyhe MMHE Ce MOIy KOPUCTUTM 3a OTKpMBaHE
HenpujaTerbckux doopmMaLmja, 3a curHanusauujy nnm obenexabsahe LuIrbeBa.

OBaj cuctem ce Hanasu y ynotpebu jow og 2011. rognHe n cacTtoju ce og
MuHobGauada 120 mm XM905, nocTaBrbeHOr Ha €nekTPUYHy Kynosy Koja ce
okpehe y pagunjycy oa 360 cteneHn. Opyhe ce Hanasu Ha LUMPOKOj Kynonn Koja
je ctabunusosaHa Ha Tpu cTonana.

3a pasnuky of krnacuyHux MuHobauava, XM905 uma npoTMBTP3ajHU
MexaHu3aM KOju ymarwyje Tp3aj NpurMkoM ucnarbewa K nputom nosehasa
npeumnsHocT, OOK u3rnegom Buwe noaceha Ha mawy xayouuy. Opyhe je
n3BegeHo of uspaenckor MMHobauaya Recoil Mortar System 6-Light (RMS6-L)

2 The War Zone, February 21, 2023
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KOjU je MOHTMpaH M Ha ofpeheHe BapujaHTEe aMepuYKMX OKMOMHMX BO3wna
TouKawa Stryker.

lpunadHuk amepuyKux creyujanHuUx cHaea rnyHu MuHobauay oceemsbasajyhom MuHom
120 mm, ok ce y no3aduHu sudu echekam oceemrsbasarba rMPemxo0He MuHe
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Komnneman cucmem XM905

Mopen ocBeTrbaBajyhvx MumHa, MuHODauady uvcnarbyje MuHe ca
€KCMIO3MBHMM NyH-EHEeM 3a Hanag Ha Henpujaterbcke cHare, kao U MUHe 3a
cTBapawe AVMMHUX 3aBeca WM 3a O3HayaBawe Henpujaterba. MuHobGauauyku
CMCTEM KOPUCTU U MUHE Ca caTenMTCKMM Unun nacepckum Hasohewem. MuHe ca
nacepckum HaBohewem Mory ce ynoTpebrbaBaTv M 3a Hamag Ha MOKpeTHe
unILeBe.

OBaj MuHOGauaykM CUCTEM OMPEMIbEH je HanpedHWM  HULIAHCKUM
cuctemom Enhanced Mortar Targeting System (EMTAS) koju omoryhasa
ayTomaTtcky narb0y Ha 6uno koje koopaumHaTte koje 3aga HuwaHuyuja. Cucrtem
okpehe kynony 3a 180 cteneHn 3a camo 12 cekyHaum.

Cuctem AMPS 06e36ehyje goaaTHy BaTpeHy moh, anv u gpyre onuuje, kao
LUTO je ocBeTIbaBare OOojuLLTa Y OKONMHM aMepUYKMxX UcTypeHnx 6asa y Cupuju.

Hpazar M. By4dkosuh (Dragan M. Vuékovic),
e-mail: draganvuckovic64@gmail.com,

ORCID iD: "“nttps://orcid.org/0000-0003-1620-5601
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Pycwuja kopuctn BoheHe 6ombe y YkpajuHn®

OnynuHa npoHaheHa y YKpajuHu gokas je ga je gowno Ao ynotpebe
nnaHupajyhe 6ombe Grom, wWTO je, YMHW Cce, NPBM MNyT OA4 NoyeTka parta y
YkpajuHu.

Ha cHumky ce Buam Behu geo nnaHupajyhe 6ombe Grom, pyckor opyxja
Basdyx-3emrba, Kao U nap nckadyhumx kpuna koja joj omoryhyjy Hanag Ha uurb
ca Behux garbuHa. Msrnega ga cy ose 6ombe ca n 6e3 noroHa. Ha ocHoBy
doTtorpadumje Morno 6u ce 3akrbyuuTM Oa ce pagu O BEP3UjU ca MOroOHOM,
eKCnopTHoj Bepauju Grom-E1.

OBy nnanupajyhy 6om6by npounssoam Tactical Missiles Corporation (KTRV).
OwunszajH npojekta npouctude of pakete Ba3gyx-3emsba Tuna Kh-38M kojy je
npousBena ncra koprnopauuja.

Mpojektun Kh-38 uma 4yeTtnpn Kpunua Be3aHa 3a TeNno W penHu eo Ha
Kpajy. KomnaHuja je gogana vckadyha kpyna n genMMmMyHo nNpoMeHuna ausajH
na 6w pobuna npojektun Grom. Pagu ce o Moayny Koju cagpxu Aayra
cknanajyha kpvna koja cy npuuspwheHa Ha Teno npojektuna. Opyrum pedmma,
pagn ce o agantupaHoM npojektuny Kh-38M koju je npojekToBaH Tako Aa,
3axBarbyjyhu cknonvemMM Kpunuma, nocturHe Behy garouHy.

Jow ce He 3Hajy TauyHe nepdopmaHce W TEXHUYKE KapaKTepucTuke
npojekTuna, Kao HW Kaga je nodyena onepatMBHa ynoTpeba, anu ce
npeTnocTtasrba Aa ce pagu o nepuody nocne 2010. roamHe. NocToje BapujaHTe
OBOr npojekTuna, objaBrbeHu cy 1 getarsu, anu 'y dopmu bpollypa, Tako aa jow
yBeK Huje moryhe casHaTu npeunsHe nogaTtke.

3 The War Zone, March 15, 2023
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lpojekmun ea3dyx-3emrba Kh-38

[o capa cy obenopaweHe OBe Bep3uje npojektuna Grom —Grom-E1 wu
Grom-E2. Obe Bep3unja cy HameleHe 3a WM3BO3, a NpeTnocTaBrba ce Aa Cy
ucnutuBana 3aBpLueHa Tokom 2019. roguHe.

Grom-E1 je npojekTun norokeH pakeTHUM MOTOPOM W 3acHOBaH Ha Teny
aBMoHcke 6ombe OFAB-500U. Hberoea maca je oko 700 kr, a npeyHuk oko 30
uM. PakeTa je oyra oko 7 M ca pacnoHOM Kpumna of oko 3,5 M.

Yaconnc Janes HaBogu pa je Grom-E1l HaopyxaH 6ojeBoM rmnaBom ca
BMCOKOEKCMIIO3MBHUM MyheweM, Mace of oko 350 Kr u ygapHuM ynarbadem.
Takohe, u3BewTaBa [a Cce MOrOHCKM Aeo cacTtoju of byctepa u pakeTHor
MoTopa Koju pakeTn omoryhasa net go 130 km.

Pyckn meamnju cy paHuje TBpAWnM ga paketa MoXe NneTeTu Ha JarbuHy 40
150 KM, anu TO BEPOBATHO 3aBUCK O BUCUHE, Op3nHe 1 nyTake aBUOHa Koju je
naHcupa.

MpeTnocTaerea ce Aa je paketa HaBoheHa NyTeM UHepuumjanHe HaBurauuvje
ca caTefnuTCKUM Kopekuujama, WTo 61 3HauMno Aa Hema akTMBHW Tparad. To
3Ha4yM [a ce pakeTa MoXe fnaHcmpaTy camo Ha UKCHe MeTe, WTo, MefyTuM, He
NCKIbydyje MOryhHOCT fofaBaka NofyakTUBHOT flacepcKor, MHApaLpBEHOT MUK
pagapckor Tparava.

MpojekTun Grom-E2, pycke o3Hake 9-A2-7759, 3acHoBaH je Ha Teny 6ombe
KAB-5000D. Yaconuc Janes HaBogu pfa ce pagu o nnaHupajyhoj 6ombun, anm
He M3HOocuHMKakBe deTarbe. OBa nnaHupajyha 6omba Hema MOroHCku Oe0 Koju
ce, y OBOM Chnyvajy, 3amekyje [OOAaTHOM BMCOKOEKCMNI03MBHOM G0jeBOM
rnaBom. NMpeTnocTtaerba ce ga je ykynHa maca 6ojeBe rnase oko 450 kr, anu je un
AarbuHa rafjawa unrbesa 3HaTHO CMareHa Yy OHOCY Ha pakeTHY Bep3ujy.
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lnaHupajyha 6omba Grom-E2

Mpojektune Grom E-1/E-2 y CBOM WMHTEPHOM CMPEMWLUTY HOCWU NoBau-
6ombapaep Su-57 Felon. [opyru pyckun aBumoHu, kao wto cy MiG-29, MiG-35, Su-
34 u Su-35, Takohe Mory HOCUTK OBaKBO OpYXje.

Capa je moryhe gokasatu ga Pycuja Beh KOpUCTM OBAKBO OpyXje y CBOjOj
creuuvjanHoj BojHOj onepauumjn y YkpajuHu. Moryhe je ga je TajHo 3anodena u
cepujcky Npou3Boaky nopoauue npojektuna Grom, kao LITO je TO ypaguna u ca
ApYyrum npojektunuma kao wTo je lzdelie 305 LMUR. MehyTtum, 360r yBegeHux
caHKuuja nuTawe je ga nn Pycunja uma mMoryhHOCT cepujcke npou3BoaH-€
OBaKBOr Opy>ja unu ce pagm o ynotpebu jegHor 6poja npojekTuna Koju je paHuje
npoun3BeaeH U HaMeHeH U3BO3Y.

OBakBa BpcTa npojektuna 6una 6u n3yseTHO KOp1CHa pycKnM CHarama, jep
jow HMCy ycnene ga ocTtBape BasfyLlHy HagMoh Hag TeputopujoM YkpajuHe, na
je HWXOBO paTHO BasdyXOMfOBCTBO KOHCTAHTHO MO4 pusnkom obapara
MPUIMKOM BasayLHUX MUcKja.

[pazaH M. Byukosuh (Dragan M. Vuckovi¢),
e-mail: draganvuckovic64@gmail.com,

ORCID iD: https://orcid.0rg/0000-0003-1620-5601
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Nno3nB 1 YINYTCTBO AYTOPUMA
NPUMALLEHWE N MHCTPYKUNA 1A ABTOPOB PABOT
CALL FOR PAPERS AND INSTRUCTIONS FOR AUTHORS

NOo3nB U YNYTCTBO AYTOPUMA O HAYUHY NMPUNPEME YJ1AHKA

YnyTcTBO aytopuma O HauuHy npunpeme 4naHka 3a objaBrbuBame Y
BojHomexHu4kom enacHuUKy ypaheHo je Ha ocHoBy [lpaBunHuka o KaTeropusaumjy m
paHrnpamy Hay4YHux 4Yaconuca MuHucTapcTBa NpocBeTe, HayKe M TEXHONOLLKOr pa3Boja
Peny6nuke Cpbuje ("Cnyx6eHu rmacHuk PC", 6poj 159/20). MNMpumeHa osor NpaBunHuka
NMPBEHCTBEHO CryXU yHanpehewy kBanuTeTa goMahux Yaconuca u HUXOoBOr NOTNyHWjer
YKIbyumBama y MeflyHapoaHu cnuctem pasmeHe HayyHuX nHdopmaumja.

BojHoTtexHunukmu rnacHuk / Vojnotehnicki glasnik / Military Technical Courier
(BTr.mo.ynp.cpb, www.vtg.mod.gov.rs, ISSN 0042-8469 — wrtamnaHo unsgawe, e-ISSN
2217-4753 - online, UDC 623+355/359, DOI: 10.5937/VojnotehnickiGlasnik;
https://doi.org/10.5937/VojnotehnickiGlasnik), jecte peueHsvpaHy Hay4YHU Yaconuc.

BnacHuun vaconuca cy MwuHuctapctBo ogbpaHe Penybnuke Cpbuje n Bojcka
Cpbuje. N3pgaBay 1 dmHaHcujep vaconuca je YHuBepauteT oabpaHe y beorpagy (BojHa
akagemuja).

Mporpamcka opujeHTaumja 4aconuca 3acHWBa Ce Ha roguliH0j KaTteropusauuju
Yyaconwuca, Kojy BpLUM HaANeXHo ApXaBHO MUHUCTAPCTBO Y oapefheHm obnactuma, kao u
Ha HEeroBOM MHAEKCMPawy y MeflyHapogHuMm nHaekcHum 6asama.

Yaconuc obyxsaTa HayyHe, OQHOCHO CTpy4He obractn y OKBMpYy 06pa3oBHO-
Hay4HOr norba MPUPOAHO-MaTeMaTU4YKMX HayKa, kKao U y OKBMPY OBpa3oBHO-Hay4HO!
norba TEeXHUYKO-TEXHOJOWKNX HayKa, a HapounTo obrnacty oabpambeHux Hayka u
TexHonorunja. O6jaBrbyje Teopujcka M npakTMdHa pocTurHyha koja  gonpuHoce
ycaspluaBawy CBMX MpuUNagHWKa cprncke, pernoHanHe u MehyHapogHe akagemcke
3ajegHuue, a nocebHO npunagHuka BOjCKM M MUHWMCTapcTaBa opbpaHe. [ybnukyje
pajoBe Ca YpaBHOTEXEHUM W3BELUTABaHKEM O aHanUTUYKUM, eKCMepUMEHTanHuMm 1
NPUMEHEHUM UCTPaXMBawyMMa, Kao WM HyMepuUYkMM cumyrnauujama, obyxsartajyhu
pasnuuute gucumnnuHe. OOjaBrbeHM martepujanu  Cy BUCOKOT  KBamuteTa MU
perneBaHTHOCTU, HamuMCaHW Ha Ha4MH KOjU WX YUHW [OCTYMHWM LUMPOKO] YMTanavkoj
ny6nuumn. Cen pagoBu KOjU U3BELLTABAjy O OPUMMHANHUM TEOPUCKUM U/MNWN NPaKTUYHO
OpVjeHTUCaHNM UCTpaxuBakUMa Unu npowrpeHnM Bep3njama Beh objaBrbeHVx pagoBa
ca koHdepeHumnja cy pobpogownu. Pagosu 3a objaBrbmBare ogabupy ce ABOCTPYKO
crnenvM MnocTYNKOM peLeH3unje Kako 6u ce ocurypana OpuUrmHamnHoCT, peneBaHTHOCT U
ynTrbMBOCT. MpuUTOM UMIb HWje camMo ga ce kBanuTeT objaBrbeHMX pajoBa OAPXKM
BMCOKUM Beh n ga ce 06e3bean npaBOBPEMEHU, TEMESbHM U YPABHOTEXEHU MOCTynak
peLeH3uje.

YpehuBadka nonutvka BojHOMeXHUYKO2 eracHUKa 3acHVWBa Ce Ha npernopykama
Opbopa 3a etuyHocT y nsgasawTey (COPE Core Practices) u 3ajegHny4kMM npyHumMnuma
TpaHCnapeHTHOCTK 1 Hajborse npakce y nsgasawrtesy COPE, DOAJ, OASPA n WAME, kao
1 Ha HajborbmMm NpuxBaheHnm npakcama y Hay4yHOM M3gaBallTBy. BoOjHOMEXHUYKU 2riacHUK
je unan COPE (Committee on Publication Ethics) og 2. maja 2018. roanHe n unaH OASPA
(Open Access Scholarly Publishers Association) og og 27. HoBem6pa 2015. roavHe.

MuHucTapcTBO npocBeTe, Hayke W TexHoroLlkor pasBoja Penybnuke Cpbuje
yTBpauno je gana 25. 10. 2022. rognHe kateropusauujy BojHomexHuuykoz anacHuka, 3a
2022. roguHy:
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— Ha NMCTM Yaconuca 3a pavyHapcke Hayke:
KaTeropuja BpXyHCKM Yaconuc HaumoHanHor 3Havaja (M51),

— Ha NIUCTU Yaconuca 3a eneKkTPoOHUKY, TeneKoMyHukaumje n nHcopmarmoHe
TexHornoruje:
KaTeropuja BpXyHCKU Yaconuc HauMoHarnHor 3Havaja (M51),
— Ha NIMCTU Yaconuca 3a MalIMHCTBO:
KaTeropuja BpXyHCKM Yaconuc HaumoHanHor 3Havaja (M51),
— Ha NMCTK Yaconuca 3a MaTepujane U xemumjcke TexHornoruje:
KaTeropuja BpXyHCKM Yaconuc HaumoHanHor 3Havaja (M51).

YcBojeHe nucte gomahux yaconuca 3a 2022. roavHy Mory ce BUAETU Ha cajTy
BojHomexHu4koe anacHuka, ctpaHuua Kameeopu3sayuja Yaconuca.

HetarsHuje nHdopmaumje mory ce npoHahm u Ha cajty MuHucTapcTBa npocBeTe,
Hayke 1 TexHonowkor passoja Penybnvke Cpbuje.

Mopaun o kateropusaumjym mory ce npatuth u Ha cajty KOBCOH-a (KoH3opuujym
6ubnunoteka Cpbuje 3a objeanHeHy HabaBky).

KaTeropusauuja yaconmca msBplueHa je npema [NpaBunHuky o kateropmsauujy v
paHrnpamy Hay4YHux 4Yaconmca MuHucTapcTBa NPOCBETE, HAayKe M TEXHOIOLLKOr pa3Boja
Peny6nuke Cpbuje ("Cnyx6eHu rnacHuk PC", 6poj 159/20).

Yaconuc ce npatu y koHTekcTy Cprckor umTtatHor uHgekca — CluHpekc (6asa
nogataka goMahmx HaydyHux Yaconwuca), HaydHo-undopmaumoHor cuctema Redalyc u
Pyckor uHpekca HaydHor uutupawa (PUHLY). lNoaBprHyT je ctanHoM BpegHOBakwy
(MOHUTOPWHIY) y 3aBUCHOCTW Of YTMUAJHOCTM (MMnakTa) y camum Gasama. [letarsu o
WHOEKCMpawy MOry ce BuOeTU Ha cajty BojHomexHu4ykoz enacHuka, CTpaHuua
UHdekcuparbe Yaconuca.

BojHomexHuyku  enacHuk omoryhaBa u npumemnyje Creative Commons

(CC BY) ogpenbe o aytopckum npaBuMa. [etarbM O ayTOpCKMM MpaBumMa Mory ce
BMOETM Ha CajTy Yaconuca, cTpaHuua Aymopcka rnpasa u rnosaumuka camoapxusuparsa.

PapgoBu ce npepajy nytem OHMajH cucTeMa 3a €efekTPOHCKO ypehuvBamwe
ACUCTEHT, koju je pa3suo LieHTap 3a eBanyauujy y obpasoBamny v Hayum (LLEOH).

MpucTyn n pernctpaumja 3a cepBuC BpLUe ce Ha cajTy www.vtg.mod.gov.rs, npeko
ctpaHnue ACHUCTEHT wnn CUMHOEKC, o0OQHOCHO  AMPEKTHO Ha  JIMHKY
aseestant.ceon.rs/index.php/vtg.

JeTarbHO ynyTCTBO O peructpauujy u npujaBn 3a cepBUC Hamasu ce Ha cajTy
www.vtg.mod.gov.rs, cTpaHuua Ynymcmeo 3a ACUCTEHT.

MoTpebHO je Oa ce cBM ayTopu KOjM MogHOce pykonuc 3a objaBrbuBame Yy
BojHomexHu4ykom enacHuky peructpyjy y peructap ORCID (Open Researcher and
Contributor ID), npema ynyTcTBY Ha CTpaHuum cajta Peaucmpayuja 3a dobujar-e ORCID
udeHmuguKkayuoHe wucgpe.

BojHomexHu4Yku 2nacHuUk objaBrbyje unaHke Ha eHrneckom jesuky (arial, BennynHa
cnosa 11 pt, npopeg Single).

MocTtynak npunpeme, nucawa u ypehusamwa 4YnaHka Tpeba ga byage y carmacHocTn
ca MUsjasom o emuykom nocmynary (http://www.vtg.mod.gov.rs/izjava-o-etickom-
postupanju.html).

UnaHak Tpeba Oa cagpxu caxeTak ca KIby4HMM peuyuma, yBop (MoTuBaumjy 3a
pan), pa3pagy (ageksaTaH npernef penpeseHTaTMBHOCTM paja Yy Herosoj obnactum,
jacHy wu3jaBy O HOBUWHM Yy MpeACcTaBibEHOM WUCTpaXuBaky, ofroBapajyhy Teopujcky
no3aaviHy, je4aH unu BuULLE NpYMepa 3a 4EMOHCTpMpame 1 ANCKYCHjy O NMPeACTaBbEHUM
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naejama), 3akrbydak n nutepartypy (6e3 Hymepaumje HacnoBa u nogHacnosa). O6um
uynaHka Tpeba ga Oyame Ao jegHor aytopckor Tabaka (16 cTpaHuua dopmarta A4 ca
npopenom Single), a HajsuLe 24 cTpaHuue.

UnaHak Tpeba pga Gygoe HanmcaH Ha ofpacuy 3a nucawe 4naHka, Koju ce 'y
€NeKTPOHCKOj hopMM MOXe Mpey3eTn ca cajta Ha cTpanuum Obpasay 3a nucame
ynaHka.

Hacnos

HacnoB Tpeba ga ogpaxasa TeMy 4naHka. Y MHTepecy je yaconuca v aytopa ga ce
KOpUCTE peyn npuknagHe 3a UHAEKCcUpawe W NpeTpaxuBare. AKO TakBUX pevn Hema y
HacrnoBy, NOXerbHO je Aa ce NpuaoAa U nogHacros.

Tekyhu HacnoB

Tekyhn Hacnoe ce uCnucCyje ca CTpaHe CBake CTpaHWLe 4rnaHKa pagu nakwe
naeHTudKKaumje, nocebHo konmja YnaHaka y enekTpoHckoM obnuky. Cagpxu npesuve un
WHMUMjan uMeHa ayTtopa (ako ayTtopa MMa BuLWe, nNpeocTanu ce o3Hayasajy ca et al.”
vnu 1 ap.“), Hacnoee paga v Yaconuca u konauujy (rogvHa, BoNMyMeH, cBecka, noyeTHa
1 3aBpLUHa cTpaHuua). Hacnoem yaconuca u unaHka Mory ce gatv y ckpaheHom obnuky.

Ume ayTopa
Hasogu ce nyHo nme n npesmme (cBux) aytopa. Beoma je noxerbHo ga ce HaBegy
n cpegmwa cnosa aytopa. MiveHa v npeavmeHa gomahux aytopa yBek ce MCNUCYjy Y

OpUrMHanHoOM obnuKy (ca CpNcKUM AUjaKpUTUHKAM 3HAKOBMMA), HE3ABWUCHO Of je3nka Ha
KojeMm je HanucaH pag.

Ha3uB yctaHoBe ayTopa (achmnujauumja)

HaBogu ce nyH (3BaHWM4YHKM) HA3MB M CeaMLUTE YCTAHOBE Yy KOjoj je ayTop 3amnocreH, a
€BEHTyarnHoO M Ha3uB YCTaHOBE Yy KOjoj je ayTop obaBMO uCTpaxuBawe. Y CrOXEHUM
opraHu3auujama HaBoau ce ykyrnHa xujepapxuja (Hnp. YHuBepauteT oabpaHe y beorpagy,
BojHa akagemuja, Kategpa npupogHo-matemaTtuukmx Hayka). bap jegHa opranusauumja y
Xvjepapxvju mopa 61TV npaBHO nuue. Ako ayTopa MMa BULLE, @ HEKU MOTM4YYy M3 UCTe
yCTaHoBe, Mopa ce, nocebHuM oO3Hakama WnuM Ha APYrM HauuH, HasHa4MTUM U3 Koje oA
HaBedEeHWX yCTaHOBa MOTMYEe CBakU Of HaBedeHux aytopa. Adwnujauuja ce ucnucyje
HenocpeaHo HakoH MeHa aytopa. PyHKUWja 1 3Bare ayTopa Ce He HaBoae.

KoHTakT nogaumn
Anpeca vunu e-agpeca CBux aytopa aje ce nopea MMeHa 1 npes3umeHa aytopa.

KaTteropwmja (Tun) unaHka

KaTteropusauuja unaHaka obaBesa je ypegHuWTBa M Of MocebHe je BaKHOCTM.
Kateropujy u4naHka mory npegnaratv peueH3eHTU U YnaHoBWM YpeaHWULITBa, OAHOCHO
ypeaHuum pybpuka, anu OArOBOPHOCT 3a KaTeropvsauujy CHOCU WCKIbYYMBO TMaBHU
YPEAHWK.

UnaHun y BoOjHOMeXHUYKOM enacHUKy Knacudukyjy cCe Ha HayyHe U CTpyuyHe
ynaHke.

HayyHn unaHak je:

— opurMHanaH HayyHu pap (pag y KojeM ce WM3HOce MpeTXO4HO HeobjaBrbeHu
pes3ynTaTtu COMNCTBEHNX UCTPaXuBara Hay4HUM METOO0M);

— npernegHun pag (pag Koju cagpXv OpurMHanad, getarbaH U KPpUTUYKU npukas
nctpaxusadkor npobrnema wnu nogpyyja y kojem je aytop ocTeBapuo ogpefeHu
AONPUHOC, BUASLYB Ha OCHOBY ayTouuTara);
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— KpaTKO MNN MPeTXO4HO caomniTewe (OpUrMHanmHW HayyHu pag nyHor cdopmara,
anun marer obuma nnu NpenuMMUHapHOT KapakTepay);

— HayyHa KpuTUKa, OOHOCHO nonemMmuka (pacnpaBa Ha oppefheHy HaydHy Temy,
3acHOBaHa MCKIbYYMBO Ha Hay4yHOj aprymeHTaumju) u oOCBpTU.

M3y3eTHO, y HekMm obnactvma, HayyHuW pag y 4aconucy moxe umaTtn obnuk
MOHorpadocke CTyauje, Kao 1 KPUTUYKOTr u3fama HayyHe rpafe (MCTopujcKo-apXMBCKe,
nekcukorpadcke, bubnuorpadcke, nperneja nogaraka W cin.), AoTag HenosHaTe unu
HeOoBOJbHO NPUCTyNnayvyHe 3a Hay4yHa UCTpaXxmnBaha.

PapoBu knacudukoBaHn Kao Hay4HM Mopajy umaTu 6ap ABe NO3NTUBHE peLieH3uje.

Ako ce y yaconucy objaBrbyjy ¥ Npuo3n BaHHay4yHOr KapakTepa, HayYHu uYnaHum
Tpeba ga 6yay rpynmcaHu 1 jacHO U3ABOjEHN Yy NPBOM Aeny CBecke.

CTpy4yHU unaHak je:

— CTPY4YHM pag (Mpwumor y KojemM ce HyAe WCKycTBa KOopucHa 3a yHanpehene
npodecnoHanHe npakce, anu Koja HUCY HYy>HO 3acHOBaHa Ha Hay4YHOM MeToay);

— UHGOPMaTUBHM Npunor (yBOAHWK, KOMEHTap v cn.);
— MpuKa3s (Kbure, padyHapckor nporpama, crny4aja, HayvHor gorahaja, u cn).

MoxersHo je pa obum kpaTkux caonwTewa 6yde 4 Ao 7 cTpaHuua, HayyYHuX
ynaHaka u ctygmja cnydaja 10 go 14 cTpaHuua, OOK nperneaHyu pagoBu Mory 6utn u
ayxn. bpoj cTpaHuua Huje cTporo orpaHudeH u, y3 oprosapajyhe obpasnoxetrse,
npujaBrbeHN YnaHum Takohe Mory 6uTi ayxum unm kpahw.

AKO cy papoBM KOju Cy MpeTXodHO O6jaBrbeHM Ha KOHMbepeHLMjU MpPOLUMPEHW,
ypeoHvuum he npoBepuTV Aa Nu je Ao4aTo AOBOSBHO HOBOI MaTepujana Koju ucnykasa
CTaHgapAe Jaconuca u KBanugukyje nogHecak 3a noctynak peueHsuje. flogatn matepujan
He cMme OuUTM nMpeTxogHO objaBrbeH. HoBu pesynTtatn HUCY HYXXHO MOTPeOHW, anu cy
noxersHn. Mehytum, nogHecak Tpeba fa cagpxu NpoLMpeHe KibyyHe waeje, npumMepe,
pa3page, UTa., Koju cy NpeTxoaHo bunu cagpxaHn y NogHECKy ca KoHdpepeHLuje.

Je3uk papa

Jesuk paga Tpeba na 6yae eHrnecku.

TekcT Mopa OUTW je3andkn u CTUMCKU JOTepaH, cucTemaTnsoBaH, 6e3 ckpaheHuua
(ocum ctaHpapaHux). Cee dusmyke BenmumHe mopajy 6utu mnapaxeHe y MehyHapogHom
cucteMy MepHux jeamHuua — Sl. Pepocnen obpasaua (popmyna) o3HavaBa ce pegHUM
6pojeBnMa, ca AecHe CTpaHe Yy OKpyrnvMM 3arpagama.

CaxeTak

CaxeTak jecTe kpaTak MHOpMaTMBaH MpuKas cagpxaja uynaHka Koju umtaoLy
omoryhaBsa aa 6p30 1 Ta4HO OLEHU HErOBY PENEBaHTHOCT. Y MHTEpecCy je ypeaHuwTasa
N aytopa fa CaxeTak CafpXu TepMUHE KOju Ce 4eCTO KOpuCTe 3a MHOEKCMpake U
npetpary ynaHaka. CactaBHVW OenoBM caxeTka Cy YBOA/UWIb MCTpaxuBara, METOAM,
pe3yntatn u 3akbyyak. Caxetak Tpeba ga uma og 100 go 250 peun mn Tpeba ga ce
Hanasu uamely 3arnaerba (HacrnoB, UMEHa ayTopa U Ap.) U KIbYYHUX pPeyn, HAaKOH KOjuX
crneam TeKCT YnaHka.

KrbyuyHe peun

KrbyuyHe peun cy TepMmuHu unu dpase Koje afgekBaTHO npeacTaBrbajy CagpXxaj
unaHka 3a noTpebe nHOekcupara v npeTpaxusawa. Tpeba nx gogersuesatu ocnamajyhu
ce Ha Hekn mehyHapogHu wm3Bop (MOMUC, PEeYHMK WM Tesaypyc) Koju je Hajumpe
npuxeaheH wnu yHyTap garte HayyHe obnactu. 3a HMp. Hayky yonwTe, TO je nucTa
Kby4HUx peun Web of Science. Bpoj kibydHux peun He moxe 6utn Behu og 10, a 'y
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MHTEpecy je ypeOHULITBA 1 ayTopa Aa yyecTanocT wuxose ynotpebe 6yae wrto seha. Y
YnaHKy ce MnuLLy HenmocpegHO HaKoH caxeTka.

Cunctem ACUCTEHT y Ty cBpxy kopuctu cneumjanHy anatky KWASS: aytomaTtcko
eKCTpaxoBare KIbyYHUX peyYn M3 OUCUMMIIMHapHUX Tesaypyca/pedHuka no usbopy wu
pyTVHe 3a HMXO0B opgabwp, Tj. npuxBaTawe OOHOCHO oabauvBame Of CTpaHe ayTtopa
n/vnun ypegHwvika.

,uaTYM npuxeaTata 4Y1aHKa

Jdatym kaga je ypeQHULWTBO NPUMUIIO YfaHak, AaTyM Kaja je YpeOoHWULLTBO KOHAYHO
NpuxBaTUMO 4naHak 3a objaBrbMBake, Kao M paTymum kaga cy y MehyBpemeHy
[OCTaBIbEHE €BEHTYyarHe NCnpaBKe pyKonuca HaBoAe Ce XPOHOIOLLKMM peaocnenom, Ha
CTanHoM MEeCTy, No NpaBuIy Ha Kpajy YnaHka.

3axBanHuua

HasuB 1 6poj npojekTa, O4HOCHO Ha3MB Nporpama y OKBUPY KOjer je YnaHak HacTao,
Kao M HasnB WMHCTUTYLMje Koja je (DMHaHCcMpana npojekaT unu nporpam, HaBogu ce y
nocebHOj HAaNOMEHU Ha CTarnHOM MeCTY, N0 NpaBuny Npu AHY NPBE CTpaHe YnaHka.

MpeTxoaHe Bep3uje papa

AKO je unaHak y MnpeTxofgHoj Bep3uju OGMo U3NOXEeH Ha CKyny y Buay YCMeEHOT
caonwTewa (Mog UCTUM UMK CIIMYHUM HAcNoBOM), nogaTak o Tome Tpeba ga Oyae
HaBefeH y nocebHOj HaMoOMeHW, No NpaswMy Npu AHY NpBe cTpaHe ynaHka. Pag koju je
Beh 06jaBrbeH y HEKOM Yaconucy He Moxe ce 06jaBuTn y BojHOMEXHUYKOM 2racHUKy
(MpewTamnaTu), HA NOA CAIMYHUM HACNOBOM U U3MEHEHOM OBNNKY.

Ta6enapHu u rpacdnykyM npukasm

MoxerbHO je Aa HacrnoBW CBUX Mpukasa, a no mMoryhcTBy U TeKCTyarHu caapxaj,
6yny AaTv ABOjE3VNYHO, HA je3UKy pajia U Ha eHITECKOM je3uKy.

Tabene ce nuwy Ha UCTWM Ha4YMH Kao U TEKCT, a 03Ha4aBajy ce peaHum bpojeBuma
ca ropwse cTpaHe. ®otorpaduje n upTtexmn Tpeba aa dyay jacHu, npernegHy 1 NOrogHu 3a
penpoaykumjy. Liptexe tpeba pagutn y nporpamy word wnu corel. ®otorpadumje u
upTexe Tpeba NOCTaBUTU Ha KEFbEHO MECTO Y TEKCTY.

3a cnuke n rpadMKoHE He CMe ce KOPUCTUTUM CHMMaK ca €eKkpaHa padyHapa
nporpama 3a npukynrbawe nogataka. ¥ caMoM TEeKCTy UnaHka npenopydyje ce ynotpeba
cnvka n rpadukoHa HenocpeaHo U3 nporpama 3a aHanuay nogaraka (kao wTo cy Excel,
Matlab, Origin, SigmaPlot n gpyrn).

HaBoRhewe (untupame) y Tekcty
HaunH nosvBama Ha M3BOpE Y OKBUPY YnaHka Mopa butu jeaHoobpasaH.

BojHomexHu4yku 2nacHUK 3a pedepeHuMpamwe (UMTvpake U HaBohewe
nuTepaTtype) npumemnyje XapBapAckM cucTeM pedepeHLu, OAHOCHO XapBapAcKu
npupyyHuk 3a ctun (Harvard Referencing System, Harvard Style Manual). ¥ camom
TEKCTy, y OOMYHMM 3arpagama, Ha MEeCTy Ha KOjeM Cce BpLUM MO3MBake, OAHOCHO
unTupake nutepatype HabpojaHe Ha Kpajy unaHka, obaBe3HO y 0OWYHOj 3arpagu
HanucaTtn nNpesvMe LUTMpaHor aytopa, roavHy magaka nybnukauvje u3 koje umtmpare u,
eBeHTyanHo, 6poj ctpanuua. Hnp. (Petrovié, 2012, pp.10-12).

JdeTarbHO ynyTCTBO O HauuHy UWMTUpaHa, ca NpvMepuMa, AaTo je Ha CTpaHuLM
cajta Ynymcmeo 3a Xapeapdcku npupy4HuUk 3a cmusi. MNoTpebHo je oa ce no3vBake Ha
nuTepaTypy y TeKCTy ypaau y cknagy ca noMeHyTUM YnyTCTBOM.

493

POZIV | UPUTSTVO AUTORIMA / TIPUTTTALLEHWE U MHCTPYKUWA A5 ABTOPOB PABOT / CALL FOR PAPERS, pp.489-505



ﬂ VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 2

Cnctem ACUCTEHT y cBpxy KoHTpone HaBohewa (UMTrpara) y TEKCTY KOpUCTH
cneumjanHy anatky CiteMatcher: oTkpvBame M30CTaBIbEHMX UMTaTa y TEKCTy paga u 'y
nonucy pedepeHun.

HanomeHe (¢pycHoTe)

HanomeHe ce gajy npu AHY CTpaHe Ha KOjoj ce Hamnaswm TeKCT Ha Koju ce ofHoce.
Mory cagpxatn make BaxHe AeTarbe, AonyHcka objalurbersa, HasHake o0 kopuwheHum
nssopmma (Ha npumep, Hay4yHoj rpafu, npupyyHuuMma), anu He mMory 6uTn 3ameHa 3a
LUMTMPaHy nuteparypy.

JNucra pedbepeHumn (nutepaTypa)

LintupaHa nutepatypa obyxBaTta, no npasuny, Gubnuvorpadcke m3sope (4naHke,
MoOHorpadmje 1 cn.) U Aaje ce UCKIbYYMBO y 3aceOHOM oferbKy unaHka, y Buay nucre
pedepeHumn. PedepeHue ce He npeBoae Ha je3auk paga u Habpajajy ce y nocebHom
OferbKy Ha Kpajy YnaHka.

BojHomexHuYKu 2nacHUK, Kao Ha4MH ucnuca nutepaTtype, npuMmeryje XapBapAcku
cucTeM pedepeHLmM, OOHOCHO XapBapAcku MpupyyHuk 3a ctun (Harvard Referencing
System, Harvard Style Manual).

Jlntepatypa ce obaBe3HO nuile Ha NaTUHWMYHOM NUCMY W Habpaja no abeueaHoM
pepocneny, HaBogehu Hajnpe npeavMeHa ayTopa, 6e3 Hymepauwje.

JeTtarbHo ynyTCcTBO O HauuHy nonuca pedepeHuu, ca npuMepumMa, AaTto je Ha
CTpaHuuu cajta Ynymcmeo 3a Xapeapdcku npupyydyHuk 3a cmus. MNMoTpebHo je pa ce
nonuc nuTepaTtype Ha Kpajy YnaHka ypaau y ckragy ca noMeHyTUM yrnyTCTBOM.

HecTtanpgapaHo, HEMOTNYHO unNyu HegocneaHo HaBohewe nuTepaTtype y cuctemMmmma
BpeJHOBaka 4Yaconuca cmaTpa ce [A0BOSbHMM pasforoM 3a ocropaBake HayyYHor
cTaTyca 4aconuca.

Cnctem ACUCTEHT y cBpxy KOHTpOMe npaBWiHOr mMcnuca nucte pedpepeHun
KOpUCTK cneumjanHy anaTtky RefFormatter: koHTpona obnvkoBawa pedepeHum y cknagy
ca XapBapACKUM NPUPYYHUKOM 3a CTUIT.

WU3jaBa o ayTopcTBY

Mopen unaHka goctaBrea ce M3jasa 0 aymopcmey y KOjoj ayTopu HaBo4Ee CBOj
nojeavHavYHM JOMNPUHOC Yy M3paamn vnaHka. Takohe, y Toj usjasu noTBphyjy Aa Ccy 4ynaHak
ypagunu y cknagy ca [llo3usom u ynymcmeom aymopuma v M3jagomM O emuykom
nocmynarsy Yacoruca.

CBu papoBu noanexy CTPy4Hoj peLeH3nju.
Cnuncak peueHseHata BojHomexHu4Yko2 a2racHUKa MOXe Ce BUAETUM Ha CTpaHuuum

cajta Criucak peueHzeHama. [lpouec peleH3upara objallkbeH je Ha CcTpaHuum
cajta PeyeH3eHmMCcKU rnocmyrnak.
YpeaHunwteo
Appeca pepakuuje:
BojHOTEXHMYKM rNacHUK
Berbka Jlykuha Kypjaka 33
11042 beorpag
e-mail: vojnotehnicki.glasnik@mod.gov.rs.
Ten: BojHu 40-260 (011/3603-260), 066/8700-123
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NPUIMALUEHUE U UHCTPYKUUA OANA ABTOPOB O NOPAOKE
noaAroToBkKU CTATbU

MHCTpyKuMs Ans aBTOpOB O MOpsiAke MOArOTOBKM CTaTbM K OnybnukoBaHuio B
XKypHane «BoeHHO-mexHu4Yeckuli eecmHuk» paspaboTaHa corrnacHo PernameHty o
KaTeropusaumMnm W paHXupoBaHUM Hay4HbIX XypHanoB MwuHucTepcTBa o6pasoBaHus,
Hayku 1 TexHomnorundyeckoro passutus Pecnybnukn Cepbus («Cnyx6eHu rmacHuk PC», Ne
159/20). T[MpumeHeHne aToro PernameHta cnocobCTByeT MOBbLILWEHNIO KavecTBa
OTEYECTBEHHbIX >XypHanoB M ux 06ornee MOMHOMY BOBMEYEHUD B MEXAYHAPOAHYIO
cucteMmy obmMeHa Hay4YHOWM MHpopmaLmen.

BoeHHo-mexHu4eckuli eecmHuk (Vojnotehni€ki glasnik / Military Technical
Courier), BTr.mo.ynp.cp6, www.vtg.mod.gov.rs/index-ru.html, ISSN 0042-8469 -
neyatHoe wu3gaHue, e-ISSN 2217-4753 - online, UDK 623+355/359, DOI:
10.5937/VojnotehnickiGlasnik; https://doi.org/10.5937/VojnotehnickiGlasnik, sBnsetcs
peLEeH3npyeMbIM Hay4YHbIM XXYpPHarom.

CobcTBEHHUKM  XypHana: MwuHucTepcTBo 060poHbl M BoopyxkeHble  cunbl
Pecny6nukn Cpbus.

W3paTtenb xypHana: YHuBepcuTeT 060poHsbl B . Benrpag (BoeHHasi akagemus).

[porpammHasa opueHTaums XypHana OCHOBaHa Ha exerogHon kateropusaumm
XypHana, KoTtopaa npoM3BOAUTCA COOTBETCTBYHLIMM OTpaclneBblM MUHUCTEPCTBOM, B
3aBMCUMOCTM OT oOnacTu WcCCredoBaHWiA, a Takke Ha ero nHOeKCcnpoBaHMn B
MeXOyHapoAHbIX HayKOMeTpU4eCKmnx 0asax JaHHbIX.

XypHan oxsaTbiBaeT Hay4Hble U MpodeccroHanbHble cdepbl B pamkax y4ebHo-
Hay4yHon obnacTV ecTeCTBEHHO-MaTemMaTU4YeCKUX HayK, a Takke B pamkax y4ebHo-
Hay4HON 06NacTy TEXHMKO-TEXHONOrM4YecKUxX Hayk, 0co6eHHO B 06n1acTi 060POHHbIX
HayK M TexHomoruu. B >xypHane nybnukyioTca TeopeTudeckue W npakTuyeckue
OOCTWXKEHUS, KOTOpble CMOCOBCTBYIOT MOBBLILEHWUIO KBanudukauum npeacrasutenemn
cepbCcKoro, permoHanbLHOro U MexayHapogHOro akagemMmmuyeckoro coobuectsa, 0CO6eHHO
cnyxawmx MwunHnctepcte O60poHbl U BoopyxéHHbIX cun. B xypHane nyGnukyoTcs
cTaTtby CO COOTBETCTBYHOWMMKU 0630pamMu 06 aHanmUTUYECKUX, IKCMEPUMEHTamNbHbIX U
NPUKNagHbIX MCCNefoBaHUsX, a TakkKe O YUCIIEHHOM MOAENMpPOoBaHWW, OXxBaTbiBas
pasnuyHble aucumniuHel. NMybnvkyemele matepuansl OTAMYATCS BbICOKAM Ka4eCTBOM M
aKkTyanbHOCTblo. OHWM HanucaHbl Hay4HbIM, HO MOHATHBIM WM OOCTYMHBIM ANS LUMPOKOro
Kpyra ymTaTeneu s3bikoM. [pMBeTCTBYIOTCA BCe cTaTbu, coobliatowwme 06 opurnHanbHbIX
TEOPETUYECKNX N/MNKN NPaKTUYECKUX UCCNEAOBAHUSAX U/MNW paclUMpPEeHHbIE BEPCUN paHee
onybnvkoBaHHbIX CTaTew, MPeAcTaBneHHbIX Ha KoHdepeHumax. CtaTbun ang nybnvkauum
oTbupatoTca nyTemM [OBOMHOMO CRemnoro  peLeH3VMpoBaHus, KOTOpoe rapaHTupyet
OpPWUrMHanNbLHOCTb, akTyanbHOCTb W yAobouutaemocTb. Llenb coctout He TOnbKo B
NoAAEpXKaHWM  BbICOKOrO KadecTBa nybnukyembix cTate, HO M B obecrneyeHuun
CBOEBPEMEHHOTO, TLATEeNbHOro M COOTBETCTBYIOLLLErO npoLiecca peLeH3npoBaHus.

PepakumoHHas nonutuka xypHana « BoeHHO-mexHu4eckuli 6eCMHUK» OCHOBaHa Ha
pekomeHaaumsix Komuteta no aTuke HayuHbix nybnuvkaumi (COPE Core Practices),
oOWMX MpuHUMNAxX MNpPO3pPayvyHOCTM M Nydllen NPaKTUKE W3AaTeNbCKONM OesiTeNbHOCTU
COPE, DOAJ, OASPA n WAME, a Takke Ha Nnydllel npakTUKe Hay4HO-M3gaTernbCKom
peatenbHocT. XKypHan «BoeHHo-mexHuYeckul eecmHuk» aBnsaetca udneHom COPE
(KomuteT no atuke HayyHbix nybnukauun) co 2 mas 2018 roga n uneHom OASPA
(Accouuaums Hay4HbIX n3gartenen oTKpbIToro goctyna) ¢ 27 Hosbpsa 2015 roaa.
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MuHuctepcTBoM 06pa3oBaHUsA, HaykM M TEXHOMOMMYECKOro pa3sutua PecnyOnukm
Cepbus ytBepxgeHa 25 okTsabps 2022 r. karteropusaums >XypHana «BoeHHo-
mexHu4yecKull sBecmHuk» 3a 2022 rof;

— O6bnacTb KOMNbLIOTEPHbIE HAYKMU:

BeAyLLUMI XXypHan rocyaapcTBeHHOro 3HavyeHus (M51),

— O6nacTb aNeKTPOHMKU, TENEKOMMYHUKaLMi U UHPOPMaLIMOHHbIX TEXHONOIMN:

BeAYLLMIA XypHan rocyapcTBeHHOro aHavyeHus (M51),

— O6nacTb MaWMHOCTPOEHMUS:
BeAyLLUMI XXypHan rocyaapcTBeHHOro 3HavyeHus (M51),
— O6nacTb maTepnanoB N XMMNYECKON TEXHONOTUMN:
BeAYLLMIA XypHan rocyapcTBeHHOro aHavyeHus (M51).

C vHopMaLmen oTHOCUTENBHO kaTeropusaumm 3a 2022 rog MOXHO O3HAKOMUTbCS
Ha cTpaHuLe canta «BoeHHO-mexHU4YecKko2o eecmHuka» Kamezaopu3sayus BecmHuka.

Bornee nogpobGHy0 WHOPMaLMIO MOXHO HaWTu Ha cante MwuHucTepcTBa
06pasoBaHus, Hayku 1 TexXHonornyeckoro passutuns Pecny6nukm Cepbus.

C uHdopMaumen o kateropmsaumm MOXHO O3HakoMuTbCs M Ha cante KOBCOH
(KoHcopuunym 6ubnmotek Pecnybnukn Cepbusi no Bonpocam o6beaAnHEHUS 3aKyroK).

KaTeropusaumsa BecTHuka npoBegeHa cornacHo PermameHTy O kaTeropusaumm v
PaHXMPOBaHWN  Hay4HbIX XypHanoB MwuHucTepctBa o6pasoBaHusl, HaykMn K
TexHonornyeckoro pa3sutuns Pecnybnukm Cepbus («Cnyxbenun rmacHunk PCx», Ne 159/20)

XKypHan cootBeTcTByeT cTtaHgapTam Cepbckoro MHAaekca Hay4yHoOro LUMTUPOBaHUS
(CUNHpekc/SCIndeks) - HaykomeTpuyeckon 6a3bl  AaHHBIX  HAy4HbIX >KypHarnos
Pecny6nukn Cepbusi, Hay4yHo-nHdopmaunoHHoro cuctema Redalyc, a TaKkke
Poccwuiickoro  uHpgekca HaydHoro  uutupoBanusa  (PMHL). >KypHanm  nmocTosiHHO
noABepraeTcs MOHWUTOPUHTY W OLIEHVWBAETCH KONMUYECTBEHHBIMW HAyKOMETPUYEeCKNMU
nokasaTensmMu oTpaxatoLyMmn ero HayyHyo LleHHOCTb.

C uvHdpopmaumerr 06 MHOEKCMPOBaHNM MOXHO O3HAaKOMUTBLCS Ha CTpaHuue canTa
XypHana UHOekcuposaHue BecmHuka.

«BoeHHO-mexHu4Yeckull eecmHuk» obecneyvMBaeT uuTaTENSAM  BO3MOXHOCTb
OTKPbITOIro [ocTyna, B COOTBETCTBUNU C NONoOXeHnAamun ob aABTOPCKUX

npaeax, yTBepXaéHHbiMM  Creative Commons (CC BY). C wuHcTpykumen 06

aBTOPCKMX MpaBax MOXHO O3HAKOMWTbLCSI HA CTpaHule Asmopckue rpasa u nonumuka
camoapxugsuposgaHusi, nepenasa no ceoeinke http://www.vtg.mod.gov.rs/index-ru.html.

Pykonucuy ctaten HanpaBnsloTCs B peAakumio XypHarna ¢ ucrnonb3oBaHvem online
cuctembl ASSISTANT, 3anyuieHHow LleHTpom nopaepxu pas3suTus obpasoBaHus 1
Haykun (LIFMPOH). Peructpauus B cucteme u odopmneHne npas AOCTyNa BbINOMHAETCS
no agpecy http://www.vtg.mod.gov.rs/index-ru.html, yepes crtpaHuuy ASSISTANT wunu
CUMHOEKC (aseestant.ceon.rs/index.php/vtg). C WHCTpyKuMenm no peructpauum u
npaBam [OCTYNMa MOXHO O3HAaKOMUTbLCA MO agpecy http://www.vtg.mod.gov.rs/index-
ru.html, Ha cTpaHuue UHcmpykyus no ASSISTANT.

Bce aBTOpbl, NpefocTaBnsowMe CBOM pykonucu Anst nybnvkauum B pepakuuio
XypHana «BoeHHO-mexHu4YecKuli 8eCmHUK» [OIMKHbl MPONTM  NpefBapuTenbHYHO
peructpauuto B peectpe ORCID (Open Researcher and Contributor ID). 3ta npoueaypa
OCYLLEeCTBNSETCA B COOTBETCTBUM C WHCTPYKUMEN, pasMeLleHHOW Ha CTpaHuue canTa
Peaucmpauusi 8 peecmpe ORCID 0551 npucgoeHusi udeHmughukayUOHHO20 Kooa.

«BoeHHO-mexHuU4Yeckull 8eCmHUK» NyoGnukyeT ctaTbl Ha aHrnuickom s3sblke (Arial,
wpudT 11 pt, npoben Single). MNpouecc NOAroTOBKN, HANMCAHUSA U PeakTUPOBaHWS CTaTby
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OOIMKEH OCYLLECTBMATLCA B COOTBETCTBMM C  MpUHUMNaMu  3muyeckoz2o Kodekca
(http://www.vtg.mod.gov.rs/etichyeskiy-kodyeks.html). Ctatbsa gomkHa cogepxaTb pestome
C K/O4YeBbIMM CcrioBamu, BBegeHMe (Uenb  UCCNefoBaHWUsl), OCHOBHYK — YacTb
(cooTBeTCTBYIOWMI 0630p NpeACcTaBUTENBHOMO UCCNEA0BaHNsA B AaHHOW obnactu, YeTkoe
N3NOXEHWE Hay4yHOW HOBU3HbI B NPEACTaBMEHHOM WCCNedOBaHUM, COOTBETCTBYHOLLYHO
TEOPETUYECKYID OCHOBY, OOWH WNN HECKOSIbKO MPUMEPOB [Ans OEMOHCTPUPOBAaHUS U
obCyXaeHns npencTaBreHHbIX TEe3UCOB), 3aKM4YeHWe U CnMcoK nuTepaTypbl  (6e3
HymMepaumn 3arofioBkoB U nopaaaronoBkoB). O6beM cTaTby He OOMKEH NpeBbiaTh OOWH
aBTopCKM nucT (16 cTpanuy dopmaTta A4 ¢ oaMHAPHBIM MHTEPBANoM, MakcMmMyM 4o 24
CTpaHuL, BKIOYAs CCbIMKM U NpurnoxeHus). Ctatba gomkHa ObiTb HabpaHa Ha KoMMbloTePe
C WCnomnb3oBaHUEM CrieumanbHO NMOATOTOBINEHHOTO peAakuMelt MakeTa, KOTOpbIA MOXHO
ckayaTb Ha cTpaHuue camnTa lpasuna u obpa3sel cocmasseHus cmamau.

3aronoBok

3aronoBoK AOMKeH oTpaxaTb TeMmy cTaTeW. B uHTepecax xypHana u asTopa
HeobxoAMMO WCNOMb30BaTb CroBa M CroBOCOYeTaHus, yaobHble Ans uHAekcauun u
noucka. Ecnu Takve cnosa He copepXaTcs B 3arofoBke, TO XenatenbHo nx JobasuTb B
MoA3aronoBoK.

TekyLwwmi 3aronoBokK

TekyluMn 3aronoBOK MULLIETCH B TUTYNEe KaOoW CTpaHuubl CTaTbuM C LEnbio
ynpoweHnsa npouecca wuaeHTudukaumm, B MEpByl0 oyepedb KOMUIA cTaTben B
3MNEeKTPOHHOM BuAe. 3aronoBoK coaepxuT B cebe hammnunio n nHnuman nveHn astopa (B
criyyae ecnv aBTOPOB HECKOINbKO, OCTanbHble 0bo3HavalTca C «et al.» unm «u gp.»),
Ha3BaHne paboTbl M XypHana (rod, TOM, BbIMYCK, HayanbHas W 3aknioyUTenbHas
CTpaHuua). 3aronoBoK cTaTbM W HasBaHWe >XypHana MoryT ObiTb MpuBeAeHbl B
COKpaLLEeHHOM Buge.

PUO aBTOpa

MpuBogAaTca nonHasa damunmsa 1 NonHoe ums (Bcex) aBTopos. XKenartensHo, YTobbl
ObINM ykasaHbl MHULUMAanNbl 0T4ecTB aBTopoB. ®aMunust n nvsi aBTopoB M3 Pecnybnuvku
Cepbusi Bcerga nuwyTcs B opurMHanbHOM Buae (C cepbCcKMMU  OMaKpUTUYECKUMU
3Hakamu), He3aBNCKMMO OT A3bIKa, HA KOTOPOM HanucaHa paboTa.

HanmeHoBaHue yupexaeHus aBTopa (acdhdunuauus)

MpuBogntcs nonHoe (oduumanbHOE) HaMMEHOBaHWME W MeCTOHaxoXaeHue
yypexneHus, B KOTOpoOM paboTaeT aBTop, a TakkKe HavMeHOBaHue YYpexneHus, B
KOTOPOM aBTOp NPOBEN MccriegoBaHue. B cnyyae opraHvMsauuin CO CMOXHOM CTPYKTYpOW
NPUBOOMUTCS UX Mepapxuyeckas ConoayMHEHHOCTb (Hanp. BoeHHast akagemus, kadenpa
BOEHHbIX 3NEKTPOHHbIX cuctem, r. benrpag). Mo kpanHen mepe, ogHa M3 opraHusauui B
nepapxum AormkHa WMeTb cTaTyc topuaudeckoro nuua. B cnyyae ecnu ykasaHo
HEeCKOSbKO aBTOPOB, M €CINN HEKOTOPble U3 HUX paboTaltT B OOHOM YYPEXAEHUN, HYXKHO
OTAENbHbIMM 0603HAYEHNAMWU UMN KakMM-NMBo Apyrum cnocobom ykasaTb B KakoM K3
NpuBeOEHHbIX Yy4pexaeHuin paboTaeT kaxabll n3 aBTopoB. Addunuauus nuweTcs
HenocpeacteeHHo nocrne ®UNO aBTopa. [JOMmKHOCTb M crneunansHOCTb No OUMNMOMY He
yKasblBaloTCS.

KoHTakTHble AaHHble

OneKTpoHHbLIN agpec aBTopa YKasbiBAOTCA PAAOM C €ro MMEHEeM Ha MepBoun
CTpaHuUuUbl CTaTbu.

KaTteropus (Tun) ctatbu

KaTeropusauma crtatben sBnsietca 00s13aHHOCTbIO pedakumm U nmeet ocoboe
3HayeHune. KaTteropuio ctatby MOryT npegfiaratb PELEH3eHTbl M YrneHbl pedakuuu, T.e.
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penakTopbl pybpuK, HO OTBETCTBEHHOCTb 3a KaTeropus3aumio HeceT WCKMYMTENbHO
rmaBHbIN pegakTop. CTaTby B XXypHane pacnpeaensioTcs no creayrwmnm KaTeropusm:

Hay4Hble cTaTbu:

— opuvruHanbHas HayyHas cTatbs (paboTa, B KOTOpPOW NPMBOAATCH paHee
HeonybnmKoBaHHble pe3ynbTaTbl COBCTBEHHbLIX WCCNEAOBaHWA, MOMYYEHHbIX Hay4HbIM
MeToaoM);

— ob3opHas cTaTea (paboTa, cogepxallas OpUrMHanbHbIA, AeTanbHbIl U
Kputnyeckuii o63op mccriegyemon npobnembl unu o6nact, B KOTOPbIA aBTOP BHEC
onpeaenéxHblv BKNaa, BUANMbIA Ha OCHOBE aBToUMTaT);

— KkpaTkoe coobuieHne (opurMHanbHas HayyHast pabota nonHoro dopmara, Ho
MeHbLUero oobLEma unv nmeroLas npeaBapuTenbHbI XxapakTep);

— Hay4Has KpUTM4eckas cTaTbsi (QUCKYCCUA-NONEMUKa Ha ONpeaenéHHY Hay4YHyo
TEMy, OCHOBaHHasi WCKMYUTENBbHO Ha HAy4YyHOW aprymeHtauum) W HayuHbIN
KOMMEHTapuii.

OpHako, B HEKOTopbIX 06nacTax 3HaHW Hay4yHas paboTa B KypHane MoXeT UMeTb
dopMy MOHOrpadnyecKkoro uccrnefoBaHus, a Takke KpUTM4eckoro o6CyxaeHns Hay4Horo
mMaTepuana (MCTOPUKO-apXMBHOIO, Nekcmkorpadmyeckoro, bubnuorpadguyeckoro, o63opa
AaHHbIX U T.M.) — 0O CUX NOP HEU3BECTHOMO UMM HEAOCTATOYHO AOCTYMNHOMO AN Hay4YHbIX
nccnegoBaHuin. PaboTbl, knaccnduumMpoBaHHbIe B Ka4eCcTBe Hay4HbIX, JOIMKHbI UMETb,
NMo MeHbLIen Mepe, ABE MONoXuTernbHble peueH3un. B cnyvae ecnu B XypHane
0ODbABNAIOTCA M MPUNIOXKEHUS, HE MMEloLWMe HayyHbIi XapakTep, Hay4Hble CcTaTbiu
OOMKHbI BbITb CrPyNNMPOBaHbI 1 YETKO BblAENEHbI B NEPBOI YacTn HOMepa.

MpodeccuoHanbHbie cTaThy:

— npodeccrmoHanbHasa paboTta (MPUNoXeHus, B KOTOPbIX MPeAnaratTca OnbiTbl,
nornesHble ONA COBEPLUEHCTBOBAHUS MNpPOecCMoHanbHOW MPaKkTUKKM, HO KOTOpble He
OOJDKHbI B 00s3aTenbHOM nopsiake O6biTb 000CHOBaHbI HA HAYYHOM MeToae);

— UH(OPMaTMBHOE NpUNoxeHue (NepefoBasi CTaTbsl, KOMMEHTaPUIA 1 T.M.);
— 0030p (KHWIM, KOMMBIOTEPHOM NPOrpamMmbl, Crydasi, Hay4HOro coobITusi 1 T.M.).

O6beM kpaTkmx coobLLEeHU cocTaBnsieT 4-7 CTpaHuL, UccnenoBaTernbCkue CTaTbu U
TemaTnyeckne uccreaoBaHus ¢ NpobrnemMHo-cUTyauUuoHHbIM aHanm3om — 10-14 cTtpaHuu,
ogHako obbem 0630pHbLIX cTaTert MoxeT ObiTb Gonblie. OrpaHWYeHVs MO KOnuYecTBy
CTpPaHUL, He ABMATCA CTPOrMMMK, CrnefoBaTenbHO MPU COOTBETCTBYHOLLEM OBOCHOBAHUU
npefocTaBneHHble paboTbl MOryT ObiTb AnuHHEe unu kopode. B cnyvae nogaum
pacLUMpEeHHbIX Bepcui paHee OnybnMKOBaHHbIX [JOKNa[oB, MPEACTaBlIEHHbIX Ha
KOHpepeHUMK, peaakums NpoBepuT ObiNo N AoGaBneHo OOCTaTOMHO HOBLIX MaTepuarioB
ans Toro, 4TOObl CTaTbsl COOTBETCTBOBana CTaHAapTam XypHana W  YCroBusSIM
peLeH3mpoBaHus. [obaBneHHbIi MaTepuan AO0MmKeH ObiTb HOBbIM, HEOMyOnMKOBaHHbLIM
paHee. HoBble pe3ynbTaTbl MPUBETCTBYIOTCS, HO HE SIBNSIIOTCS 065A3aTenbHbIM YCNOBUEM;
OOHaKO KMoYeBbIe Te3WCbl, MPMMEpPbI, pa3paboTkv 1 Np. OOMKHbI ObITb Gonee noapobHo
npeacTaeneHbl B CTaTbe MO CPaBHEHMIO C NEPBUYHBIM JOKNAA0M Ha KOHbepeLmmn.

A3bik paboThbl

CtaTbst gomkHa ObITb HanucaHa Ha aHrMMACKOM A3blke. TeKCT OOMmkeH ObiTh B
TNVUHIBUCTUYECKOM W CTUIIMCTUYECKOM CMbICIE YNOpsSiAOYEH, cucTeMaTuaupoBaH, 6e3
COKpalleHVn (3a MWCKNoYeHMeM cTaHgapTHbiX). Bce dusmyeckne BenuumHbl OOMXKHbI
cooTBeTcTBOBaTh MexayHapoaHou cucteme eguHuy, mamepeHms — CU. OuepenHOCTb
¢opmyn ob6o3HayaeTcs NOPSOKOBbIMU HOMEPaMW, MPOCTABMSEMbIMA C MPABONA CTOPOHbI
B KpYrmbIX CkobOKax.
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Pe3rome

Pestome saBnaetcs KkpaTkuM MHOpMaTUMBHBIM 0B30pOM  copepXaHus craTby,
obecneuvBaloM yuTatento ObICTPOTY M TOYHOCTb OLEHKM €€ peneBaHTHoCcTM. B
WHTEpecax pefakuum u aBTOPOB, 4YTOObI pe3lomMe cogepXano TepMUHbl, 4acTo
ucnonb3yemble AN UHOEKCUPOBAHMSA M noucka ctatbe. COCTaBHbIMM YacTsIMU pe3tome
ABMSATCS BBeAeHWe/Uenb MUCcCneaoBaHus, MeTopbl, pesynbTaTtel U BbiBOAbl. B pestome
DomkHO 6biTb 0T 100 go 250 cnoB, U OHO JOMKHO HAXOAWUTCHA MEXAY TUTyNamMu (3aroroBok,
®NO aBTOPOB U Ap.) M KNHOYEBLIMK CITOBaMM, 3a KOTOPbLIMU CreayeT TEKCT CTaTby.

KniouyeBble cnoBa

KnioyeBbiMM  croBamMu  SBASKOTCA  TePMUHbI MM dpasbl,  afgeksaTHO
npeacTaBnsiowye cogepxaHuwe cratbu, HeobxoguMble AN MHAEKCMPOBaHMSA WM nowvcka.
KnioueBble cnoeBa Heobxogumo BbIOMpaTb, onupasice MNpu 3TOM Ha Kakon-nnbo
MeXAYHapOAHbIN WUCTOYHUK (perucTp, crosapb, Tesaypyc), Hanboree nCnonb3yembin
BHYTPY AaHHOW Hay4yHOW obnactu. Yucno knioyYeBbIX CoB He MoXeT npesbiwarts 10. B
WHTepecax pegakuum n aBTopoB, YTOObI YacToTa MX BCTPeYN B cTaTbe Obina Kak MOXHO
6onbluen. B ctaTbe OHM NWLLYTCA HENOCPEACTBEHHO NOCne pestome.

Mporpamma ASSISTANT npepocTtaBnsieT BO3MOXHOCTb WCMOSIb30BaHUS cepBuca
KWASS, aBTOMatuyecku MKCUPYIOLLLEro KIoYeBble CroBa U3 NCTOYHUKOB/CioBapen no
BbIGOpY aBTOpa/penakTopa.

[ata nonyy4yeHus ctaTbun

[Jata, korga pegakuusi nonyduna craTblo; Aata, Korga peaakumsi OKOHYaTenbHO
npuHana crtaTtbio K nybnukaumu; a Tawke pgata, korga Obinv  npegocTaBreHbl
HeobxoAnMble WMCNpPaBneHns PyKONWUCK, NPUMBOASTCS B XPOHOMOrMYECKOM MnopsAke, Kak
npaBuo, B KOHLE CTaTbM.

BbipaxeHue 6narogapHocTu

HavmeHoBaHWe 1 HoMep nMpoekTa, T.e. Ha3BaHwWe nporpammbl Gnarogaps KOTopown
CTaTbsl BO3HWKIA, COBMECTHO C HAaNMMEHOBaHMEM yupexaeHusl, koTopoe rHaHCMpoBarno
NPOEKT WNM NporpaMmMy, NPUBOASATCA B OTAEMbHOM MPUMEYaHuK, Kak npaBuio, BHU3Y
nepBoOW CTpaHULbl CTaTby.

Mpepbiayuine Bepcumn paboTbi

B cnyyae ecnu crtatbs B npeabiaywien Bepcun Obina manoxeHa ycTHO (MoA
OAVHaKOBbIM WM MOXOXMM HasBaHMEM, Hanpumep, B BuAe AOKMaga Ha HayyHoWn
KOH(pepeHuun), cBefeHns 06 aTOM AOMMKHbI ObITb yka3aHbl B OTAENbHOM MpUMeYaHuu,
KaK npaBuno, BHW3Yy MepBOW CTpaHuubl cTatbn. Paborta, koTopad yxe Obina
onybnukoBaHa B KakoMm-nnbo K3 XypHamnoB, He MOXeT OblTb HameyataHa B «BoeHHO-
MeXHUYECKOM 8€CMHUKE» HU MOJ NOXOXMM Ha3BaHWeM, HN B U3BMEHEHHOM BUAE.

Hymepauusa n HazBaHue Tabnuu un rpacdukoB

XenatenbHo, 4TOObI Hymepauus W HasBaHue Tabnuy u rpadukoB Oblnu
MCMOMHEHbl Ha [ABYX A3blkax (Ha A3blke OpuUrMHana wu Ha adrnuiuckom). Tabnuupbl
NoAMUCLIBAIOTCA TakKUM >Xe CnocobOM Kak M TekCT M 0003HavalTcs MopsAKOBbIM
HOMEpPOM C BepxHelm CTOpPOHbl. PoTorpadum M PUCYHKM [OMKHbI ObITb MOHATHBI,
HarnsagHbl 1 yaoOHblI Ansa penpoaykuun. PUcyHkM Heobxoavmo Aenatb B nporpammax
Word unu Corel. ®oTorpadmm n pucyHkM Hago NOCTaBUTb Ha Xenaemoe MeCTO B TEKCTe.
Ons co3pgaHusa m3obpaxeHni n rpacdmkoB UCMONb30BaHWE YHKUMM CHUMKA C dKpaHa
(ckpuHWoOTa) He pornyckaeTcd. B camom TekcTe cTaTbM peKOMeHAyeTCA NpUMEHeHune
nsobpaxeHu n rpacdukos, 06paboTaHHbIX TaKMMU KOMMbIOTEPHLIMU NPOrpaMMamu, Kak:
Excel, Matlab, Origin, SigmaPlot u gp.
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CcbInku (UMTUPOBaHUE) B TEKCTe

OdbopmMreHre CcCbINok Ha UCTOYHKKM B pamMKax cTaTby A0MKHO ObiTb 0gHO0Opa3HbIM.
«BoeHHo-mexHu4YecKkull 8eCmHuK» Onsi  OpopMIeHuss  CCbINoK, uUMTaT M cnucka
ncnonbL3oBaHHON nuTepaTypbl NpumeHsieT apsapackyto cuctemy (Harvard Referencing
System, Harvard Style Manual). B Tekcte B ckobkax npuvsBoautcs hamunms LMTUpyemMoro
aBTopa (Unn chamunnst NEPBOro aBTOpPa, €CNM aBTOPOB HECKONbKO), FOA4 M3gaHus U no
HeobxoanMocTn Homep cTpanuubl. Hanpumep: (Petrovic, 2010, pp.10-20). PekomeHaaumm
0 crnocobe LMTMPOBaHNS pa3MeLLEeHbI Ha CTpaHuLe cavTa MHCmpyKyUs Mo ucrosib308aHuU0
lapeapdckoezo cmuns. Npu OMOPMIEHUN CChINOK, UMTaT W CNMcka WCMoNb30BaHHOW
nuTepaTtypbl  HeoOGXOAUMO  MPUOEPXKMBATBLCA  YCTAHOBMEHHbIX  HOpM. [Mporpamma
ASSISTANT npepocTtaBnsieT Npu LUTMPOBaHWM BO3MOXHOCTb WCMOMb30BaHUSI cepBuca
CiteMatcher, dmkcupytoLero nponyLleHHbIe umMTaThl B paboTe 1 B crnincke nutepaTtypsbl.

MpumMeyaHus (CHOCKM)

MpumeyaHus (CHOCKM) K TEKCTY YKasblBAlOTCA BHW3Y CTPaHULbl, K KOTOPOW OHU
OTHOCATCS. [MpuMeYaHuss MoryT coepXaTb MeHee BaXkHble AeTanu, OOMNOfHUTENbHbIe
06bsACHeHUs, ykaszaHnsa 06 MCMONb3oBaHHbLIX WUCTOYHUKaX (Hanp. Hay4yHoOM marepuane,
CnpaBOYHMKax), HO He MOryT ObiTb 3aMeHON Npoueaypbl LMTUPOBaHWSA nMTepaTypbl.

Nurepartypa (pecepeHuum)

LinTnposaHHoi nuTepaTtypon oxBaTblBalOTCH, Kak npaswuro, Takue
Bubnuorpadmyeckne UCTOMHWMKM Kak CTaTbW, MOHorpadum u T.n. Bca umcnons3yemas
nuTeparypa B Buae pedepeHUmn pasmeLlaeTcs B OTAENbHOM pasferne ctatbk. HassaHus
nUTEpaTypHbIX WMCTOYHUKOB HE MNEpeBOAATCA Ha A3blk paboTbl. «BOeHHO-mexHu4eckul
8eCmHUK» Ana  OOPMMNEHMs Cnucka WCMONb30BaHHOW  NuUTepaTypbl  MpUMEHsieT
lapBapackyto cuctemy (Harvard Style Manual). B cnucke nutepaTypbl WCTOYHWKM
ykasblBalOTCA B andgaBuMTHOM nopsake amunuii  aBTOpPOB  MNW  PEAaKTOPOB.
PekomeHaaummn o cnocobe LUMTUPOBaHNA pa3MeLLeHbl Ha CTpaHuLe canTa MHcmpykyusi rno
ucrionb3oeaHuro apsapdckozo cmurns. [pn odopMneHun cnmcka WCnonb30BaHHON
nuTepaTtypbl HeoObXoAMMO NPUAEPKMBATECA YCTAHOBMEHHBLIX HOpM. [lpu odopmneHun
cnucka  nutepatypbl  nporpamma  ASSISTANT  npegoctaBnseT  BO3MOXHOCTb
ncnonb3oBaHus cepsrca RefFormatter, ocyLecTBRALLEro KOHTPOb OPOPMITEHUS CNUCKa
nuTepaTtypbl B COOTBETCTBMM CO CTaHgaptamu [apBapgckoro ctuns. HectanpgapTHoe,
HeMnosHoe n HernocneaoBaTenbHOE NPMBEAEHNE NUTEPaTYPbl B CUCTEMAX OLEHKM XXypHana
cYMTaeTCca 4OCTaTOYHOM NPUYMHON AN OCNapyBaHWs Hay4YHOro cTaTyca XypHara.

ABTOpCKOe 3asBneHue

ABTOpCKOE 3asBreHVe MpefoCTaBnAeTcs BMECTe CO CTaTbel, B HEM aBTOpbI
3asBMSAOT O CBOEM JMYHOM BKMage B HanucaHue cratbu. B 3asBrneHun aBTopbI
noATBEPXAAI0T, YTO CTaTbdA HanncaHa B COOTBETCTBUM C [IpuanaweHuem u UHCMPYKUUsMu
O asmopos, a Takke ¢ Kodekcom npogheccuoHanbHOU 3MuUKuU XypHara.

Bce pykonucu ctatein nopgnexart npodeccmoHanbHOMY peLeH3UPOBaHUIO.

Cnncok peueH3eHTOB XXypHana «BoeHHO-mexHuU4YecKull 8eCMHUK» pa3MeLlEH Ha
cTpaHuue canta Criucok peuyeH3eHmos. Npouecc peLeH3MpoBaHMs onucaH B pasgene

lpasuna peueH3uposaHus.
Pepakuus
MoyToBbLIV agpec peaakunmn:

«BOjHOTEXHUYKM rNaCHUK»

yn. Benbka JNyknya Kypsika 33, 11042 Benrpag, Pecny6nuka Cepbus
e-mail: vojnotehnicki.glasnik@mod.gov.rs,

Ten: +381 11 3603 260, +381 66 8700 123
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CALL FOR PAPERS AND ARTICLE FORMATTING INSTRUCTIONS

The instructions to authors about the article preparation for publication in the
Military Technical Courier are based on the Regulations on categorization and ranking of
scientific journals of the Ministry of Education, Science and Technological Development
of the Republic of Serbia (Official Gazette of the Republic of Serbia, No 159/20). This
Regulations aims at improving the quality of national journals and raising the level of their
compliance with the international system of scientific information exchange.

The Military Technical Courier / Vojnotehnicki glasnik
(www.vtg.mod.gov.rs/index-e.html,  BTr.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 Education, Science and Technological Development of the Republic
of Serbia classified the Military Technical Courier for the year 2022, on October 25, 2022

—on the list of periodicals for computer sciences,

category: reputed national journal (M51),

—on the list of periodicals for electronics, telecommunications and IT,
category: reputed national journal (M51),

—on the list of periodicals for mechanical engineering,
category: reputed national journal (M51),

—on the list of periodicals for materials and chemical technology,
category: reputed national journal (M51).
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The approved lists of national periodicals for the year 2022 can be viewed on the
website of the Military Technical Courier, page Journal categorization.

More detailed information can be found on the website of the Ministry of Education,
Science and Technological Development of the Republic of Serbia.

The information on the categorization can be also found on the website of KOBSON
(Consortium of Libraries of Serbia for Unified Acquisition).

The periodical is categorized in compliance with the Regulations on categorization
and ranking of scientific journals of the Ministry of Education, Science and Technological
Development of the Republic of Serbia (Official Gazette of the Republic of Serbia, No
159/20). More detailed information can be found on the website of the Ministry of
Education, Science and Technological Development.

The journal is in the Serbian Citation Index — SCIndex (data base of national
scientific journals), in the Scientific Information System Redalyc, and in the Russian Index
of Science Citation/Poccuickmun nHgekc HaydHoro umtmpoBanusa (RINC/PUHLY) 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.

Military Technical Courier enables open access and applies the Creative Commons
Attribution (CC BY) licence provisions 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.rsf/index-e.html, on the page ASSISTANT or the page

SCINDEKS or directly through the link (aseestant.ceon.rs/index.php/vtg).

The detailed instructions about the registration for the service are on the website
http://www.vtg.mod.gov.rs/index-e.html, on the page Instructions for ASSISTANT.

All authors submitting a manuscript for publishing in the Military Technical Courier
should register for an ORCID ID following the instructions on the web page Registration
for an ORCID identifier.

The Military Technical Courier publishes articles in English,
using Arial and a font size of 11pt with Single Spacing.

The procedures of article preparation, writing and editing should be in accordance
with  the Publication ethics statement (http://www.vtg.mod.gov.rs/publication-ethics-
statement.html).

The article should contain an abstract with keywords, introduction (motivation for
the work), body (adequate overview of the representative work in the field, a clear
statement of the novelty in the presented research, suitable theoretical background, one
or more examples to demonstrate and discuss the presented ideas), conclusion, and
references (without heading and subheading enumeration). The article length should not
normally exceed 16 pages of the A4 paper format with single spacing, up to a maximum
of 24 pages with references and supplementary material included.

The article should be formatted following the instructions in the Article Form which
can be downloaded from website page Article form.
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Title
The title should be informative. It is in both Journal’'s and author’s best interest to
use terms suitable for indexing and word search. If there are no such terms in the title, the
author is strongly advised to add a subtitle.
Letterhead title
The letterhead title is given at a top of each page for easier identification of article
copies in an electronic form in particular. It contains the author's surname and first name
initial (for multiple authors add “et al”), article title, journal title and collation (year, volume,
issue, first and last page). The journal and article titles can be given in a shortened form.
Author’s name
Full name(s) of author(s) should be used. It is advisable to give the middle initial.
Names are given in their original form (with diacritic signs if in Serbian).
Author’s affiliation
The full official name and seat of the author’s affiliation is given, possibly with the
name of the institution where the research was carried out. For organizations with
complex structures, give the whole hierarchy (for example, University of Defence in
Belgrade, Military Academy, Department for Military Electronic Systems). At least one
organization in the hierarchy must be a legal entity. When some of multiple authors have
the same affiliation, it must be clearly stated, by special signs or in other way, which
department exactly they are affiliated with. The affiliation follows the author’s name. The
function and title are not given.
Contact details
The postal addresses or the e-mail addresses of the authors are given in the first page.
Type of articles
Classification of articles is a duty of the editorial staff and is of special importance.
Referees and the members of the editorial staff, or section editors, can propose a
category, but the editor-in-chief has the sole responsibility for their classification.
Journal articles are classified as follows:
Scientific articles:

— Original scientific papers (giving the previously unpublished results of the author’s
own research based on scientific methods);

— Review papers (giving an original, detailed and critical view of a research problem
or an area to which the author has made a contribution demonstrated by self-citation);

— Short communications or Preliminary communications (original scientific full
papers but shorter or of a preliminary character);

— Scientific commentaries or discussions (discussions on a particular scientific
topic, based exclusively on scientific argumentation) and opinion pieces.

Exceptionally, in particular areas, a scientific paper in the Journal can be in a form
of a monograph or a critical edition of scientific data (historical, archival, lexicographic,
bibliographic, data survey, etc.) which were unknown or hardly accessible for scientific
research.

Papers classified as scientific must have at least two positive reviews.

If the journal contains non-scientific contributions as well, the section with scientific
papers should be clearly denoted in the first part of the Journal.

Professional articles:
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— Professional papers (contributions offering experience useful for improvement of
professional practice but not necessarily based on scientific methods);

— Informative contributions (editorial, commentary, etc.);

— Reviews (of a book, software, case study, scientific event, etc.)

Short communications are usually 4-7 pages long, research articles and case studies
10-14 pages, while reviews can be longer. Page number limits are not strict and, with
appropriate reasoning, submitted manuscripts can also be longer or shorter. If extended
versions of previously published conference papers are submitted, Editors will check if
sufficient new material has been added to meet the journal standards and to qualify such
manuscripts for the review process. The added material must not have been previously
published. New results are desired but not necessarily required; however, submissions
should contain expansions of key ideas, examples, elaborations, etc. of conference papers.

Language

The language of the article should be in English. The grammar and style of the
article should be of good quality. The systematized text should be without abbreviations
(except standard ones). All measurements must be in Sl units. The sequence of formulae
is denoted in Arabic numerals in parentheses on the right-hand side.

Abstract and summary

An abstract is a concise informative presentation of the article content for fast and
accurate evaluation of its relevance. It contains the terms often used for indexing and
article search. A 100- to 250-word abstract has the following parts: introduction/purpose
of the research, methods, results and conclusion.

Keywords

Keywords are terms or phrases showing adequately the article content for indexing
and search purposes. They should be allocated heaving in mind widely accepted
international sources (index, dictionary or thesaurus), such as the Web of Science
keyword list for science in general. The higher their usage frequency is, the better. Up to
10 keywords immediately follow the abstract and the summary, in respective languages.
For this purpose, the ASSISTANT system uses a special tool KWASS for the automatic
extraction of key words from disciplinary thesauruses/dictionaries by choice and the
routine for their selection, i.e. acceptance or rejection by author and/or editor.

Article acceptance date

The date of the reception of the article, the dates of submitted corrections in the
manuscript (optional) and the date when the Editorial Board accepted the article for
publication are all given in a chronological order at the end of the article.

Acknowledgements

The name and the number of the project or programme within which the article was
realised is given in a separate note at the bottom of the first page together with the name
of the institution which financially supported the project or programme.

Article preliminary version

If an article preliminary version has appeared previously at a meeting in a form of
an oral presentation (under the same or similar title), this should be stated in a separate
note at the bottom of the first page. An article published previously cannot be published in
the Military Technical Courier even under a similar title or in a changed form.

Tables and illustrations

All the captions should be in the original language as well as in English, together
with the texts in illustrations if possible. Tables are typed in the same style as the text and
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are denoted by Arabic numerals at the top. Photographs and drawings, placed
appropriately in the text, should be clear, precise and suitable for reproduction. Drawings
should be created in Word or Corel.

For figures and graphs, proper data plot is recommended i.e. using a data analysis
program such as Excel, Matlab, Origin, SigmaPlot, etc. Itis not recommended to use a
screen capture of a data acquisition program as a figure or a graph.

Citation in the text

Citation in the text must be uniform. The Military Technical Courier applies the
Harvard Referencing System given in the Harvard Style Manual. When citing sources
within your paper, i.e. for in-text references of the works listed at the end of the paper,
place the year of publication of the work in parentheses and optionally the number of the
page(s) after the author's name, e.g. (Petrovic, 2012, pp.10-12). A detailed guide on
citing, with examples, can be found on Military Technical Courier website on the page
Instructions for Harvard Style Manual. In-text citations should follow its guidelines. For
checking in-text citations, the ASSISTANT system uses a special tool CiteMatcher to find
out quotes left out within papers and in reference lists.

Footnotes

Footnotes are given at the bottom of the page with the text they refer to. They can
contain less relevant details, additional explanations or used sources (e.g. scientific
material, manuals). They cannot replace the cited literature.

Reference list (Literature)

The cited literature encompasses bibliographic sources such as articles and
monographs and is given in a separate section in a form of a reference list. References
are not translated to the language of the article.

In compiling the reference list and bibliography, the Military Technical Courier
applies the Harvard System — Harvard Style Manual. All bibliography items should be
listed alphabetically by author's name, without numeration. A detailed guide for listing
references, with examples, can be found on Military Technical Courier website on the
page Instructions for Harvard Style Manual. Reference lists at the end of papers should
follow its guidelines. In journal evaluation systems, non-standard, insufficient or
inconsequent citation is considered to be a sufficient cause for denying the scientific
status to a journal.

Authorship Statement

The Authorship statement, submitted together with the paper, states authors’
individual contributions to the creation of the paper. In this statement, the authors also
confirm that they followed the guidelines given in the Call for papers and the Publication
ethics and malpractice statement of the journal.

All articles are peer reviewed.

The list of referees of the Military Technical Courier can be viewed at website
page List of referees. The article review process is described on the Peer Review
Process page of the website.

Editorial Team

Address of the Editorial Office:

Vojnotehnicki glasnik / Military Technical Courier

Veljka Luki¢a Kurjaka 33

11042 Belgrade, Republic of Serbia

e-mail: vojnotehnicki.glasnik@mod.gov.rs, tel.: +381 11 3603 260, +381 66 8700 123
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